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ABSTRACT

An extensive 4  year cave monitoring program has been undertaken at Asiul Cave, a 

previously unstudied site in Cantabria (Spain). M onitoring indicates th a t speleothem  form ing  

drip w aters are sourced from  w in ter rainfall and th a t th e  isotopic composition o f these  

w aters is influenced by the am ount of rainfall. M odern  carbonate deposits accurately  

preserve th e  isotopic composition of the karst w a te r from  which th ey  have form ed, 

indicating th a t older speleothem deposits should be ideal fo r th e  reconstruction of 

palaeoclim atic conditions, including im portantly palaeorainfall am ount reconstruction. Two  

speleothem  samples w ere therefore removed from  th e  cave and analysed fo r a suite of 

geochem ical proxies. Coeval oxygen isotope records from  Asiul Cave indicate th at northern  

Iberia has experienced considerable deviations in rainfall during th e  last 12 ,500  years. These 

high resolution records are strongly coupled w ith changes in o ther regionally im portant 

clim ate archives, helping to  add to our understanding of northern Iberian clim ate evolution. 

The Asiul speleothem  records however, go beyond explaining local changes in environm ental 

conditions by exhibiting a strong coupling betw een atm ospheric conditions, in th e  form  of 

th e  North Atlantic Oscillation (NAO) and North Atlantic Ocean circulation. These speleothem  

archives indicate that the NAO controls not only the positioning o f atm ospheric storm tracks 

throughout Europe; but through interactions w ith  the surface layer o f th e  ocean can cause 

m ajor changes in oceanic circulation. These NAO controlled changes in North Atlantic Ocean 

circulation have been shown to cause significant cooling w ithin th e  northern North Atlantic  

and th e  southerly transport of ice rafted debris, w ith  a m illennial periodicity o f -1 5 0 0  years. 

The Asiul cave speleothem record is one of th e  first convincing archives o f a m illennial scale 

NAO system which has the capacity to  force changes in oceanic circulation. These 

speleothem s also act to  extend existing archives o f the NAO back into th e  Younger Dryas; by 

doing so th e  Asiul records challenge our current understanding o f NAO dynamics and the  

exact tim ing o f initial NAO developm ent.
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1. INTRODUCTION AND AIMS

1.1 Introduction

The accurate prediction and effective mitigation o f modern clim ate change relies upon a 

robust understanding of global clim ate systems and how th ey  operate. O f greatest 

im portance w hen trying to  contextualise modern climatic change is to  understand our most 

recent history. For this reason, the Holocene is a critical period o f tim e  w here  climatic  

am elioration in many regions has led to  favourable changes in environm ental conditions and 

th e  rapid expansion of human populations. However, to  fully understand Holocene clim ate  

m ore records o f natural climate change are required, especially those which aim to expand  

our understanding w ith regards to  the long term  interconnectivity betw een com ponents of 

th e  clim ate system.

O f particular interest is the interaction betw een the Earth's atm osphere and th e  global 

oceans. These tw o  systems are fundam ental to  the regulation of our current clim ate, acting 

to  store and transfer energy around the globe. Current palaeorecords from  th e  North  

Atlantic region have identified th at im portant natural cycles of ocean w arm ing and cooling 

are often coupled to changes in terrestrial moisture availability, w ith  a pacing of 1500 ± 500  

years (O 'Brien e t al., 1995, Bond et al., 1997, Bjork et al., 2006). Coupled changes in the  

clim ate system have been linked to  atm ospheric restructuring (M oros et al., 2004, Giraudeau  

et al., 2010), solar cycles (Bond et al., 2001, M orley et al., 2011, Sejrup et al., 2012) and 

changes in North Atlantic Ocean circulation (Debret et al., 2007, Thornalley et al., 2009, 

Sorrel e t al., 2012). W hilst numerous theories have been put forw ard , no coherent 

explanation currently exists as to why Europe has been dom inated by clim ate cycles w ith  a 

1500 year periodicity throughout the Holocene.

To understand the mechanisms which may drive the Holocene 1500 year clim ate cycle, 

palaeoclim ate archives must originate from  regions sensitive to  both oceanic and 

atm ospheric systems. One such region is Northern Spain. The northern Iberian coastline lies 

w ith in  an atm ospheric and geographic boundary in the centre of Europe and is therefore  

sensitive to  fluctuations in both atm ospheric moisture delivery and changing oceanic  

conditions (Allen et al., 1996, Pena et al., 2010). To date, terrestrial records from  this region 

have been predom inately based upon near shore ocean (Pena et al., 2010, M ojtahid  et al., 

2013) and lake sedim ent cores (M orellon et al., 2009, M orellon et al., 2012). How ever, these  

archives are occasionally interrupted by human developm ent and few  provide com plete
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records o f clim ate and environm ental evolution throughout the Holocene. To com bat the  

problem  of human interference and to  increase th e  resolution o f existing clim ate records, 

m ore w ork is required using cave speleothem s which act as proxies o f past environm ental 

conditions (Stoll e t al., 2013, M artinez-P illado et al., 2014).

U nder ideal conditions, speleothem s are known to o ffer rapidly depositing, long duration  

archives o f climate and environm ental change through th e  incorporation o f trace elem ent 

and stable isotope chemistry into th e  carbonate crystal lattice (M cD erm o tt 2004). 

Speleothem  chemistry is u ltim ately derived from  incoming rainfall, soil and vegetation  

processes and bedrock weathering; by analysing changes to  this chem istry w e can start to  

develop an understanding about how environm ental conditions have evolved (Fairchild and 

Baker 2012). W hilst speleothems offer a real a lternative to  m ore traditional, often  

in terrupted  palaeoclimate archives, it is now well established th a t all cave and speleothem  

systems operate differently, and therefore  require detailed m onitoring, before speleothem  

samples are analysed fo r palaeoclimatic proxies.

Changes in karst w a te r availability (Baker et al., 1997), speleothem  drip w a te r chem istry  

(Fairchild et al., 2006, M iorandi et al., 2010) and cave carbon dioxide concentrations (Spotl et 

al., 2005) can all regulate speleothem  developm ent and the incorporation o f chemical 

proxies. Therefore modern studies which use speleothem s for palaeoclim ate reconstruction  

should first aim to  robustly characterise the cave environm ent; ensuring th at ancient 

carbonate chemistry is interpreted in an appropriate, site specific manner. However, the  

in terpreta tion  of old carbonates based on modern growth conditions relies on the  

assumption th a t the driving forces behind speleothem  developm ent and elem ental or 

isotopic incorporation into carbonate remain stable over longtim e periods.

The follow ing thesis presents the findings of climatic reconstruction using speleothem  

deposits form  a previously unstudied cave site in Northern Iberia. The goal o f this w ork has 

been to  fu rth er our understanding about cave systems through intensive m onitoring and to  

search fo r an answer as to  how oceanic and atm ospheric systems have becom e so closely 

coupled during the Holocene.

1.2 Research Aims

Therefore th e  aims o f this PhD thesis are:

2



1. To set up and undertake high resolution cave m onitoring to  assess m odern karst, 

cave and speleothem  systems; enabling the accurate interpretation o f chemical records from  

ancient carbonate deposits found in Asiul Cave (N. Spain).

2. To use Holocene duration speleothem  records to  identify and characterise regionally 

im portant periods of climatic or environm ental change.

3. To link changes in local climate to  the global climate system, helping to  fu rth er our 

understanding of atmospheric and oceanic coupling throughout th e  Holocene.

The following thesis is therefore  split into tw o  sections, preceeded by a literature review  and 

short methodology. The first section deals w ith aim one; w ithin this, tw o  chapters present 

th e  results and discussion surrounding four years of high resolution cave m onitoring in Asiul 

Cave (N. Spain). The first chapter deals w ith cave and karst hydrology, whilst th e  second 

focusses on cave atmospherics. Both chapters aim to  characterise m odern cave conditions 

and speleothem  growth dynamics. This section of the thesis th ere fore  acts to  produce a 

m odern analogue from  which ancient speleothem  carbonate can be interpreted.

The second section of the thesis is broken down into tw o  fu rther chapters. The first acts as a 

results section, presenting in-depth trace elem ent and stable isotope data from  tw o  coeval, 

Holocene duration speleothem deposits. The second chapter draws upon our understanding  

o f speleothem  developm ent in Asiul Cave, to  produce palaeoclimate records of local and 

global change. These archives are then com pared to previously published palaeoclim ate  

records fo r validation. Speleothem archives from  this cave system offer evidence of 

millennial scale climatic cycles which have persisted throughout th e  Younger Dryas (YD) and 

Holocene. These cycles are derived from  changes in the global atm ospheric system and show  

a close connectivity w ith periods of oceanic cooling (Bond et al., 1997). Speleothem  archives 

from  Asiul identify fo r the first tim e a solely atm ospheric control over North Atlantic Ocean 

tem p era tu re  and circulation patterns which extends throughout the YD and Holocene.
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2. LITERATURE REVIEW

2.1 From Climate to Calcite

Cave speleothem s contain isotopic and trace elem ent signatures related to  external climate. 

This overview  section outlines the basic processes by which external clim ate signals are 

encapsulated (Figure 2.1).

Regional rainfall contains chemical signatures related to  th e  source and tra jecto ry  o f the  

parent air mass and the am ount of rainfall. Upon deposition, this rainfall infiltrates into the  

soil zone and acquires carbon dioxide generated by microbial respiration (Equation 2.1).

H20  + C 0 2 ----------------- ► H2C 0 3 (2.1)

The acquisition of soil C 0 2 produces a w eak carbonic acid. This solution also acts to  leach 

trace elem ents, and transport small particulates out of the soil.

Carbonic acid dissolves the underlying karst bedrock, producing a solution supersaturated in 

carbonate (Equation 2.2). This solution is loaded w ith chemical signatures acquired from  

rainfall, soil and bedrock impurities.

Upon entering the cave environm ent carbon dioxide from  this solution is lost by degassing, 

to  th e  cave atm osphere. This process forces carbonate out o f solution; form ing a solid 

precipitate (speleothem ) on the cave walls and floor (Equation 2.3).

During th e  growth of speleothems, chemicals dissolved in the parent solution can be 

preferentially included or excluded from  the crystal lattice. The speleothem  chemical record 

th ere fo re  reflects a combination o f chemical signals acquired from : rainfall, soil, bedrock, 

carbon dioxide outgassing and crystal filtering.

H2C 0 3(l) + CaC03(s) *  Ca2+(aq) + 2H C 03. (aq) (2 .2 )

Ca (aq) + 2H C 03 (aq) ---------► CaC03 (s) + C 0 2 (g) + H20  (I) (2.3)
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Evapotranspiration
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in filtra tion  and storage
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C02 outgassing

Calcite crystal filte r 

Figure 2.1: Mechanisms of climate signal transfer into speleothem calcite.

Precipitation

This composite signal can be deconvolved to  produce records of atmospheric processes, soil 

and biogeochemical cycling, rock water contact, aquifer hydrology, in cave processes and 

crystal dominated patterns. Speleothems therefore offer high resolution palaeorecords of 

numerous processes, including karst and cave evolution, vegetation succession and climate 

change.

Due to uncertainty surrounding modern climate change and the role humans are playing in 

changing our environment, high resolution archives of natural climatic change are becoming 

increasingly important to facilitate the quantification of modern anthropogenic climate 

change. Records from our current interstadial, the Holocene are arguably o f highest 

importance fo r understanding the impacts of human evolution and dissociating 

anthropogenic forcing from natural climatic perturbations. Speleothem records from 

climatically sensitive locations have an important role to  play in the reconstruction of past 

climates, interpretation of modern change and steps toward successful climate change 

mitigation.
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2.2 Cave Systems as Repositories of Climatic Change

Cave systems develop in karst environments, predominantly through the dissolution of 

limestone bedrock (Ford and Williams, 2007, White 1988, Frisia and Borsato, 2010, Li et al., 

2008, Baldini et al., 2006a). Over long time scales many caves offer stable environments, 

ideal fo r the development and protection of palaeoclimate archives (Fairchild et al., 2007). 

Calcite deposits (speleothems) are the most commonly utilised climate archive from  cave 

systems. Speleothems offer archives of atmospheric processes (Baker et al., 2010), soil and 

biogeochemical cycling (Rudzka et al., 2011), rock water contact (Dominguez-Villar et al., 

2008), aquifer hydrology (Fairchild et al., 2006b), in cave processes (Fairchild et al., 2006a) 

and speleothem specific crystallographic effects (Frisia et al., 2000).

Chemical signatures from climatic parameters, predominately rainfall and temperature, are 

modified during their passage into the cave environment, eventually becoming archived in 

speleothem calcite (Figure 2.2) (Fairchild et al., 2006a, Carrasco et al., 2006).

c CaCO) * K-CO» —  2MC<

I — ■ " A  I

c*- ♦ 2HCO, ~*C »C O | ♦ e .o  * CO,

VViUt Ftoo

Figure 2.2: (a) the karst and cave system, highlighting zones o f dissolution and 

precipitation of calcium carbonate bedrock, (b) expanded view of speleothem form ation 

(Fairchild et al., 2006a).

The speleothem chemical signal can then be deconvolved to  produce high resolution 

palaeorecords of numerous processes, including karst and cave evolution, vegetation 

succession and climate change (McDermott 2004).
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2.2.1 Karst Weathering

The initial stage o f karst (solution) w eathering is the dissolution o f carbon dioxide (C 0 2) in 

w a te r as it infiltrates through overlying soil (Equation 2.1) (Frisia et al., 2011, Fairchild et al., 

2007, Frisia and Borsato, 2010). Vegetation and microbial respiration elevate soil air C 0 2 

concentrations above atm ospheric values, producing a concentrated carbonic acid (Tooth  

and Fairchild, 2003, Proctor et al., 2002, Lange et al., 2010, Li e t al., 2008). This acidic 

solution percolates through th e  soil and dissolves underlying calcium carbonate bedrock  

(Equation 2.2), the zone o f most intense bedrock w eathering is known as th e  epikarst 

(Bradley et al., 2010, Fairchild et al., 2006a). The barrier form ed betw een th e  epikarst and 

th e  less porous bedrock often acts to  retard w a te r penetration form ing extensive epikarst 

aquifers (Lange et al., 2010, Fairchild et al., 2006a, Bauer et al., 2005).

2.2.2 Hydrological Pathways

The ra inw ater catchm ent which actively recharges any given cave site is denoted by surface 

topography as well as underlying karst geology. Surface topography controls both th e  extent 

o f th e  catchm ent (and therefore the am ount of w a te r which is available to  en ter a cave 

system) but also the direction of w ater m ovem ent under gravity once th a t w a te r hits the  

ground surface (Fairchild and Baker, 2012). Initial w a te r percolation into the bedrock is 

controlled by pre-existing conditions in the soil and epikarst as well as the perm eability and 

structure o f th e  bedrock (Baker and Brunsdon, 2003, Li et al., 2008). Soil w a te r evaporation  

and aquifer storage act to  delay, or occasionally to tally  inhibit the transport o f rainfall to  the  

bedrock surface, de-coupling rainfall inputs from  infiltration outputs (Baker et al., 1997a, 

Carrasco et al., 2006). W hen w ater does en ter the bedrock it flows its flow  routing is initially 

controlled by th e  tilt of the underlying bedrock and the positioning o f weaknesses w ith in  this 

rock. W a te r m ovem ent w ithin karst is thought to  progress under any o f th ree  hydrological 

regimes, depending upon the size o f conduit in which it is flow ing (W hite, 2002, Sm art and 

Friedrich, 1987). Under normal conditions an arboreal drainage system develops due to  the  

gradual dissolution of the bedrock, w ith  many sm aller passages draining into few er larger 

ones (Bauer et al., 2005, Fairchild and Baker, 2012).

1. True m atrix flow  occurs along the intergranular perm eability o f bedrock, dictated by 

th e  primary porosity o f th a t bedrock. W ate r flows slowly and under extrem ely high 

pressures. For the m ajority of Mesozoic lim estone including th e  Aptian limestone  

(112-124  M a) found in the M atienzo  region (Quin 2010), prim ary porosity is low (1 -
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5%) (Fairchild and Baker, 2012), meaning th a t only minim al am ounts o f w ater  

percolation occurs through this intergranular network.

Due to  the relatively minimal hydrological contribution from  intergranular m atrix  

flow  in limestone's the karst literature has often been used th e  term  m atrix flow  to  

describe w ater m ovem ent in micro fractures (Smart and Friedrich 1987, Fairchild and 

Baker, 2012). To fo llow  convention w ithin karst literature this study will also use the  

te rm  m atrix flow  to describe w a te r flow  through micro fractures, in w hat is normally  

through of as a continuously perm eable m em brane (Fairchild and Baker, 2012). 

W a te r flow  through this m em brane is often forced through a piston flow , w here  

w a te r entering the top of the m atrix system displaces w a te r from  the base o f the  

system, often in caves at speleothem  drip sites. M atrix  flow  drip sites are classified 

by Smart and Friedrich (1987) as having a low coefficient o f variation in speleothem  

drip rate, due to consistently low discharge.

2. Fracture flow  is faster, occurring through tw o  dimensional discontinuities (joints and 

faults) (Fairchild and Baker, 2012). W ate r exploits previously w eathered  sections of 

th e  m atrix system (micro fractures), continuously enlarging vertical joints and 

horizontal bedding planes (M iorandi et al., 2010).

3. Conduit flow  encompasses the largest underground passages usually referring to  one 

dimensional channels (Fairchild and Baker, 2012); discharge varies dram atically in 

response to  changing rainfall (Smart and Friedrich, 1987). Conduit drip sites have a 

high coefficient of variation in drip rates due to  their in te rm itten t and often high 

discharge (Smart and Friedrich, 1987). Large conduits act as overflow  mechanisms 

when both matrix and fracture flow  systems become fully saturated (M iorandi et al., 

2010, Pronk et al., 2009, W illiams 2008, Lange et al., 2010).

Theoretically, these hydrological systems interact to  produce site specific hydrology. Piston 

driven flow  o f w ater in the m atrix system often acts as a primary (continuous) mechanism  

fo r w a te r m ovem ent; flow  in fractures and conduits occurs only under w e tte r conditions (as 

a piston overflow  system), w hen the m atrix flow  system is fully saturated. In reality, the  

complex nature o f karst makes w ater flow  pathways difficult to  predict (Baker and Brunsdon, 

2003). Cave drip sites may source w a te r from  several flow  regimes or d ifferent regimes at 

d ifferen t times, dependent upon hydrological conditions (M iorandi et al., 2010, Fairchild and 

Treble, 2009, Rudzka et al., 2011, Ayalon et al., 1998, Bradley et al., 2010).
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During dry periods the karst often has open air spaces which enable carbonate to  deposit 

before entering the cave system. These within karst processes can dram atically a lter the  

chemical signatures of resultant cave speleothems and must be m onitored before  

speleothem  based palaeoclimate reconstructions.

2.2.3 Karst Calcite -  Water Interactions

2.2 .3 .1  Prior Calcite Precipitation

Prior calcite precipitation (PCP) is the deposition of calcite w ithin th e  karst zone above a cave 

site. This process removes Ca2+ ions leaving the remaining solution com paratively enriched  

in o th er elem ents (Palmer, 2010, Baker et al., 2000, M oreno et al., 2010, Fairchild and 

Treble, 2009). The PCP process can override o ther factors affecting chemical concentration in 

speleothem  calcite, meaning periods of PCP can be easily identified by th e  co-variation of 

several "tracer" chemical components, predom inantly trace elem ents and isotopes 

(Hellstrom  and McCulloch, 2000). The positive co-variation of M g and Sr fo r exam ple is 

associated w ith PCP and indicative of dry phases in the overlying karst (M cDonald et al., 

2007, M cM illan  et al., 2005, Cruz et al., 2007).

2 .2 .3 .2  Incongruent Calcite Dissolution

Incongruent calcite dissolution (ICD) is the release o f m inor trace e lem ent ions (M g and Sr fo r  

exam ple) into solution at d ifferent proportions (relative to Ca) than those found in the host 

bedrock (Sinclair 2011). This process is most common when dissolution occurs from  fresh 

surfaces. Sinclair (2011) describes tw o theoretical models fo r ICD, w here fresh surface 

dissolution occurs.

1) The incongruent release of Mg and Sr ions at freshly exposed crystal surfaces, e.g. 

a fte r fresh bedrock exposure. Under this scenario M g and Sr are seen to  be preferentially  

incorporated only from  the most mobile section of the crystal lattice (=10 lattice units deep). 

M g and Sr incorporation is enhanced in relation to  Ca when the fresh surface is exposed to  

carbonic acid of a low pC 02 and only m inimal levels of CaC03 dissolution occur (McGillen and 

Fairchild 2005).

2) Congruent dissolution of CaC03 into solution, fo llowed by incongruent re

precipitation o f CaC03 from  solution. The makeup of new calcite form ed from  this solution is 

controlled by the partition coefficients fo r Sr and Mg. Under this m odel simulation no net 

CaC03 deposition occurs, which is in contrast to  processes such as PCP.
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ICD can therefore act to  complicate the chemical signature o f subsequent in cave 

speleothem  deposits so must be considered as part o f cave m onitoring studies.

2.2.4 Physio-Chemical Properties of Karst Hydrology

Understanding karst hydrology is fundam ental before selecting speleothem s to  accurately  

represent climatic variations on an annual to  sub-annual scale (M iorandi et al., 2010, Genty  

and Deflandre, 1998, Fairchild et al., 2006b, Baker and Brunsdon, 2003). A robust suite of 

natural physical and chemical tracers are therefore needed to  assess w a te r interactions  

w ith in  th e  karst (Kluge et al., 2010). Techniques most com m only asses flow  physiology and 

w a te r chemistry at cave drip sites (Ayalon et al., 1998, Lange et al., 2010). Physio-chemical 

variations act as proxies identifying soil characteristics, bedrock w eathering  rates and flow  

regim e (Baker et al., 2000, Palmer, 2010).

2.2 .4 .1  Electrical Conductivity

Electrical conductivity (EC) is a measure of dissolved solids and salts w ith in  solution (Genty  

and Deflandre 1998). In karst regions the m ajor dissolved solid is carbonate (C 03). Dry 

periods leave karst waters isolated, increasing rock-water contact tim e and prom oting the  

dissolution of calcium carbonate bedrock (Lange et al., 2010). High levels of dissolved 

calcium carbonate are recorded as higher EC in drip waters (Fairchild et al., 2006b). 

Conversely, reductions in rock contact tim e during rapid w ater infiltration traditionally lead 

to  low er EC values (Pronk et al., 2009, M iorandi et al., 2010).

How ever, increased rainfall can create a piston effect, discharging m atrix flow  w a te r w ith  a 

high solute load at the drip site (Fairchild et al., 2006a, Genty and Deflandre, 1998). This 

scenario results in high EC during times of high rainfall input (Genty and Deflandre 1998, 

M iorandi et al., 2010). As EC acts as a tracer fo r C 0 3 loading in drip waters, fu rth er studies 

need to  focus upon high resolution monitoring o f drip w ater EC, both to  help characterise  

w hen and w hy EC changes w ithin the cave environm ent and to  act as a proxy fo r speleothem  

grow th potential. Alongside EC m onitoring, speleothem  drip rate logging and the use of 

oxygen and hydrogen isotopic analysis can help to  clarify the provenance w a te r em erging at 

drip sites (Ayalon et al., 1998).

2 .2 A .2  Stable Isotopes and Trace Elements

Individual rainfall events have unique Oxygen (6180 )  and Deuterium  (62H) isotopic signatures 

im printed by evaporation and condensation processes occurring at th e ir source (Clark and 

Fritz 1997, Carrasco et al., 2006). Combined 6 180  - 2H signatures fo r a specific location gives
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th e  Local M eteoric W ate r Line (LMWL) (Craig 1961). Cave drip w aters which correlate w ith  

the annual LMWL are presumed to have a karst storage com ponent o f less than 1 year 

(Carrasco et al., 2006, Pape et al., 2010, Schwarz et al., 2009). Speleothem s form ed from  

these waters would still be appropriate to  analyse at a very high, annual resolution (Ayalon 

et al., 1998, Bradley et al., 2010). Evaporation in the soil and epikarst can how ever, leave 

w a te r entering the cave depleted in the lighter 160  isotope and seem ingly offset from  the  

LMW L (Jex et al., 2010, M cD erm ott et al., 1999). Comparison o f LM W L to  cave drip 6 180  - 2H 

signatures should therefore only be undertaken at suitable, well m onitored cave locations.

Trace elements in cave drip waters are sourced mainly from  soil leaching, carbonate  

dissolution and calcite -  w ater interactions and have numerous modes o f deposition once 

they are transported into karst and cave environments (Figure 2.3) (Fairchild et al., 2010, 

Treble et al., 2003). For high concentrations of bedrock sourced elem ents to  be observed in 

cave drip waters requires long ro c k -w a te r  contact and significant bedrock dissolution.

In contrast to  elements which are sourced from  bedrock w eathering, colloidal elem ents  

(those attached to  other particulates) can be transported m ore readily during high 

infiltration events along larger conduit systems (Huang et al., 2001, Baker et al., 2008). These 

elem ents are sourced from  soil leaching and washing o f normally dry conduits, lim iting th e ir  

transport to  extrem ely active hydrological conditions (Fairchild et al., 2007). Spikes in 

colloidal e lem ent concentration are often seen during the first flush o f w in ter rain through  

dry karst (Baker et al., 1999, Borsato et al., 2007).

Isotope and trace elem ent sources, sinks and mechanisms of incorporation into speleothem  

calcium carbonate are discussed in detail in Sections 2.8, 2 .10 and 2.11.
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Figure 2.3: transport and deposition o f trace elements w ithin th e  cave and karst system  

(Fairchild and Treble 2009)

This section has shown that cave and karst environments can o ffer fantastic, stable locations 

fo r the acquisition of palaeoclimate archives, in the form  of speleothem s. How ever, th e  karst 

system can be a complex one acting to  enhance, modify, delay or to tally  inhibit th e  transfer 

o f chemical signatures from  rainfall to  calcite. For this reason detailed m onitoring and 

quantification of the karst environm ent is essential before interpreting any speleothem  

record. Final modifications of the chemical signature in d ripw ate rs  occur during speleothem  

deposition, making this just as im portant a process to  understand and evaluate on a site 

specific basis.

How ever, whilst all cave sites have site specific controls over th e ir hydrology and speleothem  

chemical uptake, some transfer o f knowledge is possible if undertaken carefully. Not all cave 

sites can have a high level of monitoring, in these locations the interpretation of speleothem  

carbonate proxies must rely upon prior cave site studies. To ensure the most reliable  

interpretations similar sites must be considered in term s of geographical location, external 

rainfall patterns and am ount, karst geology, bedrock depth, cave geom etry and speleothem  

proxy being considered. If relatively close comparisons can be drawn betw een sites then  

ten ta tive  conclusions maybe made w ith regards to  the interpretation  of speleothem  

palaeoclim ate proxies. The following cave monitoring study in Asiul only adds to  the ever 

growing body of cave literature and may in the fu ture be used to  help interpret 

palaeoclim ate records from  similar cave locations.
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2.3 Speleothem Formation

Speleothem  form ation occurs at locations w here karst w a te r emerges into air filled cave 

passages. High pC 02 in the w ater degasses into the low er p C 02 atm osphere o f the cave void. 

The remaining solution becomes supersaturated in calcium carbonate, forcing the  

precipitation o f solid CaC03 (Equation 2.3) (Frisia and Borsato, 2010). The speed of 

speleothem  form ation is therefore controlled by the rate of degassing, Ca2+ ion availability  

and w a te r delivery to  the drip site (Genty and Deflandre, 1998, Boch et al., 2011, Spotl et al., 

2005, Dickinson et al., 2002).

2.3.1 Speleothem Growth Kinetics

In cave waters w ith a low supersaturation, the availability o f Ca2+ ions limits th e  reaction  

rate, which progresses therm odynam ically, close to  equilibrium (Dickinson e t al., 2002, Frisia 

et al., 2000). This is a slow, stable reaction which produces th e  m ajority o f comm on  

speleothem  crystal fabrics (Fairchild et al., 2006a). Under equilibrium  conditions, chemical 

signatures from  drip waters are directly im parted into speleothem  deposits, any change in 

th e  chemical signature can be quantified under slow growth conditions (M cD erm ott 2004, 

Hendy 1971, Kim and O'Neil 1997). Speleothems which develop in equilibrium  are therefore  

ideal fo r th e  production of palaeoclimate records due to  th e ir preservation o f chemical 

signatures directly linked to  climate (Hendy 1971).

In high supersaturation waters, Ca2+ availability is not a limiting factor and the reaction is 

controlled by the rate of carbon dioxide degassing, and proceeds kineticaliy. Kinetic reactions 

describe those in which chemical exchange is incom plete before speleothem  deposition  

occurs (Fairchild and Baker, 2012). Speleothems form ed under kinetic conditions preserve a 

fractionated, or chemically m anipulated archive of th e  original drip w a te r chem istry  

(M cD erm ott 2004). Analysis of these deposits fo r palaeoclimatic reconstruction is possible 

but should be viewed more cautiously due to  the unpredictable chemical conditions in which  

th e  speleothem  developed (M cD erm ott 2004, Hendy 1971).

For solid CaC03 to  "grow" a surface fo r crystal nucleation is required, the most comm on  

being cave walls, floors and existing speleothem  deposits (Frisia and Borsato, 2010).

2.3.2 Crystal Fabrics

Although the form ation o f solid calcium carbonate is often portrayed as a relatively simple 

process (Equation 2.3), the morphology of growing CaC03 crystals is controlled by a variety

13



of factors (Onac 1997). Drip rate, tem perature, saturation state and w a te r film  thickness all 

influence the rate and kinetics of C 0 2 degassing which, in turn controls crystal form ation , 

coalescence and ultim ately speleothem  morphology (Turgeon and Lundberg, 2001, Frisia et 

al., 2002, Frisia and Borsato, 2010, Ayalon et al., 1999, Gonzalez et al., 1993).

Under slow (equilibrium) conditions crystallite growth occurs in a num ber o f steps from  

existing crystal faces, producing large, uniform colum nar crystals (Frisia and Borsato, 2010, 

Kendall and Broughton, 1978, Gonzalez et al., 1993, Kendall, 1993). Under m ore rapid kinetic  

conditions crystallite form ation becomes less regular, leading to  th e  developm ent o f defect 

sites and variable growth orientations (Dickinson et al., 2002, Frisia et al., 2000). Crystal 

fabric identification is therefore critical to  the interpretation  o f several chemical 

palaeoclim ate proxies stored in speleothems, all of which rely upon an equilibrium  growth  

mechanism (M cD erm ott 2004, Frisia et al., 2000).

Speleothem  form ation is driven by the degassing of C 0 2 from  drip w aters to  the cave 

atm osphere. This reaction progresses e ither under equilibrium or kinetic conditions, each 

im parting different chemical signatures on the developing speleothem . Careful analysis of 

speleothem  crystal structure can begin to  unravel the often complex growth conditions of 

speleothem  deposits. Trace elem ents incorporated into the crystal lattice o ffer a secondary, 

extrem ely high (sub-annual) resolution archive o f changing hydrological and atm ospheric  

conditions. The use o f speleothems fo r palaeoclimatic reconstruction requires correct 

identification of growth kinetics to  avoid incorrect interpretations o f changing speleothem  

chemistry.
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2.4 Speleothem Chemistry as an Archive of Climate Change

Accurate interpretation o f speleothem  deposits relies upon robust understanding o f all the  

components which influence speleothem  chemistry. This is often complex and occasionally 

impossible due to the extended timescales over which speleothem s record climatic change 

and th e  complex nature o f karst and cave systems. However, a fte r careful analysis o f m odern  

climatic parameters, karst hydrology, cave atmospherics and speleothem  crystal structure, 

ideal samples fo r palaeoclimatic analysis can be identified. If carefully selected, these  

speleothem s can offer a diverse range o f high resolution chemical palaeoclim atic proxies 

related to  karst and cave evolution, vegetation succession and clim ate change.

As speleothem s provide m ore long duration, high resolution records, it is im portant these  

can be supported by robust chronologies, over a w ide range o f tim e  scales. Speleothem  

deposits incorporate trace amounts of uranium and can therefore  be accurately dated using 

a U /Th decay technique, enabling the production of high resolution chronologies.

2.4.1 Dating Speleothems

Accurate dating of calcite is essential fo r comparison w ith o ther palaeoclim ate records 

(Fairchild et al., 2006a, M cD erm ott 2004, Boch et al., 2009, Drysdale et al., 2007, Spotl e t al., 

2010). The large range of ages associated w ith speleothem  analysis and problems associated 

w ith  "dead carbon", mean that 234U isotope decay has become th e  conventional m ethod fo r  

dating speleothem  carbonate.

The decay o f Uranium 234 into a stable e lem ent (Pb) has half lives ranging betw een 14 -  4.5  

Gyr (van Calsteren and Thomas, 2006). This decay is m ade up from  interm ediate reactions, 

w ith  half lives ranging between fractions o f a second and hundreds of thousands of years 

(van Calsteren and Thomas, 2006, Zhao et al., 2009). It is the interm ediate decay of 234U to  

230Th which is used to date most speleothem  studies, w ith a half life of 75.3ka (Fairchild et 

al., 2006a, St Pierre et al., 2009).

2.4 .1 .1  Uranium 234 - Thorium 230

Speleothems normally have U concentrations between 0.05 and 0 .5ppm , above th e  O.Olppm  

required fo r analysis by mass spectrom etry (Ford 1997). Depending upon th e  initial U 

content, this technique provides an absolute date, w ith minim al age uncertainties (0 .5-2%  of 

age). 234U /230Th dating requires an initial disequilibrium betw een parent (U) and daughter 

(Th) isotopes during carbonate deposition (Zhao et al., 2009, St Pierre e t al., 2009).
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Disequilibrium occurs due to  differences in solubility of U and Th (Zhao et al., 2009). 234U is 

soluble in w ater, leached from  the soil zone and transported mainly as uranyl ions (U 0 22+), 

w hile Th is insoluble and remains attached to  soil particulates (Ford 1997, Fairchild et al., 

2005, Ivanovich and Flarmon, 1992).

U nder closed system conditions 234U, as U 0 22+ ions are incorporated during speleothem  

fo rm ation  and decay into 230Th, the decay ratio can then be used to  establish the age o f 

speleothem  (Fairchild et al., 2007, Flellstrom, 2006). The technique is valid until calcite 

comes into secular equilibrium (activities of 234U and 230Th equalise), this takes about 7.5 half 

lives o f 230Th, extending the technique to  just over 500ka (St Pierre et al., 2009). The decay of 

234U to  230Th in modern samples is minimal, making the technique less accurate fo r "young' 

speleothem s.

2 A .1.2 Non Radiogenic Thorium

The accuracy of U-Th dating is reduced if "non-radiogenic" or "initial" Th is deposited  

alongside Uranium, during speleothem form ation (Zhao et al., 2009, Hellstrom , 2006). Initial 

Th is transported attached to clay particles, dust and o ther colloids (Fairchild et al., 2005, 

Ivanovich and Harmon 1992). If unaccounted fo r initial Th produces artificially old ages, 

w hen compared in ratio w ith 234U (Ford 1997).

To overcom e this inaccuracy 230Th is compared w ith 232Th which is transported and 

incorporated into speleothem calcite in the same mechanisms as 230Th (Hellstrom  2006). 

232Th is th ere fore  used as a proxy fo r initial levels of 230Th in the speleothem . This value is 

subtracted from  the to tal 230Th to  establish the am ount o f 230Th produced solely from  

radiogenic decay. However, few  calculations of the expected ratio o f 230Th to  232Th w ithin  

calcite have been undertaken (Figure 2.4) (Zhao et al., 2009).
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Figure 2.4: the relationship betw een the 232T h /230Th corrections and initial T h /U  

concentrations. As the initial Th/U  concentration increases so does th e  erro r (in %) 

associated w ith correction (Zhao et a lv 2009).

O ften studies use the upper crust 230T h /232Th ratio (0.83 ± 50% ) w hen analysing speleothem  

deposits, yielding corrected dates <30% younger than the original 234U /230Th dates. (St Pierre 

et al., 2009). For accurate dating, the purest calcite samples should be selected, comprising 

m inim al levels of initial Thorium and high levels of Uranium (Zhao e t al., 2009).

2.4.2 Speleothem Age Models

High resolution palaeoclimate analysis requires a high resolution chronology. 234U /  230Th 

analysis requires large volumes of sample (50-100m g) and is costly, making very high 

resolution dating impractical. A series o f spaced 234U /  230Th dates can how ever, be 

interpolated to  create an age model.

The simplest models are linear, inferring constant speleothem  growth betw een fixed dates. 

M o re  complex numerical models analyse fixed 234U /  230Th dates and th e ir associated errors, 

to  accurately account fo r hiatus's (breaks in growth) and changes to  speleothem  growth  

speed (Scholz and Hoffmann 2011). Speleothem layer counting can also be undertaken, 

counting visible layers between known dates reduces errors associated w ith  varying grow th  

rates on annual scales (Baker et al., 2008). A combination of techniques is often em ployed, 

resulting in extrem ely accurate speleothem chronologies, ideal fo r palaeoclim ate  

reconstruction and comparison to instrumental data (Fairchild et al., 2007).
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2.5 Trace Elements in Speleothems

As discussed in section 2.5, trace elem ent concentration in speleothem  carbonate is 

controlled by changing atmospheric inputs, soil physiology, karst hydrology, cave ventilation  

and uptake during crystal growth (Fairchild et al., 2006b, Fairchild et al., 2010, Roberts et al., 

1999, Fairchild and Treble, 2009). The concentrations of d ifferent elem ents in a speleothem  

can therefore be used to interpret palaeo variations in each or all o f these param eters  

(Fairchild and Treble, 2009). In this way, trace elements become a pow erful palaeoclim ate  

proxy w hen analysed alongside a robust speleothem chronology (Borsato et al., 2007).

2.5.1 Inputs into the Trace Element System

Rainfall acts as the initial source o f trace elem ents within a cave site. How ever, over short 

tim e  scales, trace elements concentrations in rainfall are relatively stable, and are often over 

shadowed by larger stores in the soil and karst (Fairchild and Treble, 2009). During dram atic  

environm ental upheaval however, changes in prevailing wind directions and erosion zones 

can transport w eathered trace elements such as Strontium (Sr) and Silica (Si) to  cave sites 

(Goede et al., 1998, Hu et al., 2005, Fairchild and Treble, 2009, Bar-M atthew s et al., 1999). 

Anthropogenic inputs o f trace elements such as Sulphur (S) into the atm ospheric system can 

also be stored in speleothem deposits, offering modern archives o f anthropogenic pollution  

(W ynn et al., 2008, Wynn et al., 2010, Frisia et al., 2005).

2 .5 .1 .1  Vegetation Controls

Alongside changes in rainfall trace elem ent concentration, vegetation productivity and decay 

can control the concentration o f elem ents such as Phosphorus (P) and in some locations 

Strontium  (Sr) (Treble et al., 2003, van Beynen et al., 2008, Hellstrom and McCulloch, 2000). 

Increases in drip w ater and speleothem  P concentration have been used to identify periods 

o f enhanced rainfall and therefore vegetation productivity in Australia (Treble et al., 2003); P 

has also been seen to  decrease during productive sum m er months, w ith a g reater am ount of 

soil P being incorporated into vegetation, leaving the soil zone depleted and reducing the  

am ount P available fo r transport into the karst system. It is th ere fore  clear th a t when  

considering the P system o ther proxies, fo r exam ple those of rainfall am ount may be 

valuable to  ensure the correct interpretation of speleothem  P archives. High vegetation  

productivity is known to  increases soil C 0 2 concentration, intensifying carbonic acid 

production, bedrock dissolution and through this process prom oting th e  release of Sr fo r  

transport to  speleothem growth sites (Hellstrom and McCulloch, 2000, van Beynen et al.,
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2008). Concurrent changes to  P and Sr may therefore indicate significant changes w ith in  the  

vegetation zone, especially linked to  sum m er growth season productivity.

Vegetation decay is thought to  release P into the soil zone, this process coupled w ith  higher 

infiltration events can lead to  an increase in P during autum n - w in te r season speleothem  

deposition (Borsato et al., 2007, Treble et al., 2003). Distinct peaks in th e  P record have been 

used in Ernesto Cave (Italy) to  indicate the annual change betw een sum m er and w in ter  

hydrological regime (Borsato et al., 2007).

2 .5 .1 .2  Soil Leaching and Karst W eathering

The soil and karst zones house the largest stores o f trace elem ents available fo r transport to  

speleothem  growth locations. W ater infiltration rate influences th e  uptake, transport and 

deposition o f these elements (Fairchild and Treble, 2009). Transport o f trace elem ents occurs 

e ith er in solution, or by colloids (Hartland et al., 2009, Hartland et al., 2011, Fairchild and 

Treble, 2009). During periods of w ater deficit, waters become stagnant, percolating slowly 

through th e  karst (M cM illan et al., 2005). Slow percolation increases rock-w ater contact 

tim e, enhancing the dissolution of bedrock and the release of trace elem ents (Hellstrom  and 

McCulloch, 2000).

Periods o f w a te r deficit and karst drying also act to  enhance prior calcite precipitation (PCP) 

(Palm er 2010, Baker et al., 2000, M oreno et al., 2010, Fairchild and Treble, 2009). 

Speleothem  records from  arid periods are therefore  relatively enriched in trace elem ents, 

both from  enhanced w eathering and intensification by PCP (M cDonald et al., 2007, M cM illan  

e t al., 2005, Cruz et al., 2007). Covariation of elements such as Strontium , Silica, Magnesium  

and Barium in speleothem records is therefore used as an indicator o f aridity.

Conversely, karst w ater excess reduces the above m entioned processes, lim iting the  

transport o f these elements to  speleothem  deposition sites. High w a te r percolation rates 

often  result in soil leaching and karst zone flushing, mobilising elem ents norm ally stored in 

these zones due to th e ir low solubility (Hartland et al., 2012). Elements such as Yttrium  (Y), 

Lead (Pb) and Copper (Cu) are transported by colloids, natural organic m atter (N O M ) or as 

salts. M any karst systems are dom inated by an "autum nal flush", w here high rainfall 

volum es rapidly infiltrate into the karst, flushing out minerals and organic m a tte r stored  

during the drier sum m er season (Fairchild and Treble, 2009). Robust speleothem  studies 

(Figure 2.5) have combined trace elem ents to  produce a composite record o f autum nal
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flushing (Borsato et al., 2007). In some speleothems this hydrological record can be used as 

an annual marker, enabling accurate chronology development between known dates.
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Figure 2.5: stack of average "annual" signal fo r 7 elements, showing a strong annual 

structure in Ernesto cave calcite (Borsato et al., 2007).

Trace elements can therefore offer both high resolution records of seasonal hydrology and 

longer term archives of vegetation and environmental change. However these records can 

become complicated during the incorporation of elements into the speleothem crystal 

lattice. The incorporation of any given element into a speleothem can be predicted using a 

known distribution coefficient (Fairchild and Treble, 2009, Fairchild et al., 2010).

2 .5 .2  The Distribution Coefficient

The majority of trace elements which are used fo r speleothem analysis are cations which 

substitute for Ca in the carbonate crystal structure (Fairchild and Treble, 2009, Fairchild et 

al., 2010). The concentration of trace elements w ithin the crystal lattice therefore, depends 

upon a distribution coefficient (KTr) (Equation 2.4) (Fairchild and Treble, 2009).

(Tr/CaCaCo3) = Kjr (Tr/Ca)SO|Utj0n (2-4)

Where Tr is the trace ion and KTr is the distribution coefficient.

KTr varies dependent upon the growth temperature, crystal morphology, growth mechanisms 

and speleothem precipitation rate (Fairchild and Treble, 2009, Fairchild et al., 2000).
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2.5 .2 .1  Factors Influencing the Distribution Coefficient

The distribution coefficient and variations in drip w ater concentration make trace elem ent 

storage in speleothems complex to  interpret. The uptake of some elem ents, M g fo r exam ple, 

is influenced by form ation tem perature as well as elem ental concentration (Fairchild and 

Treble, 2009, Gascoyne, 1983, Huang and Fairchild, 2001). P alaeotherm om etry using M g/C a  

concentration should therefore, be a possibility (Roberts et al., 1998). How ever, karst 

processes cause M g concentrations to  vary to  a greater extent than the tem pera ture  

dependent distribution coefficient. For this reason the M g/C a calcite ratio is m ore com m only  

representative o f changes in w ater residence tim e and PCP w ithin th e  karst (Roberts et al., 

1999, Fairchild and Treble, 2009, Tooth and Fairchild, 2003).

Calcite crystal structure also controls the uptake of trace elements. Sodium (Na) and Chloride 

(Cl) are often incorporated into fluid inclusions (fluid filled voids) which develop during  

periods o f interrupted crystal growth (Fairchild and Treble, 2009, Griffiths e t al., 2010). 

Identified correlations between Na and Cl w ith  o ther elem ents, transported by colloids, 

indicate th a t rapid infiltration events control the form ation o f fluid inclusions in th e  calcite 

lattice (Fairchild and Treble, 2009).

2.5.3 Trace Element Control on Speleothem Development

The incorporation o f trace elements such as Sr and P can actively control the growth rate of 

speleothem  crystals (Boch et al., 2011). However, in rapidly growing speleothem s Sr 

incorporation is more likely controlled by crystal growth rates (Figure 2.6) (Fairchild and 

Treble 2009 , Borsato et al., 2007, Huang et al., 2001). Huang et al., (2001) dem onstrate th a t  

active sorption o f P to  calcite growth sites reduces speleothem  growth rates. Sorption o f P to  

calcite defect sites facilitates the incorporation o f o ther ions, focusing trace e lem ent uptake  

at these sites (Fairchild and Treble 2009).
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Figure 2.6: increasing Sr concentration w ith rapid speleothem  grow th rates (Borsato et 

al., 2007).

2.5.4 Atmospheric Particulates

The cave atm osphere can also act as a vector for trace elem ent transport and deposition  

onto speleothem  growth surfaces (Smith et al., 2013, Dredge et al., 2013). The mechanisms 

o f incorporation and the concentrations of aerosol derived particulates in speleothem s are  

not however, well understood. Aerosol particulates may w ell act in a sim ilar m anner to  

colloids, transporting trace elements to  the site o f speleothem  deposition. Variations to  cave 

ventilation regime and aerosol production w ithin cave systems could partially dictate part o f 

th e  trace elem ent makeup of speleothems.

This section has demonstrated why the transport of trace elem ents from  source to  sink is 

one o f the most complex chemical systems to  interpret during speleothem  analysis. 

Interactions and modification in speleothem trace elem ent concentration result from  soil 

processes, karst hydrology, bedrock w eathering, the speleothem  crystal filte r and aerosol 

contributions. A combination of these processes occurs at d ifferent scales fo r each 

speleothem  deposit. Robust speleothem  studies therefore, aim to  analyse a suite of trace  

elem ents alongside isotope records and extensive hydrological m onitoring before drawing  

conclusions about changes in palaeoclimatic conditions. W hen accurately interpreted, trace  

elem ents from  speleothems offer a vast array of palaeoclimate indicators, many o f which are 

site specific and could not be reconstructed from  other common palaeoclim ate proxies.
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2.6 Stable Isotopes: Principles and Applications

Elem ental atoms are comprised of a nucleus, containing protons and neutrons and orbiting  

electrons. Isotopes have the same chemical properties as th e ir parent elem ent (same 

electron shell), but additional neutrons change the physical properties (atom ic mass) (Hoefs, 

1973, Allegre, 2008). Isotopic ratio analysis compares the tw o  isotopes o f highest abundance  

(fo r exam ple: oxygen 160  (99.8 %) and 180  (0.205 %)) (Hoefs 1973, Allegre 2008).

2.6.1 Standardisation and Notification

Initial standardisation fo r O isotopes was developed by Craig (1961). This has been updated  

to  th e  current V-SM O W  standard which is derived from  distilled sea w a te r (Clark and Fritz 

1997). Fractionation of oxygen isotopes can either be positive (com paratively m ore 180 )  or 

negative (comparatively more 160 )  in relation to  the V-SM O W  standard (Clark and Fritz 

1997). Isotope ratios preserved in materials are an artefact of isotopic fractionation during 

th e ir form ation, giving insights into physical and chemical processes th a t acted upon them  

during form ation  (M cD erm ott 2004).

Isotopic analysis measures the isotopic ratio of the sample against a known ratio w ith in  a 

reference m aterial, rather than the true ratio within the sample (Fritz and Fontes 1980, Clark 

and Fritz 1997). Equation 2.5 is used to  establish the ratio of the sample to  th e  known  

reference. This relative difference is represented by a delta value (6).

m = th e  m athem atical error between the apparent and true ratios, this is cancelled out (Clark 

and Fritz 1997).

The m ore common expression of this equation is given below (Equation 2.6). The 6 values 

are expressed in parts permil (% o), parts per thousand.

The resultant 6 value of any analysed isotope reflects the difference betw een 180  and 160  

relative to  a known reference. This value is then converted to  a com m on standard (such as 

V -S M O W ) allowing isotopic comparison betw een d ifferent host materials. This cross m aterial

5 18O samp le -  m(180 / 60)samp|e -  m( 0 / 0)reference/  m( 0 / 0 ) reference (2.5)

r  ( 180 / 160 ) samp,e -  ( “ o / “ o u re„ ^

'sample x 1000 (2 .6)

(“ 0/‘60)refac„es
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comparison is vital fo r palaeoclimate studies, which comm only utilise isotopic evidence from  

a range of proxies (M cD erm ott 2004, Allegre 2008).

2.6.2 Isotopic Fractionation

Isotopic fractionation refers to  the preferential incorporation o f one isotope into a specific 

phase o f a chemical reaction, fractionation is controlled by isotope vibration energy (Guo et 

al., 2008). Lighter isotopes have higher zero point vibration energies than heavier ones, so 

th e ir bonds are broken m ore easily (Clark and Fritz 1997, Guo et al., 2008). This leads to  an 

initial, disproportionate incorporation of light isotopes into the product o f a reaction (Hoefs 

1973, Dansgaard 1964). Isotopic reactions proceed along tw o  reaction pathways controlled  

by th e  reaction rate.

1. Equilibrium reactions proceed fo r long enough fo r full isotopic exchange betw een  

th e  reactant and the product (Allegre 2008). Isotopic fractionation also occurs during  

equilibrium  reactions. As the reaction proceeds, heavier bonds w ith  low er zero point 

vibration energies survive longer, meaning heavier isotopes are preferentially partitioned  

into th e  most condensed phase (Clark and Fritz 1997). During equilibrium  reactions these  

fractionations can be quantified (Clark and Fritz 1997, M cD erm ott 2004)

2. Disequilibrium or kinetic reactions have a fast forw ard reaction and slow backward  

com ponent, creating more products and using reactants (Clark and Fritz 1997). Kinetic 

reactions have isotopic fractionations th at are difficult to  quantify, creating a product 

enriched in lighter isotopes. For a reaction to stay in a kinetic mode, the effective separation  

o f reactants and products must occur (Allegre 2008).

Isotopic equilibrium can exist during non-equilibrium chemical conditions, providing th e  net 

fo rw ard  reaction does not greatly exceed the backward reaction (Frisia and Borsato, 2010). 

For exam ple calcite can only be form ed during a disequilibrium (supersaturation) chemical 

reaction, if the chemical reaction is slow, isotopic equilibrium can still be achieved (Clark and 

Fritz 1997, Frisia and Borsato 2010). The tim e required fo r an isotopic reaction to  reach 

equilibrium  is controlled by several factors (Allegre 2008).

1. Tem perature, both kinetic and equilibrium reactions are driven by tem pera ture  w ith  

equilibrium  reactions eventually dom inating the kinetic at high tem peratures.

2. The phase, isotopic exchange is faster in gasses than liquids or solids.
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3. The position o f th e  exchanging isotopes w ithin the compound structure. Isotopes 

closer to  th e  outside o f the molecular structure exchange faster than those w ith in  th e  centre  

o f th e  molecule (Allegre 2008).

2.6.3 Isotopic Fractionation Constant

An isotopic fractionation constant (K or a) is used to  describe isotopic fractionation w ith in  

any chemical reaction which proceeds in isotopic equilibrium (Fritz and Fontes, 1980). The  

calculation o f this constant is shown in Equation 2.7 for w a te r to  vapour fractionation.

(“ 0 / “ 0 W „

Owater-vapour ~   (2-7)

(180/160)vapour

This constant calculates the expected fractionation o f isotopes under equilibrium  conditions 

(Clark and Fritz 1997). For unidirectional, kinetic reactions th ere  can be no quantitative  

in te rpreta tion  o f th e  isotopic fractionation (Fritz and Fontes 1980). The use o f isotopic ratios 

fo r reconstructing chemical reactions therefore, relies upon isotopic equilibrium  conditions 

and a known calculable fractionation constant (Fritz and Fontes 1980).
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2.7 Oxygen Isotopes in Speleothems

Oxygen isotopic values recorded in speleothem calcite have similar controlling processes as 

other chemical parameters. The 5180  value of speleothem calcite is dictated by the source of 

rainfall, atmospheric conditions, karst hydrology, in cave C02 degassing and speleothem 

uptake. Isotopic fractionation occurs during these processes and specific fractionations are 

then stored within the speleothem record. Common uses o f isotopes from  speleothems 

include: the identification of rainfall source, quantification of rainfall amount and the 

classification of karst conditions. High resolution oxygen isotopic analysis o f speleothems can 

therefore, accurately depict changes in all of these systems, over extended tim e scales 

(McDermott et al., 1999).

2 .7 .1  Oxygen Isotope Values in Rainfall

f  {evaporation, mixing, 
infiltration seasonality)

Oxygen isotopes in moisture undergo a wide range of fractionations in the atmosphere due 

to  a range of "effects" (Dansgaard 1964, Lachniet 2009). The final isotopic value o f rainfall 

collected above a cave site is therefore a record of all chemical reactions (Figure 2.7) that 

have occurred within the water vapour as it travelled from source, to rainfall site and 

through the karst system (Lachniet 2009, Jex et al., 2010).

N o rth  f  (moisture source, continental South
effect, air mass history, temperature)

S condensation
f  s \  temperature [-♦0.69%. °C'],
0°C /Rayleigh distillation [-AT])

q  q 6 5 * 0 ^  f  (temperature,
O 0 0 rainout amount, rain vs.

o o °  *nOW),o C>(P

Epikarst
Zone

= 10°C

6 0,L,i f  (altitude and
^"orographic effects)

T = 15 C

6 0 « „  A (ice volume, 
evaporation, freshwater runoff)

Soil r 6- 0 _  AfCO, surface water. 
Zone I Infiltration, evaporation, mixing)

Vegetation (evapo- _
transpiration and 6"O w, f(5"Orr[ . temperature,
moisture recycling) 0 Dj CSv kinotic evaporation [rolattvo

A 0 humidity, wind speed])o 0 0 
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/  fi"0CKo, f(6'*0 of isotopically effoctivo infiltration,
temperature [—0.19 to -0.23%. *C 1, degassing rate, mineralogy)

Figure 2.7: the primary processes related to the 180  variations relevant to  speleothem 

paleoclimatology (Lachniet 2009).
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2.7.1.1 Moisture Uptake and Source identification

The production o f moisture by evaporation, is th e  first effect to  influence th e  isotopic 

m akeup o f  an air mass (Dansgaard, 1964). Evaporation is most efficient in w arm  dry air, over 

a large w a te r  body, conditions most prevalent w ith in tropical regions (Lachniet 2009). If 

evaporation progresses in isotopic equilibrium th e  processes slightly enriches th e  vapour in 

lighter mO. Newly evaporated vapour is mixed w ith o lder air, com plicating th e  isotopic 

signature. This first e ffect results in global average isotopic values o f 61S0  = -4  %o (in relation  

to  V -S M O W ), derived from  average rainfall values globally (Craig 1961, Clark and Fritz 1997).

A lthough an a ir mass is often influenced by numerous o ther effects during transport, its 

m oisture source can be distinguished from  rainfall chemistry (Lachniet 2009 , M a h e r 2008). 

T he global relationship betw een th e  hydrogen isotope Deuterium  and 6 lsO produces the  

global m eteoric w a te r line (Craig 1961). The intercept o f this line is th e  global Deuterium  

excess value, calculated by Equation 2.8.

d = 62H - m mO (2.8)

8  being th e  slope o f th e  global m eteoric w a te r line as developed by (Craig 1961).

The D euterium  excess value o f any evaporated vapour is dependent upon conditions o f 

re la tive  humidity, w ind speed, and sea surface tem pera ture  (SST). This value is im printed on 

th e  a ir  mass during th e  initial evaporation and does not evolve w ith  th e  air mass history, 

enabling rainfall to  be traced back to  its evaporative source (Andreo et al., 2004, Lachniet

20 09 ).

2.7.1.2 Moisture Transport

Isotope fractionation during th e  transport of an air mass is influenced by o ther "effects", 

firs tly , th e  terra in  (a ltitude) over w hich th e  air travels, and secondly th e  tra jectory (latitude) 

o f  th e  a ir  mass (Lachniet 2009). W hen  an a ir mass is forced to  rise over a topographic  

boundary, it  cools, condenses and falls as rain (Lachniet 2009 , Vogel e t al., 1975). This 

rainout is controlled by th e  process o f Rayleigh distillation (Lachniet 2009 , Vogel e t al., 1975). 

T he heavy isotope ( * 0 )  its rained o u t during th e  initial condensation phases due to  isotopic 

fractionation, i f  a ir mass cooling persists rainfall contains increasingly negative isotopic 

values (Figure 2 .8 ) (Vogel e t all., 1975, Treble e t all., 2005, Clark and Fritz 1997, Andreo et al., 

2004 ).
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Figure 2.8: An example of the altitude effect from  the Andes (Vogel e t al., 1975).

The latitude and trajectory of an air mass is controlled by global atm ospheric circulation  

systems (Lachniet 2009). Air masses form ed in tropical ocean environm ents m igrate  

polewards, often moving into continental interiors (Lachniet 2009). Polewards migration  

forces air mass cooling, condensation and Rayleigh style distillation. Palaeo-air mass 

tra jectories have been inferred by variations in oxygen isotopes, highlighting periods of 

drastically d ifferent prevailing wind directions (Treble et al., 2005).

2 .7 .1 .3  Rainfall Am ount

The final effect influencing rainfall isotope chemistry is rainfall am ount (Lachniet, 2009). 

Rainfall am ount has a negative correlation w ith 6 180  rainfall in many regions (Fuller e t al., 

2008, Treble et al., 2005, Lachniet 2009). Intense rainfall events originate in the high 

atm osphere. W ater vapour from  this region undergoes numerous cycles of condensation and 

evaporation, enhancing isotopic fractionation (Dansgaard 1964, Treble et al., 2005). During 

intense rainout, w ater from  this region falls as rain, characterised by extrem ely negative 

isotopic values (Dansgaard 1964). The negative correlation betw een rainfall am ount and 

6 180  is enhanced during light rainfall events. Light rains often fall through an unsaturated air 

colum n and evaporation causes rain droplets to  fractionate 160  to th e  surrounding air 

colum n (Treble et al., 2005, Dansgaard 1964). The remaining droplet is th ere fore  enriched in 

180 ,  yielding higher 6180  values fo r ground w ater sourced from  light rains (Dansgaard 1964).

Local rainfall events are a combination of all these "effects", containing an isotopic signature 

which reflects air mass history. Variations in rainfall isotope chem istry are im planted in
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palaeorecords, w ith carful interpretation these records can o ffer pow erful archives fo r  

understanding a diverse range of atmospheric processes (Treble et al., 2005, M ah er 2008).

2-7-2 Isotope Incorporation into Speleothem Calcite

Accurate reconstruction of rainfall characteristics using speleothem s relies on drip w aters, 

which correctly resemble incoming rainfall (Baldini et al., 2008, M cD erm ott 2004), rather 

than  w ith in  karst processes. Cave drip w ater isotope chemistry can th ere fo re  represent 

incom ing rainfall, hydrological routing and drought conditions w ithin th e  karst (M cD erm ott 

2004, Fairchild et al., 2005).

If cave drip w ater 6180  accurately represents the 6 180  of incoming rainfall, speleothem s  

developing from  these waters should be ideal fo r palaeoclimate reconstruction (M cD erm ott 

2004). How ever, this relies upon regional rainfall which strongly exhibits isotopic change due 

to  one single effect and minimal isotopic fractionation during speleothem  calcite form ation. 

These caveats highlight the importance o f correct site selection both regionally and on a 

cave/speleothem  specific scale before undertaking sampling fo r palaeoclim ate analysis 

(Baldini et al., 2006a).

Calcite deposition includes tw o stages, both of which are influenced by isotopic 

fractionations, occurring either as equilibrium or kinetic reactions (M ickler et al., 2004). This 

tw o-stage reaction complicates the classification of calcite precipitation as occurring 

exclusively under equilibrium or kinetic conditions (M ickler et al., 2004). However, most 

speleothem  studies still endeavour to  determ ine under which reaction regime calcite was 

precipitated. Equilibrium fractionation is most common in cave sites w ith  high relative  

hum idity, w ith  no evaporation (Jex et al., 2010, M ickler et al., 2004, M cD erm ott et al., 1999). 

If this is th e  case, 6 18Oca|dte represents 6 18Odrip plus a calculable tem pera ture  fractionation  

attribu ted  to  equilibrium conditions. (M cD erm ott 2004, O 'Neill et al., 1969).

Isotopic fractionation from  drip to  calcite has been calculated fo r equilibrium  growth  

conditions by several studies (O'Neill e t al., 1969, Scholz et al., 2009). This known  

fractionation (x) enables the precise calculation of the incoming solute as shown in Equation 

2.9.

Scalcite = Sdrip - x%° (/°C) (2.9)

How ever, if the reaction progresses kinetically, the reaction product (calcite) incorporates 

proportionally m ore 180 , resulting in a fractionation betw een —x %o and 0  %o (Clark and Fritz
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1997, M ickler et al., 2004). For accurate, easily interpreted palaeoarchives, speleothem  

deposition must be as close to  equilibrium as possible (Fairchild et al., 2006a, M cD erm ott 

2004). If the reaction proceeds in equilibrium speleothem records im portantly incorporate  

variations in the 6 O of incoming rainfall, which over-shadows slight changes in 6 180  calcite 

related to  fractionation tem perature (M cD erm ott 2004, Sundqvist et al., 2007, M o ren o  et al., 

2010, Ham m arlund and Edwards, 2008).

2.7 .2 .1  Short Term Controls on 5180

Cave calcite is known to grow at d ifferent rates throughout the year, incorporating the  

isotopic value of the waters from  which it has grown (M cD erm ott 2004, Fairchild et al., 

2006a, Spotl et al., 2005). In caves w ith a well-m ixed annual aquifer th e re  should be little  

seasonal variation in 6180  calcite (Baldini et al., 2008). In caves w ith  seasonal drip w aters  

a n d /o r enhanced growth during one season, the isotopic makeup o f calcite is derived  

predom inantly from a section of the annual rainfall (Spotl et al., 2005, Baker et al., 2007, 

Asrat et al., 2007). The tw o major controls on calcite deposition are supersaturation state of 

th e  drip w aters and pC 02 of the cave atm osphere, both vary seasonally (Spotl e t al., 2005, 

Baker et al., 2007, Baldini et al., 2006a).

Supersaturation o f cave waters is controlled by soil productivity, and carbonate dissolution 

rates (Fairchild et al., 2007). High soil productivity and high bedrock dissolution rates are 

often  associated w ith summ er months, meaning th at the higher 5180  values often found in 

sum m er rainfall percolate through the karst and are incorporated w ithin speleothem  

deposits. Deposition of calcite from  w ater derived solely from  the sum m er season th ere fore  

reflects th e  greater incorporation o f 180 . If drip w ater supersaturation rates are the m ajor 

control on speleothem deposition, this will predom inantly be a sum m er process and 

incorporate sum m er isotopic values.

Cave air p C 02 levels are controlled by cave ventilation, in most cave systems w in ter  

overturning occurs, w here external air enters the cave system removing stagnant cave air, 

this creates atmospheric conditions in the cave similar to  those o f th e  external atm osphere  

(Spotl e t al., 2005, Baldini et al., 2008). Low p C 02 levels facilitate rapid drip w a te r degassing 

and carbonate precipitation during the w in ter season (Fairchild et al., 2006a). Precipitating  

calcite incorporates m ore negative isotopic signatures from  heavy w in ter rains and reduced 

karst dissolution (Baldini et al., 2008).
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W hich o f these tw o  processes eventually dominates carbonate precipitation is specific to  the  

physiology o f individual cave sites. Understanding the carbonate deposition regime is 

fundam ental in caves with a seasonably variable 6 180d rip  (Baldini e t al., 2008).

2 .7 .2 .2  Unravelling Long Term Controls on S180

The most common interpretations of 6 180calcite records assume th a t speleothem  values 

reflect e ither tem perature (derived from  rainfall form ation tem pera ture), a rainfall am ount 

effect or a rainfall source effect (M cD erm ott 2004). Interpretations of speleothem  records 

are open to scrutiny due to the large range of factors, both external and internal to  cave 

environm ents th a t influence the incorporation of stable oxygen isotopes (Sundqvist et al., 

2007, Sundqvist et al., 2008, Hammarlund and Edwards 2008). Robust studies should analyse 

th e  m agnitude o f isotopic fluctuations and quantify the climatic changes being inferred from  

speleothem  records (Fairchild et al., 2006a, M ah er 2008).

M odern  monitoring data can help quantify natural fluctuations in isotopic incorporation and 

act as a guide fo r sensible palaeoclimatic reconstructions (Boch et al., 2009, Hardt et al., 

2010). Tem perature and rainfall am ount correlations w ith 6 180  can be established and 

m oisture source trajectories can be modelled (Baldini et al., 2010). In this w ay, m odern  

controls on 6 180  entering the karst system are known, and can be ten tative ly  used to  analyse 

longer-term  6 18O caicite records, if all o ther controls (including rainfall source, am ount effect, 

karst storage times and speleothem growth equilibrium ) are assumed to  remain unchanged  

(Hardt et al., 2010). W hilst it is possible th at controls over the isotopic makeup of calcite may 

have varied through the duration of the Holocene (Dominguez-Villar et al., 2009), th e  extent 

and modes o f isotopic variation are extrem ely hard to  quantify. To ensure as robust a 

clim atic interpretation as possible stable isotope records will be assessed alongside o ther  

palaeoclim ate and environm ental proxies from  tw o  speleothem . These additional proxies 

have the potential to  highlight periods of dram atic environm ental change w here the isotope 

records may have been dom inated by d ifferent controls than those present today.

W hen combining the factors discussed in this section it becomes clear th a t the 6 18O caicite 

value is influenced by a range o f climatic, physiological and chemical processes. In most 

locations one o f these param eters dom inates, yielding a speleothem  th a t preserves a long

te rm  record o f this param eter. M odern monitoring is im portant fo r th e  identification of this 

param eter. Studies must however, be aw are of the dynamic nature o f climatic and karst 

systems, understanding th a t processes which currently control speleothem  isotopic values 

may not control speleothem  chemistry over longer tim e  scales. The m ajor challenge for
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speleothem  science it to interpret isotopic records correctly and draw  reasonable  

conclusions fo r the region of study. The use of comparative palaeoclim atic records can be 

invaluable fo r the interpretation and justification of records produced from  speleothem  

calcite.
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2.8 Carbon Isotopes in Speleothems

Speleothem  carbon isotope records offer archives of vegetation change, karst hydrology and 

fractionation kinetics (M cD erm ott 2004). W hilst carbon is sourced from  C 0 2, bedrock and 

plant organic m atter, it is the relative proportion of carbon incorporated from  each o f these  

sources which determines the drip w ater 613C signature (Cosford et al., 2009, Hodge et al., 

2008 , Oster et al., 2010). Final speleothem 613C signature is also influenced by fractionations  

during calcite deposition (Hodge et al., 2008, M cD erm ott, 2004).

2.8.1 C02 Isotopes in Vegetation, Soil and Karst

Atm ospheric S13C of C 02 values (=-7 %o) are incorporated into plants during photosynthesis 

(Clark and Fritz 1997). Fractionation occurs during carbon fixation by chloroplasts and 

diffusion into leaves, the extent of fractionation depends upon the photosynthetic pathway  

used by vegetation (Clark and Fritz 1997, Fritz and Fontes 1980). C3 plants (trees and shrubs) 

cause a large fractionation, producing C 02 w ith a 6 13C value of -26 to  -23 %o, whereas C4 

plants produce values of -10 to  -16 %o (Dorale and Liu 2009, M cD erm ott 2004, Clark and Fritz 

1997, Allegre 2008). Vegetation isotopic value is incorporated into the soil zone during  

respiration and decay.

During productive seasons, vegetation and microbial respiration increases the concentration  

o f C 0 2 in the soil, decreasing the soil C 0 2 isotopic value (Fritz and Fontes 1980, Genty et al., 

2003). M o re  negative 613C values preserved in speleothems have therefore been shown to  

reflect conditions favouring vegetation growth (Genty et al., 2003, Cosford et al., 2009, 

Jimenez de Cisneros et al., 2003). Speleothem 6 13C can also infer macro scale changes to  

vegetation density, vegetation type and soil respiration (Baker et al., 1997b, Baldini e t al., 

2005, Genty et al., 2003).

Soil 6 13C values are transferred through the karst in dissolved C 0 2, H C 03' and C 0 32' to  

speleothem  deposition sites. In an open system there is full isotopic exchange betw een the  

soil C 0 2 and percolating waters (M cD erm ott 2004, Hendy 1971). The resultant 6 13Ccalcite 

value represents the initial soil C 0 2 value and known equilibrium fractionations (Figure 2.9) 

(Fairchild et al., 2006a).
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Figure 2.9: Equilibrium fractionation of C02 through to CaC03 formation showing 613C 

enrichment at 25°C. Initial 613C from the C3 plant pathway (Clark and Fritz 1997). White 

space represents soil air, black hashed space bedrock and solid grey shading soil water 

component. CaC03 is denoted as a solid white block.

Under open conditions with equilibrium isotopic exchange, C3 plants deposit calcite w ith a 

613C value between -14 to -6 %o and C4 plants -6 to  +2 %o, enabling palaeo-vegetation type 

to  be distinguished (Baker et al., 1997b, McDermott 2004, Luo and Wang, 2009).

In a closed system however, percolating water becomes isolated from the soil C02 reservoir 

(McDermott, 2004). Water incorporates a bedrock 613C value (=1 %o), resulting in higher 613C 

than under open system conditions. The carbon isotope signature of percolating waters can 

also be modified by PCP, leaving water w ith less negative 613C values than parent soil waters 

(Baker et al., 1997b).

2 .8 .2  Speleothem  6 13C values

Isotopic fractionation occurs during speleothem formation. Under isotopic equilibrium, 

known fractionation factors can be applied (as w ith oxygen isotopes). These fractionation 

factors incorporate known equilibrium fractionations, resulting from  C02 degassing from drip 

water to  cave atmosphere. Equilibrium degassing leads to  an enrichment of 13C in the 

remaining water as 12C is preferentially lost to  the cave atmosphere (Mickler et al., 2006). 

The longer water exchanges w ith the cave atmosphere the more enriched in 13C it becomes. 

This Rayleigh style fractionation forms calcite w ith progressively high 613C values away from
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th e  drip impact point. This process can be quantified under equilibrium  conditions but not 

during kinetic reactions (M ickler et al., 2004).

Therefore , as w ith oxygen isotopes, it is im portant fo r carbon isotopes to  be deposited under 

isotopic equilibrium  (Frisia and Borsato, 2010, Dorale and Liu, 2009). If this occurs, direct 

interpretations about climate and vegetation change can be drawn (Fairchild et al., 2006a, 

Guo e t al., 2008). To establish if isotopic equilibrium has been achieved, comparisons 

betw een oxygen and carbon isotopes are undertaken. Com parative analysis, first undertaken  

by Hendy (1971) is now common place, known as the Hendy Test. Isotopic comparison 

follows th e  sampling procedure in Figure 2.10, analysing horizontally across one grow th layer 

and vertically through the speleothem (Hendy 1971, M ickler e t al., 2006).

o Samples taken along 
the growth axis 

■ Samples taken along 
a growth layer

Figure 2.10: Sampling procedure fo r the Hendy test along th e  growth axis and growth layer 

(M ick ler et al., 2006).

The Hendy Test relies upon d ifferent processes controlling carbon and oxygen isotopic 

values. W hen compared there should be no co-variation betw een them . If co-variation is 

found, kinetic fractionation due to  in-cave processes can be the cause (Hendy 1971, M attey  

e t al., 2008). Speleothems exhibiting a strong isotopic co-variation may be unsuitable for 

extensive palaeo-clim atic research (Hendy 1971).

How ever, legitim ate co-variation in oxygen and carbon isotopes has been identified and 

attrib u ted  to  overriding changes in climate, occasionally rendering th e  Hendy test 

inappropriate as a test o f isotopic equilibrium  deposition (M cD erm ott 2004, M ickler et al.,
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2006, Dorale and Liu, 2009, Lachniet 2009, W atanabe et al., 2010,). M o re  appropriate tests 

com pare isotopic variations in multiple speleothems from  the same location, on the  

understanding th a t several speleothems could not record th e  same O and C isotopic trends  

unless cave conditions promoted equilibrium growth conditions for carbonates (Dorale and 

Liu, 2009).

W h ere  speleothem s are deposited in isotopic equilibrium, carbon isotopes becom e  

palaeoclim ate proxies fo r vegetation change (Genty et al., 2003), soil productivity (Hodge et 

al., 2008 , Cosford et al., 2009) and karst hydrology (Hodge et al., 2008). Therefore, by using 

oxygen and carbon isotope analysis, speleothems offer diverse archives o f climatic and 

environm ental change (M cD erm ott, 2004). High resolution cave monitoring is still however, 

required to  fully characterise both the O and C isotope systems operating in any given cave, 

before palaeoclim ate reconstruction should be undertaken.
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2.9 Late Glacial and Holocene Climate

The late glacial and Holocene encompass the last 13,000 years o f Earth's history. The 

Holocene's interstadial climate enabled human civilisations to flourish, and is o f great 

im portance as a backdrop for understanding modern, anthropogenic clim ate change. 

Palaeorecords have pinpointed discrete periods o f dram atic clim ate change throughout the  

Holocene (Mayewski et al., 2004) and longer duration climatic cycles (Bond e t al., 1997). 

Large scale climatic shifts have strongly influenced regional w eath er systems (Griffiths et al.,

2010), vegetation dynamics and human civilisations (M ayewski et al., 2004). W hen assessing 

th e  severity o f modern climate change, these Holocene events o ffer the best recent 

exam ples o f natural climatic extremes (M eyer et al., 2010, Alley 2000, Alley et al., 1997, 

M ayew ski et al., 2004).

2.9.1 Holocene Climate Events

2.9 .1 .1  Early Holocene

The Younger Dryas (YD) event (12.9 -11 .5  ka) is a cold stadial event (GS-1) lasting fo r  

approxim ately 1400 years (Figure 2.11) (M cM anus et al., 2004, Bakke et al., 2009 , Alley, 

2000).
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GISP2 ice core
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Figure 2.11: A comparison of sedim entary data from  the subtropical Atlantic displaying 

variations in air and sea surface tem peratures during the last 20 ,000  years, (a) 6180  data 

from  GRIP2 ice core, m ore negative isotopic values represent colder air tem pera ture  

over Greenland, (b) Sea Surface Tem perature (SST) estim ates fo r th e  North Atlantic  

based on planktonic foram iniferal assemblage (open symbols) and alkenone  

unsaturation ratio (M cM anus et al., 2004).
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Younger Dryas cooling marked the end of the w arm er Aller0d interstadial (B/A in Figure 2.11) 

and was one o f tw o major reversions to cold dry conditions during de-glaciation (H I  and YD 

in Figure 2.11) (Anderson et al., 2007). Tem perature decrease was synchronous across 

Europe at the onset of the YD, although the magnitude o f change was spatially variable, w ith  

southern Europe exhibiting the largest tem perature decreases (Anderson et al., 2007). 

Average tem perature depression was 7-10 degrees centigrade in comparison to  maxim um  

tem peratures in the late glacial (Figure 2.11) (M cM anus et al., 2004). The most probable  

cause o f cooling during the YD is the massive inundation of m elt w a te r into th e  North  

Atlantic during the breakup of the Laurentide ice-sheet, causing a reduction in deep w ater  

convection and cooling in the North Atlantic (M cM anus et al., 2004, M ey er et al., 2010, 

Anderson et al., 2007, Alley, 2000).

The onset o f the Holocene occurred at the term ination of the YD, characterised by an 

extrem ely rapid rise in tem perature (Figure 2.11), as much as 7-10 °C in only a few  decades 

(Alley 2000, Taylor et al., 1997, Fawcett e t al., 1997). This rapid shift in tem p era tu re  in the  

North Atlantic region is thought to  have been triggered by an abrupt reorganisation of 

therm ohaline circulation, increasing the delivery of w arm  waters to  northern oceans and 

drastically altering atmospheric circulation (Bakke et al., 2009, Taylor et al., 1997).

The early Holocene was a period of significant climatic im provem ent punctuated by a 

dram atic cooling event at 8.2 ka (Dansgaard et al., 1993, Anderson et al., 2007, M ayewski et 

al., 2004, Bond et al., 2001). The 8.2 ka event lasted for approxim ately 200 years w ith  

sum m er tem perature  decreases of =1 °C (Heiri et al., 2004, Anderson et al., 2007, Maslin et 

al., 2005, Alley et al., 1997) and w in ter tem perature  reductions which w ere approxim ately  

half as severe as the Younger Dryas (4-6 °C) (Maslin et al., 2005, Alley et al., 1997, Alley and 

Agustsdottir, 2005). The trigger fo r the 8.2 ka event is thought to  be sim ilar to  th a t o f th e  YD, 

an inundation of fresh w ater into the North Atlantic, which caused a change in oceanic 

circulation patterns (Alley et al., 1997, Anderson et al., 2007, Alley and Agustsdottir, 2005).

2 .9 .1 .2  M id  Holocene

The Holocene climatic optim um  occurred around 5.5 - 6 ka BP, this period was characterised  

by th e  w arm est tem peratures experienced during the Holocene (Anderson et al., 2007, 

Adkins et al., 2006). Tem perature increases w ere m ore pronounced in northern Europe, w ith  

sum m er tem peratures 3 -4  °C higher than today (Anderson et al., 2007). Saharan African 

clim ate was possibly the most markedly different, w ith  w arm  w e t monsoon conditions 

dom inating a savannah and lake environm ent (deM enocal et al., 2000b, Adkins et al., 2006,
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deMenocal et al., 2000a). This period of warming was however, punctuated by several short 

lived cooling events (Bond et al., 1997, deMenocal et al., 2000a).

The end of the African Humid period (5.5 ka) and the onset of desertification in central Africa 

was followed by a cooling event at 4.2 ka, and the beginning of a longer lived Holocene 

cooling trend (Anderson et al., 2007, deMenocal et al., 2000b, Adkins et al., 2006, 

Staubwasser et al., 2003, Arz et al., 2006). The 4.2 ka event is the first Holocene cooling 

period to have well documented consequences on human populations (deMenocal et al., 

2000a, Mayewski et al., 2004).
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Figure 2.12: Adapted from (deMenocal 2001) showing palaeoclimate during the collapse 

o f the Akkadian empire. Increases in wind-borne sediments deposited in the Gulf o f 

Oman (left and central panels) represent a 300 year period of increased aridity in Iraq, 

Kuwait and Syria. This coincides w ith radiocarbon dating of archaeological remains in Tell 

Leilan (right hand panel) which document the abandonment and collapse o f the 

Akkadian empire 4170 ± 150 BP.

Civilisation collapse during this period occurred in Egypt (Staubwasser et al., 2003), 

Mesopotamia (Figure 2.12) (deMenocal 2001), India and China (Huang et al., 2010), possibly 

due to  much colder, more arid climates (Maslin et al., 2005, deMenocal 2001).

This general cooling and drying trend is punctuated in some regions by more extreme 

unstable climatic oscillations, demonstrated by large scale flooding and droughts in the
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Jinghe River Gorge, China (Huang et al., 2010) and alternating w etting  and drying in the  

w estern  M editerranean (Magny et al., 2009). The impact of clim ate change (on a scale w ith, 

or m ore dram atic than the 4.2 ka event) on modern populations is unknown; although these  

clim atic shifts have been predicted by some climate models (Alley 2000).

2.9 .1 .3  Late Holocene

The M edieval Climate Anomaly (MCA) (750 - 1400 A.D.) was initially identified as a period of 

global warm ing, based on records from  northern Europe and North Am erica and marked by 

glacial re treat (Anderson et al., 2007). However, the lack o f evidence fo r w arm ing in 

southern Europe, South America and the Pacific possibly reflects the regional nature of this 

anom aly (Diaz et al., 2011, Hughes and Diaz, 1994). The MCA appears to  have tem peratures  

w arm er than the late 20th century in some regions (Diaz et al., 2011, deM enocal et al., 

2000b, Chu et al., 2002) and colder in others (Diaz et al., 2011, Hughes and Diaz, 1994). The 

duration o f the warm ing anomaly is also difficult to quantify, w ith palaeorecords offering  

d iffe ren t timings o f peak regional w arm th (Cronin et al., 2010, Hughes and Diaz, 1994). The 

impacts o f the MCA on rainfall are also varied; w ith  w e tte r conditions dom inating in north 

w estern  Europe (Proctor et al., 2000) while droughts w ere common in southern Europe and 

th e  continental US (Diaz et al., 2011, Cronin et al., 2010).

The Little Ice Age (LIA) is docum ented as a return to semi-glacial conditions, exhibiting  

several discrete w in ter dom inated cooling events (3-4 °C) betw een 1300 and 1900 AD 

(deM enocal et al., 2000b, Chu et al., 2002, Sobrino et al., 2005). Cooling of Sea Surface 

Tem peratures (SSTs) in the western North Atlantic appears to  have begun before cooling in 

th e  eastern ocean. This regional disparity suggests the LIA may have been forced prim arily by 

coupled ocean-atm osphere processes and subpolar deep w ater form ation. The tim ing of the  

LIA fits w ith  the 1500 year climate pattern of Bond et al. (2001) possibly indicating  

atm ospheric -  oceanic coupling during this period (Cronin et al., 2010, Bond et al., 2001).

2 .9 .1 .4  M odern Climate Change

M odern  clim ate warm ing (-1 8 0 0 -2 0 1 2  AD) is a controversial issue, not based around its 

existence, but the severity and cause (Rosenzweig et al., 2008, Anderson et al., 2007), as well 

as th e  routes towards effective mitigation (Hulm e 2003). The best w ay to  understand and 

contextualise modern climate change is by reviewing past fluctuations in clim ate indices 

(Hulm e 2003, Chu et al., 2002). Abrupt clim ate changes such as those seen in the YD and 8.2  

ka event are the most dangerous to human populations, due not only to  th e ir severity, but
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th e ir rapid and uncontrollable onset (Hulm e 2003). M ino r clim ate change events such as 

those seen at 4 .2  ka have already destroyed relatively advanced civilisations; the potential 

impacts o f m ajor regional or global climate change on modern populations are difficult to  

predict and remain largely unknown (Hulme 2003).

Holocene palaeoclim ate data sets have however, allowed fo r th e  identification of several 

m ajor clim ate forcing mechanisms, both natural and anthropogenic. The continued  

production o f high resolution data sets from  throughout the Holocene is therefore, 

fundam ental fo r understanding the severity o f natural clim ate fluctuations and the impact 

hum an activity may have on the global clim ate system (Hulm e et al., 1999).

2.9.2 Mechanisms of Climatic Forcing

Archives o f m ajor climatic events point to  several m ajor controls on the rate and severity of 

clim ate change. Much debate has focused upon the cause and effect relationships displayed 

by these m ajor systems, and the inherent complexity of interactions betw een the extra

terrestria l and terrestrial systems (Anderson et al., 2007, Elkibbi and Rial, 2001). Climate  

response to  external forcing is dependent upon internal feedback mechanisms (Elkibbi and 

Rial, 2001). These are dom inated by interactions betw een the ocean, vegetation, and 

atm ospheric systems (Elkibbi and Rial, 2001). Rapid onset climate changes are therefore  

thought to  be triggered by solar activity and catastrophic events, which include the release 

o f stored fresh w ater into the Northern oceans and volcanic eruptions (Anderson et al., 

2007).

2.9 .2 .1  Solar Forcing and Climate Feedbacks

Solar forcing has been linked to  clim ate changes throughout Earth's history (M oberg et al., 

2005, Bond et al., 2001, Hu et al., 2003). This system is dom inated by m ajor (Croll- 

M ilankovitch) orbital cycles, however, sm aller scale fluctuations in solar irradiance can also 

influence global climate (M ayewski et al., 2004, Anderson et al., 2007, Bond et al., 2001). 

Solar insolation is known to have peaked betw een 10 and 11 ka at levels approxim ately 8 % 

higher than  modern day (deM enocal et al., 2000a). The Earth's axial t ilt  and close orbit to  the  

sun during m id-w in ter increased seasonality, creating w arm er summers and relatively mild 

w inters (deM enocal et al., 2000a, Anderson et al., 2007). Higher levels of northern  

hem isphere (NH) solar radiation increased the reach o f th e  monsoons, enabling the spread 

of w arm er w e tte r climates into central Africa. Solar insolation has slowly decreased in 

strength from  peaks in the early Holocene to  the modern day (Anderson et al., 2007).
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Solar forcing is also thought to  trigger non-linear responses w ithin oceanic and atm ospheric  

systems, which can drastically amplify or mediate climate change (deM enocal et al., 2000a, 

Anderson et al., 2007, Bond et al., 2001). Global system interconnectivity facilitates rapid 

changes in global tem perature and rainfall, such as those recorded towards the end o f most 

m ajor Holocene events (Adkins et al., 2006, deM enocal et al., 2000a, deM enocal, 2011). 

Global feedback mechanisms are still relatively poorly understood due to  th e ir com plexity  

(Anderson et al., 2007, Elkibbi and Rial, 2001). M ajor climate anomalies are often thought to  

be a combination of "top down" large scale changes in solar insulation and "bottom  up" 

variations in regional to  global climate forcers such as the North Atlantic Oscillation (NAO) 

and El Nina (Diaz et al., 2011).

2 .9 .2 2  Catastrophic Events

Large scale catastrophic events have also been prom inent throughout th e  Holocene. These 

events cause major, discrete changes to the Earth's ocean and atm osphere systems. The 

inundation o f the North Atlantic by m elt w ater and the interruption of th e  therm ohaline  

circulation (THC) is one such type of catastrophic event. M e lt w ater inundation events can 

often  be linked back to  already changing climatic conditions forced by solar cycles. For 

exam ple, th e  transition toward interstadial conditions (14-13 ka) induced rapid glacial 

m elting in the NH, leading to the break-up o f m ajor ice masses, inundation o f fresh w ater  

into th e  North Atlantic Ocean, a breakdown in therm ohaline circulation and a reversion to  

semi-stadial conditions during the YD (Heiri e t al., 2004, Bond et al., 2001). One area which  

requires fu rth er research is palaeoclimate reconstruction at the tim e o f outburst events; to  

understand how changes in North Atlantic Ocean circulation may have influenced  

atm ospheric circulation and therefore terrestrial climate.
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2.10 Northern Iberian Climate and Vegetation Change

The position o f the Northern Iberian Peninsula is such th at regional clim ate is sensitive to  

changes in oceanic and atm opheric conditions (Allen et al., 1996, Pena et al., 2010, Anton et 

al., 2006, Sobrino et al., 2005). The strong interconnections betw een this region and the  

North Atlantic Ocean make it an ideal location to  source palaeoclim ate records o f Holocene  

scale clim ate change (Eiriksson et al., 2006, Desprat et al., 2003, M artin -C hivelet et al., 2011). 

A range o f palaeoclimate records are found from  coastal regions o f North W estern  Iberia  

(Pena et al., 2010, Allen et al., 1996, Sobrino et al., 2005, Desprat et al., 2003), but fe w e r  

archives are available from m ore central provinces such as Cantabria (M artin -C h ivelet et al., 

2011, Pena-Chocarro et al., 2005, Dominguez-Villar et al., 2009). This leaves a critical gap in 

palaeoclim atic interpretations, in a region which preserves some o f Iberia's best 

docum ented evidence of human expansion and evolution (Pena-Chocarro et al., 2005).

2.10.1 Available Northern Iberian Palaeoclimate Archives

Pollen records from  the late glacial period to  YD transition in northern Iberia are  

characterised by an increase in Pine pollen, suggesting a shift from  cold dry glacial conditions 

tow ards a slightly w arm er but w e tte r climate (Allen et al., 1996, M oreno et al., 2010). 

Rainfall increases w ere driven by the warm ing of the North Atlantic, changes to  atm ospheric  

circulation and a subsequent increase in moisture delivery to  Northern Iberia (Allen et al., 

1996). The YD period intersects this w arm er w e tte r period (M oreno et al., 2010), pollen 

records indicate the disappearance of late glacial tree  cover and a return to  herbaceous and 

d w arf shrub communities indicative of drier conditions (Allen et al., 1996, Sobrino et al., 

2005). This return to dry conditions is possibly driven by a southward shift in th e  North  

A tlantic polar front, reducing evaporation over the North Atlantic Ocean (Ruddiman and 

M cIn tyre , 1981, Anderson et al., 2007, Pena et al., 2010).

The onset o f the Holocene was marked by the re-em ergence of deciduous tree  species, 

peaking around 7 ka, w ith  some pockets surviving to  modern day (Allen et al., 1996, Anton et 

al., 2006 , Kaal et al., 2011). However, evidence of lake sedim ent re-working during the early 

Holocene, suggests extrem e reductions in w in ter rainfall, causing th e  drying o f small w ater  

bodies (Allen et al., 1996). One such dry event may have occurred at 8 .2 ka (Allen et al., 

1996, Sobrino et al., 2005), linked to  m ajor changes in the North Atlantic Ocean which  

manifest as variations in rainfall isotopic values, archived w ithin a speleothem  deposit from  

Kaite Cave (Dominguez-Villar et al., 2009).

43



Pollen and speleothem  archives encompassing the Roman w arm  period (2095 -2060yr BP) 

and MCA (995-1050 AD) in Northern Iberia are characterised by dry conditions and 

tem peratures up to 2 °C higher than today (Sobrino et al., 2005). M arine records from  the  

w est coast o f Iberia demonstrate however, SST cooling and increased rainfall from  900AD, 

incorporating a 1.5 °C drop in SST tem perature during the preceding 500 years (Eiriksson et 

al., 2006).

The LIA in Northern Iberia may have been lim ited to  m ajor climatic fluctuations during the  

16th and 17th centuries. Climatic change during this period was characterised by rapid, large 

scale changes in regional tem perature and rainfall, causing severe droughts and floods 

(Sobrino et al., 2005). Late Holocene cooling from  600 -  300 AD (Figure 2.13, A) reversed  

w ith  a slight (-0 .5  °C) rise in SST's since 250 AD recorded in planktonic and benthic  

foram in ifera (Figure 2.13, A) (Eiriksson et al., 2006).
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Figure 2.13: (a) SST's from  the western Iberian margin from  alkenones, (b) 6180  record 

from  planktonic foram inifera, (c) 6180  record from  benthic foram inifera (Eiriksson et al., 

2006).

2.10.2 Human Populations in Northern Iberia

Early Holocene human populations experienced significant cultural upheaval w ith  the  

transition from  Magdalenian to  Azilian cultural complexes (Straus and M orales 2012). As the  

Holocene progressed, Iberian populations became increasingly dependent upon agriculture, 

w ith  th e  earliest agricultural practices identified by the em ergence o f cultivated cereal pollen 

around 6.5 ka, although this is likely to  be prim itive and localised (Lopez-M erino et al., 2010).
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Larger scale, climatically derived forest regression occurred at the end of the Holocene  

climatic optim um  (5.5 ka), coinciding with increased agricultural practices and forest burning 

fo r anim al grazing (Kaal et al., 2011, Lopez-Merino et al., 2010). During th e  late Holocene, 

th e  northern coast o f Iberia may have seen a transition tow ard a m ore m aritim e dom inated  

clim ate, enhancing the spread of peatlands (Allen et al., 1996). This period of vegetation  

evolution ties in w ith increases in cereal pollen around 3ka BP, indicating hum an activity  

through forest clearance and the emergence of subsistence agriculture (Allen et al., 1996, 

Anton et al., 2006, Sobrino et al., 2005, Kaal et al., 2011). The human driven reduction o f tree  

species culminates w ith a tree pollen minima 450yr BP (Sobrino et al., 2005).

2.10.3 Modern Climate

Current clim ate in Northern Iberia is influenced directly by North Atlantic storm tracks, which  

deliver rainfall to  the region (Pena et al., 2010) and are controlled by th e  intensity o f the  

North Atlantic Oscillation. The last 50 years have shown reductions in th e  intensity of these  

storms, creating regional drying (Goodess and Jones, 2002, Gallego et al., 2005). This 

interconnection means th at oscillations in the North Atlantic directly influence m oisture  

delivery to  Northern Iberia. High resolution archives of moisture delivery to  this region could 

th ere fo re  be critical for interpretation of the modern North Atlantic Oscillation (Hurrell e t al., 

2003) and how this atmospheric system may have changed throughout the Holocene.
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2.11 Climatic Indices - NAO

The North Atlantic Oscillation (NAO) describes the interaction of sub-polar low pressure, 

centring over Iceland and anticyclonic high pressure in the Azores (Hurrell et al., 2003, 

W anner et al., 2001). The relationship between these pressure systems creates a sea level 

pressure (SLP) dipole between the North and the South Atlantic (Hurrell et al., 2003, Barlow 

et al., 1993, Hurrell and Deser, 2009). This SLP dipole drives air mass movement, controlling 

prevailing wind directions and rainfall over the European continent (Hurrell et al., 2001, Pena 

et al., 2010, Trouet et al., 2009, Hurrell and VanLoon, 1997, Jones et al., 1997). The NAO's 

effect is dominant during the boreal w inter (Dec-Feb), representing the major cause of 

seasonal to  inter-decadal variability in Northern hemisphere atmospheric circulation and 

climate (Wanner et al., 2001, Hurrell, 1995, Hurrell et al., 2003, Hurrell et al., 2001).

2 .11 .1  Phases and Effects

The NAO Index is created by normalising the seasonal pressure difference between weather 

stations in The Azores and Iceland (Figure 2.14), and can be described as being in a positive 

or negative phase (Jones et al., 1997, Wanner et al., 2001, Hurrell and Deser, 2009)

NAO
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Figure 2.14: Index showing positive and negative fluctuations in the NAO (Hurrell et al., 

2003).

Positive phases occur during periods of high pressure over the Azores and low pressure over 

Iceland (Hurrell et al., 2003, Hurrell et al., 2001, Wanner et al., 2001). Counter clockwise 

rotation of low pressure systems to the north and clockwise rotation of high pressure to the 

south create strong westerly winds over central and northern Europe (Hurrell and VanLoon,
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1997, Barlow et al., 1993, Hurrell, 1995, Jones et al., 1997, Hurrell and Deser, 2009). 

Westerly winds lead to cool summers and warm wet winters in the north, and cool dry 

w inters and dry summers in the south (Jones et al., 1997, Hurrell and Deser, 2009).

Negative NAO phases are associated with weak low pressure systems over Iceland and weak 

high pressure systems over the Azores (Hurrell et al., 2001), bringing colder winters and hot 

summers to  the north of Europe and wetter conditions in central and Southern Iberia 

(Pauling et al., 2006). NAO phase changes manifest as variations in rainfall amount (Roig et 

al., 2009, Vicente-Serrano and Cuadrat, 2007) and therefore oxygen isotope ratio in areas of 

Northern Iberia which have exhibit a strong rainfall amount effect; making palaeorecords 

from  this region ideally suited to recording long term NAO change, and quantifying its 

influence on regional climate (Moreno et al., 2010, Hurrell and Deser, 2009).

2 .1 1 .2  Instrum ental records

W eather station records enable the NAO Index to be calculated until the 1860's (Figure 2.15) 

(Jones et al., 1997).
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Figure 2.15: NAO index using normalised SLP for Lisbon and Stykkisholmur, a 

predominately positive trend is clearly evident from 1970 - 2000 AD (Hurrell and 

VanLoon 1997).

Positive and negative NAO phases during the 20th century correlate well w ith climatic 

variations, highlighting the NAO's role as a major controlling factor in European climate 

(Hurrell and VanLoon, 1997, Wanner et al., 2001, Semenov et al., 2008). Fluctuation between 

positive and negative NAO index occur w ith a 6-10 year periodicity during the latter half of 

the 20th century (Hurrell and VanLoon, 1997, Proctor et al., 2002, Appenzeller et al., 1998, 

Black et al., 1999, Proctor et al., 2000). These fluctuations however, occur during a time of
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rapid anthropogenic change, with some studies suggesting modal fluctuations are controlled 

by factors external to the natural atmospheric system (Semenov et al., 2008, Hurrell and 

Deser, 2009).

However, using modern GNIP site data Baldini et al., (2008) show that central Europe and 

the northern Iberian cost line have a significant (p> 0.1) correlation (0.4; spearman's rank) 

between the w inter NAO index (December, January, February, March) and rainfall S180  

(Figure 2.16). This significant correlation indicates that northern Iberia is well suited fo r the 

production of NAO records which are reflected as changes in rainfall 5180.
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Figure 2.16: Contour map of Spearman's rank correlation coefficients (rs) between w inter 

(December, January, February, March; DJFM) NAO index and DJFM (8lsO) from 43 GNIP 

stations w ith >10 years of complete DJFM 5180 data.

2 .1 1 .3  Palaeorecords of th e  NAO

Palaeoclimate and environmental records which record an NAO signature are primarily 

derived from lake (Trouet et al., 2009), ocean (Olsen et al., 2012), ice (O'Brien et al., 1995) 

and speleothems (Proctor et al., 2000) cores and can be used to extend currently available
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instrum ental data on NAO phase. These climate records can be analysed fo r a large range of 

proxies, o ften unique to  the record being used. However, the accurate analysis o f proxies 

can o ffer indirect evidence of the NAO e.g. evidence of enhanced sea storm conditions 

recorded as an increase in sea salt sodium flux ice cores, related to  intense positive NAO 

conditions (O'Brein et al., 1995). A spatial range of palaeoclim ate records (for exam ple  

throughout Europe) related to  the NAO can therefore be used to  understand changes in NAO 

phase during m ajor climatic events, and possibly aid our understanding o f how th e  NAO may 

have contributed to  climatic conditions (rainfall intensity or tem pera ture) during those 

events (Appenzeller et al., 1998, Semenov et al., 2008, Trouet et al., 2009, Olsen et al., 2012).

M ost high resolution records suggest the NAO played a role during middle to  late Holocene 

clim ate change, throughout Europe (Trouet et al., 2009, Barlow et al., 1993). M ojtah id  et al., 

(2013) have identified millennial scale fluctuations in the NAO from  ocean cores extracted  

from  th e  northern coast of Spain. These cycles in NAO style atm ospheric positioning indicate  

th e  NAO has exacted a strong control over climate variability throughout Europe during the  

Holocene. However, the majority of Holocene scale NAO records breakdown during th e  early 

Holocene possibly due to the existence of major ice masses in the northern hem isphere  

(G iraudeau et al., 2010). This breakdown in NAO forcing during the YD and early Holocene 

e ith er indicates th at the NAO did not develop as a major climatic force until the mid 

Holocene or th at current records of the NAO are poorly resolved /  positioned to  record a 

long duration NAO signal. The form ation of longer duration, NAO sensitive palaeorecords 

may help to  identify when the NAO began to  control European climate.

2.11.4 Speleothems

Due to  th e ir sequential growth and long growth duration, speleothems offer an ideal archive 

type to  record a long duration NAO signal. Production of high resolution speleothem  records 

o f th e  NAO relies however, upon having a suitable cave site. Baldini et al. (2006b) suggest 

th e  follow ing criteria: 1) high amplitudes in the m eteoric w ater 6 180 , 2) strong comparison 

betw een m eteoric 6 180  and NAO index (Baldini et al., 2008), 3) m inim al retention of w a te r in 

soil and karst zones, and finally 4) high speleothem  growth rates. Several speleothem  studies 

have reproduced a long term  (< 3000yrs) records of NAO using speleothem  growth layer 

thickness, which indicate changes in the hydrological system related to  the intensity of 

precipitation driven by the NAO (Proctor et al., 2000, Proctor et al., 2002, Jackson et al., 

2008. Accurately assessing annual growth layer w idth is however, complex and often  

inaccurate. Therefore, in cave sites such as those identified by Baldini et al. (2006b), high
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resolution analysis o f chemical proxies preserved within speleothem s should be undertaken, 

m any o f which may be able to  o ffer insight into changing hydrological conditions and 

th ere fo re  variations in the NAO.
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2.12 Climatic Indices -  Oceanic Bond Cycles

Alongside m ajor millennial scale Holocene cycles of the NAO, millennial cycles have been  

observed in North Atlantic Ocean sediment cores. These "Bond cycles" are cold periods 

observed throughout the Holocene in climate records; originally docum ented by Bond et al., 

(1997) and (2001). These papers used peaks in fresh volcanic glass (FVG) or hem atite stained 

grains (HSG) to  identify the southward and eastward advection o f w a te r from  th e  Nordic and 

Labrador seas. Increases in FVG and HSG indicate the presence and m elting o f icebergs which  

originated in Iceland or Greenland and could only reach the southerly ocean coring sites 

during colder conditions. There are nine cooling events described during th e  Holocene  

(Figure 2.17).
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Figure 2.17: Holocene record of drift ice (as percent variation in lithic grains; Bond et al., 

2001). Upper panel -  the percentage of hem atite stained grains in th e  63-150pm  range 

from  cores M C52 and V M 29-191 . Lower panel -  a combined stack o f all petrologic 

tracers (HSG and FVG) from  all 4  core sites in the North Atlantic (M C52, V29191, M C21, 

GGC22) presented as a percentage variation in the petrologic tracers.

W hilst attributing a single explanation as to  the origin o f these cooling events is complex 

(W an ner and Butikofer 2008), these events can be observed in ocean cores throughout the  

Holocene, w ith  a frequency of 1500 ± 500 years (Bond et al., 2001). The regular pacing of
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these large oceanic events suggests some climate modulation which prom otes phase 

changes in the ocean system. Current explanations fo r these Bond events invoke external 

solar forcing an d / or atmospheric /  ocean coupling to  cause such large changes in ocean 

cores.

2.12.1 Solar Forcing

For th e  North Atlantic region, reductions in SST w ere originally linked to  reductions in solar 

activity and a related reduction in NA deep w ater form ation (Bond et al., 2001). M odern  

spectral analysis and modelling suggests however, that these 1500 year cycles are e ither 

forced by a combination of prom inent 83, 280, 1000, 2500 and 6500 year solar cycles 

(W an ner et al., 2008, Dima and Lohmann 2009, Sejrup et al., 2012) or due to  an internal 

ocean 1500 year cycle which became dom inant in the past 8400 years (D ebret et al., 2007, 

D ebret et al., 2009, Thornalley et al., 2009, Sorrel et al., 2012).

2.12.2 Atmosphere - Ocean Coupling

Interactions between large atmospheric systems such as the NAO and th e  ocean surface 

have th e  pow er to  regulate oceanic circulation and therefore the delivery of cold ice baring 

w aters into the North Atlantic Ocean (Giraudeau et al., 2010). An intense positive NAO mode  

can act to  strengthen the sub polar gyre forcing the southerly outflow  of ice baring w aters  

into the north Atlantic (Solignac et al., 2006, Staines-Urias et al., 2013, Sorrel et al., 2012). 

Such restructuring would result in a positive coupling of Ice rafted debris (IRD) events (Bond 

et al., 1997) and positive NAO phases (Fletcher et al., 2013). The production o f strongly 

coupled ocean and atmospheric records is therefore fundam ental to  aid our understanding  

o f cause and effect relationships which may exist between these global systems.

The previous sections have shown th at Holocene climate was not, as first thought, 

intrinsically stable. Large scale climatic fluctuations marked this most recent transition from  

stadial to  interstadial conditions. Solar cycles propagated a warm ing climate, whilst internal 

feedback mechanisms and catastrophic events regulated the range and scale o f clim ate  

change. Regional response to  climate variations is dictated by geographical location and 

atm ospheric circulation, meaning no Holocene event had a single global outcom e. 

M echanisms of change operate on varying scales, both tem porally and spatially and cycles of 

clim ate variability are still not fully understood. Holocene climate is however, known to be 

m odulated by millennial scale climate fluctuations, including the NAO and 1500 year Bond 

cycles. M o re  w ork is required to  understand possible external (solar) m odulation o f the
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atm osphere and oceans and to  understand millennial scale coupling of these systems. To this 

end, high resolution regional archives are required from  regions which are sensitive to  

variations in global atmospheric and ocean systems, both to  help understand past clim ate 

changes and to  help model natural climate fluctuations which may occur alongside modern  

anthropogenic climate change.

53



2.13 Summary

The accurate reconstruction of past climates is fundam ental to  our understanding of global 

systems and modern climatic change. Palaeorecords are essential fo r the accurate  

quantification of climatic processes, including modern global warm ing. Palaeoclim ate  

reconstructions require high resolution, reliable proxies from a w ide range of locations and 

on differing tem poral scales. Traditional records mainly originate from  Polar or m aritim e  

locations, but as climate changes are known to be globally uneven, m ore regional scale 

terrestria l records are fundam ental to developing an interconnected understanding of 

Earth's oceanic and atmospheric systems and their forcing mechanisms.

Chemical analysis of speleothem carbonates offers one alternative long duration, high 

resolution archive with a robust technique for chronology production. Speleothem s have 

been used to  reconstruct many climatic and environm ental parameters, including regional 

rainfall dynamics, tem perature, prevailing wind direction and vegetation change. The 

chemical proxies stored in speleothems are artefacts of palaeoclimate and th e  karst and cave 

environm ents in which they are deposited. The speleothem record must th ere fore  be 

in terpreted  carefully, alongside other available palaeoclimate inform ation and m odern  

m onitoring. Future developments in chemical analysis will only act to  increase th e  usefulness 

o f speleothem  deposits for climate reconstruction purposes. Speleothem studies should now  

target regions known to  be critical during climatic changes, to  help extend our knowledge 

regarding the impacts of climate change on terrestrial environments.
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3. METHODS

3-1 Site Description and Monitoring Overview

3.1.1 Regional Setting and Geology

Asiul Cave (285 masl.) is located in the M atienzo depression (43°31 'N , -3 °58 'W ), 40  km inland 

from  th e  Northern coast of Iberia, in the province of Cantabria (Figure 3.1  and Figure 3.2). 

The M atienzo  valley is a ~ 2 8 2 km closed karstic depression (polje) situated in th e  Cantabrian  

Cordillera, the western most extension o f the Pyrenees mountain range (Quin 2010).

Santander
iSantonaUanes

ASTURIAS
Bilbao

MATIENZO
VIZCAYA

CANTABRIA

C o r d i l l e r a  J  C a n t & b r i c a

BURGOS
PALENCIA

60 Km

Figure 3.1: The approximate location of the M atienzo depression in relation to  the  

northern Iberian coast and the closest GNIP site located in Santander.

The depression is form ed in a Y shape w ith three distinct 'arms'; to  the west is La Vega, to  

th e  north is La Sacada and to the south east is Ozana (Figure 3.2). This shape is derived  

predom inately from  the preferential dissolution of the east/w est anticline which makes up 

th e  La Vega and Ozana arms o f the depression. Anticline developm ent occurred during a the  

form ation  o f the Prynees in the early to  mid Tertiary, as a result o f Mesozic rocks thrusting  

southwards into the tertiary basins of the Duero and Ebro (Quin 2010). The slope o f this 

anticline determ ines the general dip of the sediments th at make up the northern and 

southern slopes o f La Vega valley, although the geology can become m ore complex on a local 

level.

The hydrological catchment of the depression ranges in elevation from  its lowest col at Cruz 

Usano (347 m) to  the peaks o f the Sierra de M u llir (839 m) (Quin 2010). The depression floor
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covers approximately 4.52 km and has an average elevation o f between 150 and 250 m.a.s.l. 

Whilst the vertical development of the depression has been primarily through karstic 

dissolution processes the current valley floor rests on an impervious layer o f Barremian 

sandstones and marls, allowing rivers to flow overland through La Vega and out of La Secada 

(Figure 3.2).

La Secada

Asiul Cave'

La Colllna 
s&2m y50<5m

300m

200m

180m

Matienzo

Asiul Cave

La Vega

Ozana

Cruz de Usano
1 km

Figure 3.2: Map of the Matienzo depression showing the altitude of major features as 

well as the positioning of Asiul cave in La Vega and its proximity to  the village of 

Matienzo where event based rainwater collection was undertaken. Inset map shows the 

approximate location of the valley in a European context.

Overlying the sandstones and marls are thinly bedded Aptian (112-124 Ma) limestone's 

which contain lenses of sandstone. Over which lay generally massively bedded Albian 

limestones (97 -  112 Ma) and the slightly younger more thinly bedded upper Albian 

limestones (Figure 3.3) (Quin 2010). These higher elevation sequences often outcrop as 

sheer cliff faces such as those above Asiul cave at the summit of El Naso.
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Modern land use in the valley consists of low intensity, mainly substance farming using 

traditional techniques. The more productive, flat valley floor is used fo r crop production 

predominately grass fo r use as animal fodder and cattle /donkey grazing (Figure 3.4a). The 

higher steep slopes of the depression are often covered w ith loose outcropping limestone 

and are therefore not suitable for crop production (Figure 3.4b+c). These slopes are 

occasionally used for very low intensity goat or donkey grazing. Vegetation in these upper 

slopes (including that around Asiul) remains largely unmodified by modern human 

habitation. These slopes have poor thin (-30-100 cm deep) soils which support primarily of 

shrub and grass communities (such as heather and bramble) common to the more 

mountainous regions of northern Spain.

Figure 3.4: Images from Matienzo. a) one of the local farm animals, showing the more 

productive but still steep lower slopes of the depression, b) image across the La Vega 

arm of the depression, exposed limestone bedding can be observed on the southern 

slope o f the valley, demonstrating how the valley incised through the pre-existing 

anticline, visible in the foreground is the Pluvimate rain gauge, c) a view up the slope of 

El Naso where Asiul is situated (approximate location shown) in the upper slope 

characterised by limestone outcropping.
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3.1.2 Asiul Cave

Asiul is a small and uncomplicated cave system, w ith an approxim ate cave volum e of 2.7 x 

10 litres. The cave is horizontal, extending 75 m into the hillside below El Naso in a north  

w esterly  direction. Access is via a singular small entrance (<1 .5m 2), fo llow ed by w ell sized 

passage, split by a series of larger chambers and ending in a boulder choke. No active 

streams exist w ithin the cave but several large pools survive throughout th e  year, fed  

entirely by karst drip waters. Shallow rock overburden ranges from  10 to 40  m (Figure 3.5).

20m rock 

overburden

ASR

O
☆

Figure 3.5: Cave survey fo r Asiul, including both a cross section to  display passage 

morphology and the external position of the soil sampling device relative to  the cave 

entrance and a plan view  to identify monitoring locations. M onitoring equipm ent at pool 

1 consists o f 1 TinyTag Plus2 tem perature and humidity logger. The 'main m onitoring' 

location at the rear o f the cave housed 2 TinyTag Plus2 tem pera ture  and hum idity  

loggers (next to  speleothem ASF), the CTD Diver (EC probe on speleothem  ASF), a Vaisala 

CARBOCAP G M 70 (C 02 probe, suspended above speleothem ASF) and th ree  Driptych 

acoustic drip rate loggers (one each on ASF, ASM and ASR). This was also the location for  

th e  m ajority of monthly monitoring, including monthly drip w ater collection and cave air 

8 i 3C o f C 0 2 sampling.

Like m any caves in the M atienzo region, Asiul was form ed by lim estone dissolution, under 

th e  ancient local w ater table. The cave entrance was subsequently exposed and th e  cave left 

dry by the continued dissolution o f the depression floor and reduction in the local w ater

Diagrammatic 

representation of 

surface topography

Soil C02 probe
10 m

ASM ASF Pool 1
Pool Entrance

Monitoring equipment 

Extracted speleothem 

Sand bank 

Flowstone deposit
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table. The cave appears to have undergone at least two distinct phases o f development 

before final drying, with large calcite shelves being apparent mid way up the cave walls 

(Figure 3.6a+c); suggesting that the cave possibly formed during a period of water table 

fluctuation. The exact mechanism driving a change in local water table is unknown in this 

region, although it may be related to variations in past sea level and the effect this has on 

local water tables in mountainous regions.

Figure 3.6: Images of Asiul cave, a) Cross section showing the phreatic shape of the cave 

passage and on the RHS an example of false floor development, b) speleothem ASM 

before sampling, c) more evidence o f false floor development and varying stages of 

speleothem growth.

3.1.2.1 Speleothem Morphology and Structure

Asiul is well decorated, mainly w ith relatively small, ancient stalagmites and stalactites as 

well as few larger active flowstone deposits (Figure 3.6a+c). The rear chamber (main 

m onitoring chamber) of the cave importantly housed three, actively growing, translucent, 

candle shaped stalagmites thought to be ideal for palaeoclimate reconstruction (ASF, ASM
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and ASR), ASM is shown in its growth location in Figure 3.6b. These speleothems ranged 

between 20 and 35 cm in height and grew within a few meters of each other, fed by small 

straw stalactites. Two speleothems (ASR and ASF) were sampled using a coring device w ith 

diamond encrusted drill bit to minimise visual damage w ithin the cave site, the third (ASM) 

was completely removed due to its awkward growth position. Only two samples (ASR and 

ASM) could be analysed for palaeoclimatic proxies due to analysis time /  cost. Speleothem 

ASF was discounted after the sample was cut in half due to the existence and complexity of a 

drip channel which ran through the entire length of the core. Samples ASR and ASM did not 

display evidence of a similar channel and were therefore thought more suitable fo r initial 

analysis (Figure 3.7a and b).

Speleothem ASM (Figure 3.7a) totalled a length o f 35 cm and is comprised o f compact, 

initia lly translucent and then white columnar crystal fabric which elongate along the vertical 

growth axis (Kendall and Broughton, 1978, Frisia et al., 2000), this sample exhibits minimal 

evidence of growth banding throughout the sample length. Where relatively faint growth 

bands can be identified (Figure 3.7a) as an area of darker carbonate deposition, columnar 

crystal fabrics are seen to grow, w ithout interruption through these bands (Frisia et al., 

2000 ).

Indentation from 

Change in colour speleothem sectioning

Growth direction

Figure 3.7a: The Central portion of speleothem ASM, divided into 7 sections to enable 

trace element analysis; rectangular pits denote the position of U/Th samples and dashed 

black lines the location of stable isotope analysis. The presence o f tw o distinct colour 

changes is not marked by any change in columnar crystal growth, w ith crystals growing 

through these sections. These colour variations allow fo r the identification of the centre 

o f the ancient speleothem, giving a guide for later stable isotope and U/Th analysis. Left 

to  right lines which are visible in some sections of the picture are artefacts of 

speleothem sectioning not growth dynamics.
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Speleothem ASR totalled 18 cm in length and is initially composed of compact translucent 

columnar calcite with crystals which elongate along the vertical growth axis (Figure 3.7b and 

Figure 3.8a; Kendall and Broughton, 1978, Frisia et al., 2000). This fabric structure breaks 

down in 2.5 cm from the speleothem top, broken by a band of darker microcrystalline fabric. 

The youngest section of the sample is characterised by white columnar crystal development 

w ith  a greater number of inclusions than are seen in any other section of the sample.

milmihiulHitiuiilii

G row th  direction

Figure 3.7b: Speleothem ASR is 18 cm in length, the position of U/Th drilling pits can be 

identified as can a clear dark band which formed during the mid Flolocene 8-5 ka. The 

dashed black lines indicate the location of the stable isotope analysis track. A thin break 

can be seen in the centre of the image, this was caused during sampling but the 

speleothem can be re-joined using the remaining crystals, leaving a fla t surface fo r 

analysis.

The darker band in ASR is initially denoted by a single darker line through which columnar 

crystal growth continues. As columnar crystal growth ceases, marked growth banding can be 

observed in the microcrystalline section of the sample (Figure 3.8). As this section of the 

sample was of particular interest it was analysed more closely using polarised and normal 

light magnification at NIGL, Keyworth, UK. Figure 3.8 clearly identifies the microcrystalline 

band in ASR, as well as crystal growth before and after this feature using a lOx magnification 

and polarising light filter.
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Figure 3.8) Stitched lOx magnification polarised light image of the dark band in ASR, this 

is initia lly characterised by a very thin brown band and then by a thicker microcrystalline 

section which appears to have a number of growth bands w ithin it. Columnar crystal 

growth continues after this band.

In subsequent sections of the thesis (Chapter 6) this banding is identified as having occurred 

during the mid-Holocene (8-4 ka). Very slow carbonate deposition rates and the change in 

crystal structure during this period may identify this as a major growth hiatus, which is not 

uncommon in speleothems of this age from northern Spain (Stoll et al., 2013). However, 

comparison of trace element profiles from this period in ASR and ASM indicate some 

coherence between the records (displayed in Chapter 6), indicating that speleothem ASR 

grew enough during this period to accurately portray changes in hydrologically sourced trace 

elements. What appears clear form the analysis of the more rapidly growing ASM sample is 

that Asiul cave was hydrologically active during the mid Holocene but that speleothem 

growth rates in some sections o f the cave were significantly reduced or ceased under dryer 

hydrological conditions (demonstrated by ASR). The mid Holocene is therefore highlighted as 

a period where careful climatic reconstruction must be undertaken, relying on the more 

rapidly growing ASM sample. This period must also be considered carefully when using 

stable isotope records as it is clear that speleothem growth conditions were considerably 

d ifferent than those which prevail in the cave today, possibly altering isotopic growth 

conditions.
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3 .1 .3  G ro un d w ater Catchment and Karst Hydrology

Ground water tracing was not undertaken as part of this study both due to time and 

equipment constrains but also to remove the possibility of foreign chemicals entering the 

cave system and complicating the drip water analysis program. However, a tentative 

reconstruction of the Asiul water catchment can be undertaken to assess the range of 

possible source water to  this cave system.

Initial cave formation occurred under an ancient water table before valley incision exposed 

the cave entrance, meaning that Asiul has never been a major vadoes sink or resurgence 

cave. The lack of evidence fo r active stream ways at this site indicates relatively low levels of 

water throughput under modern conditions, driven only by water percolation through the 

bedrock above and below the cave profile. At this site, the underlying geology and the hill 

slope direction control where cave drip water is sourced. As the cave is situated on the south 

facing slope of El Naso it has developed in bedrocks which make up La Vega anticline, 

although the exact slope angle of the underlying geology is unknown it is relatively shallow 

10-30° approximately dipping south -  north (Figure 3.9). This dip on the underlying bedding 

plans should therefore promote the flow of water from its point of contact w ith the ground 

surface in a northerly direction until it intersects w ith the cave system.

20 m rock 
overburden

ID  m

Figure 3.9: Diagrammatic representation of Asiul cave, the hill slope above the cave and 

the underlying geology w ith a slope between 10 and 30 0 (blue lines). Possible flow 

routing (black dashed lines) is identified from the point of rainfall impact on the surface 

to  possible point o f interaction with the cave profile. In most cases water percolation 

follows the slope of underlying geology and gravitational action.
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However, the gravitational component of this system would work in the opposite direction 

allowing preferential movement downslope under gravity in a southward direction (Figure 

3.9). The relative interaction of these two systems and the exact flow routing of water 

through the karst is unknown, however it is likely that the extent to which either karst 

geology or gravitational energy dominates water percolation depends upon the positioning 

and size of bedrock fractures, both micro (matrix flow) and macro (conduit flow). Possible 

mechanisms fo r water movement around Asiul are diagrammatically depicted in Figure 3.10.
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and level w ith  th e  cave sys tem  p ro file  

d u e  to  b e d ro c k  s lope

V e ry  sm all levels  

o f  o v e rla n d  o r  

soil f lo w  d u rin g  

e x tr e m e  ra in fa ll 

e v e n ts
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Figure 3.10: Possible routes of water flow on the southern slope of El Naso which acts as 

the groundwater catchment fo r Asiul cave. Water percolation is dominated by 

gravitational energy and the dip of underlying bedrock. The Asiul source area is limited 

to  areas vertically above, horizontally adjacent to and possibly slightly below (due to the 

angle o f underlying bedrock) the cave profile. On the scale of the hill slope the feeding 

area fo r cave drip waters is relatively small, reflected in the fact that Asiul has 

comparatively minimal levels of water movement and is obviously not a major source or 

sink o f water.
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Given to  the relatively low levels of w ater which percolate into Asiul and th e  south — north  

dip on bedding plane geology the w ater catchment for this site would be lim ited to  th e  hill 

slope directly adjacent to the cave location. W ater percolation would be horizontal as w ell as 

vertical, suggesting a catchment area of a few  100 m 2, existing mainly upslope and directly  

above th e  profile of the cave and extending horizontally from  the cave profile. The small 

source area means that all of the rainfall entering this cave site lands locally and th ere  should 

th ere fo re  be no problem with mixed or complicated climatic signals which may occur if 

w a te r karst sources come from  very spatially d ifferent locations. However, to  prove these  

conclusions would require an extensive tracer experim ent. This is one possible area for 

fu tu re  research, which would aid both in quantifying the hydrological catchm ent but also the  

rate o f w a te r percolation to m ajor drip sites.

3.1.4 External Climate Monitoring

Since 2010 external air tem perature has been logged using a TinyTag Plus2 logger, operating  

at a tim e  interval of 10 minutes, w ith a measurem ent uncertainty o f ±0 .02 °C and lim it of 

detection of 0 .01 °C, within 250m  o f the entrance to  Asiul Cave. Rainfall am ount is measured  

using a Pluvimate drip logger and rain gauge at a d ifferent location w ithin 100 m of th e  cave 

entrance. Rainfall volume is subsequently calculated based upon a rain gauge drip volum e of 

0.012  mm. M anual rainfall measurem ent and collection was also undertaken on an event 

basis in the village of M atienzo (approx. 2 km from  the cave site), betw een Feb 2011 and 

M arch 2013. W ater volumes w ere converted into mm using traditional equations. Rainfall 

subsamples w ere collected in HDPE bottles and w ere analysed fo r oxygen and hydrogen 

isotopes as well as cations /  anions and trace elements. Rainfall monitoring data sets are 

used in conjunction w ith longer meteorological records from  Santander meteorological 

station, which lies approximately 40 km from  M atienzo.

3.1.5 Soil Monitoring

Soil m onitoring includes tem perature logging at a depth of 15 cm using a TinyTag TGP 4500  

logger (April -  Oct 2011) and instillation of a soil air sampling device (Figure 3.11), positioned 

at th e  transition between the base of the soil zone (50cm depth) and the epikarst enabled  

analysis fo r soil air pC 02 and S13C (Jan 2012 onwards). Only one soil air extraction site could 

be set up (w ithin 2 m o f the cave entrance) due to restrictions in equipm ent availability and 

personnel tim e. This restriction may under sample spatial variations in soil zone productivity, 

but the relatively homogenous vegetation and soil cover surrounding the cave site means 

th a t any spatial variability is thought to  be minimal. The extraction of soil gas fo r isotopic
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analysis was undertaken using a small diameter silicon tube which extended to the far end of 

the C02 sampling device (Figure 3.11c). This small diameter tube allowed fo r gas extraction 

using a 30 ml capacity syringe, minimising any disturbance w ithin the soil zone and reducing 

the risk of contamination with external air.

Figure 3.11: (a) Soil C02 sampling tube showing L 

shaped construction, (b) Holes drilled into the base 

o f the underground section of the tube to enable 

efficient air exchange, (c) Small silicone tube for 

extraction of soil air.

Soil C02 concentrations were measured at the same time as gas extraction, using a Vaisala 

GM70 m onitor and GMP221 probe w ith measurement uncertainty of ±2 % and operational 

range o f 0 -  10,000 ppm. Readings were calibrated using a secondary probe at atmospheric 

levels. All readings were corrected to standard atmospheric pressure (1013 hPa) follow ing 

Spotl et al., (2005) using Equation 3.1:

C02 (ppm volume) = C02 (measured) x 1013/pressure (measured) (3.1)

3 .1 .6  Cave M onitoring

Cave monitoring has been undertaken in Asiul since April 2010, w ith periodic enhancements 

being made to the suite of monitoring equipment w ithin the cave. M onitoring consists of 

automated logging of cave atmospheric and hydrological components, field based water 

sampling and automated logging of external climate parameters. Monitoring parameters and 

equipment are summarised in Table 3.1.
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Monitoring Parameter Equipment Logging Interval Sensitivity/ Accuracy Start Date
Cave and external air 
temperature and RH. Soil 
temperature

Tiny Tag Plus2 
TinyTag TGP4500

30 mins Temp-0.01 °C 
RH -  3 %

19.04.2010 
soil
04.04.2011

Speleothem drip rate Stalagmate Mk 2+3 10 mins 0.15 ml drip at max 
5/second

19.04.2010

Electrical conductivity CTD Diver 10 mins ±1 % of reading 12.02.2011
H20 temperature, EC and 
pH

WTW 350i probe One off field 
measurements

Temp-0 .5  °C 
EC- 0.1 pm/cm 
pH-0.01

19.04.2010

H20 temperature, EC and 
pH

Hannah probe One off field 
measurements

Temp -  0.5 °C 
EC- 1 pm/cm 
pH-0.01

12.02.2011

Alkalinity Hatch alkalinity 
test kit -  AL-DT

One off field 
measurements

0.1 mg/l 3.11.2011

Cave and soil Air C02 
concentration

Vaisala CARBOCAP 
GM70 and 
GMP221 probe

30 mins 
Soil -
once/month

±2 % of reading 
0-10,000 ppm range

12.02.2011
soil
10.11.2011

Cave air S13C Syringe and 
evacuated 12 ml 
exetainer

Once/month 0.15 per mille 10.11.2011

Drip water S13C Syringe and pre
acidified evacuated 
10 ml glass vial

Once/month 0.15 per mille 08.12.12

External precipitation 

Modern carbonate growth
Pluvimate Mk 1+2 
Glass growth slide

10 mins 0.006 mm/hour 19.04.2010
19.04.2010

Table 3.1: Summary of monitoring procedures and equipm ent used fo r data collection in 

Asiul Cave.

The m ajority o f monitoring in Cueva de Asiul focuses on 3 actively growing candle shape 

speleothem s in a chamber toward the back of the cave, Asiul Front (ASF), Asiul M idd le (ASM) 

and Asiul Rear (ASR) (Figure 3.5). These speleothems w ere chosen fo r detailed m onitoring  

due to  th e ir internal location, active growth, constant w ater availability and suitable 

morphology fo r palaeoclimate analysis. Speleothem drip rates are logged using Stalagm ate  

acoustic drip loggers (Collister and M attey  2008) at each of these sites.

Cave air tem perature, relative humidity and C 0 2 concentrations w ere autom atically logged 

at sub hourly intervals near these speleothem deposits (65 m depth into cave) whilst 

tem p era tu re  and RH w ere also measured approxim ately half w ay through th e  cave system  

(45 m depth into cave). Cave air relative humidity was measured w ith m inim al success due to  

m oisture build up on the probe; suggesting relative humidity remains close to  100 % year 

round. Cave air C 0 2 concentration was measured between Feb 2011 and Novem ber 2013 but 

probe malfunctions (possibly due to  condensation) mean records from  w in ter 2011 have 

been elim inated from  the study. M onth ly collections of cave air w ere undertaken fo r S13C
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analysis by injecting cave air into a pre-evacuated 12 ml glass vial follow ing the same 

protocol as fo r soil air samples. All samples were analysed on delivery back to Lancaster 

University.

Hydrological monitoring included the sub hourly logging of Electrical Conductivity (EC) as 

well as bulk water collections; where 125 ml of cave drip water was sub-sampled fo r isotopic 

and trace element analysis from a well-mixed bulk vessel, which contained approximately 

one month's drip water. EC measurements were obtained using a "drip in, drip out" style 

housing fo r the CTD diver probe, ensuring constant submergence of the probe in drip water. 

The EC logging device was positioned on speleothem ASF in line w ith a Stalagmate drip 

counter and bulk collection device (Figure 3.12).

S ta la g m a te  d rip  

lo g g e r

r i

CTD EC lo gger  

s u s p e n d e d  in 

housing

B ulk  c o llec tio n  

vesse l \

Figure 3.12: Diagrammatic representation of the monitoring equipment placed on 

speleothem ASF and photo of this equipment in situ.

Instant water collections of 10 ml (mean residence time approx. 1-4 hours) from the straw 

stalactites feeding speleothems ASF and ASR was also undertaken on a monthly basis, 

enabling isotopic comparison w ith bulk waters. The composition of instant samples showed 

little  variation for most measured parameters from the longer residence time bulk samples.

Additionally, aliquots of bulk (and when available instant) drip water were collected for 513C 

o f DIC analysis on a monthly basis, following the protocol of Spotl et al., (2005) and Frisia et 

al., (2011). Three drops of phosphoric acid were injected into a 12 ml evacuated exetainer. 

Approximately 3 ml of cave drip water was then added in the cave environment and samples
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w ere  im m ediately sent to Lancaster University for the analysis of carbon isotopes in CO2 by 

isotope ratio mass spectrometry.

Secondary to  monitoring at the major speleothem drip sites, drip w a te r from  fourteen  o ther 

sites spaced throughout the cave was also collected during five d ifferent field trips from  

2010 -  2012. These samples w ere analysed for isotopic values (180  and 2H) and trace e lem ent 

concentrations fo r comparison with the m ajor speleothem monitoring sites. Drip rates and 

visual characteristics of associated carbonate precipitates suggest these sites reflect a range 

o f discharge regimes (Table 3.2): 1) fracture flow  feeding flow stone deposits, 2) constant 

slow drips w ith some rainfall response, 3) seasonally active drips w ith only m inim al calcite 

saturation and no obvious speleothem development. Five pool sites w ere also m onitored at 

varying depths within the cave.

Discharge Regime Site Numbers Drip Rate Carbonate precipitation

1) Fracture flow 4, 5,12,13 Continuous- 5  
seconds

Flow stone covering flow 
pathway

2) Slow drips 8, 9,10, ASF, ASM, 
ASR

5 seconds- 5  
minutes

Small flow stone deposits 
- candle shaped 
speleothems

3) seasonally active drips 6, 7,11,14 5 minutes to 
intermittent

Small candle shaped 
speleothems -  no 
carbonate deposition

Pool site PI, P2, P3, P4, P5
-

Seasonal calcite build up 
was identified upon the 
water surface

Table 3.2: Drip characteristics of sampling sites in Asiul Cave.

In addition to  modern hydrological and atmospheric monitoring, carbonate growth  

experim ents w ere undertaken within Asiul.

3.1.7 Calcite Growth Plates

Calcite growth plates (upturned 10 cm diam eter watch glasses) w ere introduced into the  

cave system at several locations in 2010 and allowed to develop calcite until they w ere  

rem oved in 2011. Plates w ere located centrally atop actively growing stalagm ite deposits 

using small sand bags. The crescent shape o f the watch glasses was thought to  best 

represent the growth surface of natural stalagmite deposits, and rem ove the possibility of 

un-natural w a te r pooling, which may be associated w ith a flat glass plate. No a ttem p t was 

m ade to  undertake crystal seeding so it is possible th at calcite growth was delayed  

(Trem aine et al., 2011). Once calcite growth had been visually identified, the calcite plates
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w ere  dried over a period of several hours within the cave environm ent, before removal. 

Plates w ere  then sampled (calcite removed with a scalpel) at regular spacing across the  

w idth  o f calcite growth. Removed carbonate was analysed fo r 0  and C isotope co-variation. 

Small subsamples of plate carbonate and bedrock samples w ere also dissolved using 7 ml of 

0 .1 M  H N 0 3 fo r 24 hours and subsequently analysed fo r trace elem ents using th e  same 

m ethodology as defined in section 3.2.1.1.
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3.2 Laboratory Analysis

An overview o f all laboratory work and associated results is presented in this section. Unless 

otherwise stated, the errors and machine limits of detection (LOD's) presented w ithin this 

section encompass all subsequently presented geochemical results. Limits of detection, 

calibration ranges and Standard Deviation of repeats on standards (StD) are displayed fo r 

elements and isotopes where appropriate in (Table 3.3). LOD's are calculated either as mean 

blank value + 3 * StD of the blanks; or where the mean blank is negative, as three times the 

StD o f all blank samples. In some cases repeat sample analysis has been undertaken 

fo llow ing several different methodologies and using different instrumentation, in these cases 

all analytical techniques and LOD's are presented. Lab work has been undertaken at the 

NERC Isotope Geosciences Laboratory (NIGL) Keyworth, UK, Lancaster University, UK, The 

Centre fo r Ecology and Hydrology, Lancaster node, UK and Royal Holloway University 

London, UK.

Analyte Substance Instrument Model Analysis Calibration /  
Standard

LOD StD

Ca Water Thermo Scientific iCAP 
6000

ICP-OES 0-100000 ppb 36 ppb 12 ppb

Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 120 ppb 40 ppb

Mg Water Thermo Scientific iCAP 
6000

ICP-OES 0-50000 ppb 6 ppb 2 ppb

Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 780 ppb 260 ppb

Na Water Thermo Scientific iCAP 
6000

ICP-OES 0-10000 ppb 45 ppb 15 ppb

K Water Thermo Scientific iCAP 
6000

ICP-OES 0-10000 ppb 63 ppb 21 ppb

Si Water Thermo Scientific iCAP 
6000

ICP-OES 0-1000 ppb 8.2 ppb 2.7 ppb

Sr Water Thermo Scientific iCAP 
6000

ICP-OES 0-1000 ppb 0.39 ppb 0.13 ppb

Water Thermo Scientific X-7 ICP-MS 0-100 ppb 0.75 ppb 0.25 ppb

Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 29 ppb 10 ppb

S04 Water Thermo Scientific ICS 
4000

Dionex Spex Certiprep 159 ppb 53 ppb

no3 Water Thermo Scientific ICS 
4000

Dionex Spex Certiprep 80 ppb 27 ppb

Cl Water Thermo Scientific ICS 
4000

Dionex Spex Certiprep 525 ppb 175 ppb

Mn Water Thermo Scientific X-7 ICP-MS 0-100 ppb 0.45 ppb 0.15 ppb

Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 36 ppb 12 ppb

Co Water Thermo Scientific X-7 ICP-MS 0-100 ppb 0.06 ppb 0.02 ppb
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Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 50 ppb 17 ppb

Cu Water Thermo Scientific X-7 ICP-MS 0-100 ppb 1.1 ppb 0.37 ppb
Carbonate Agilent 7500ce/cs 

quadropole ICPMS
LA-ICPMS NIST612 16 ppb 5 ppb

Y Water Thermo Scientific X-7 ICP-MS 0-100 ppb 0.009 ppb 0.003

Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 11 ppb
ppb 
4 ppb

Ba Water Thermo Scientific X-7 ICP-MS 0-100 ppb 0.36 ppb 0.12 ppb
Carbonate Agilent 7500ce/cs 

quadropole ICPMS
LA-ICPMS NIST612 8 ppb 3 ppb

Al Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 326 ppb 109 ppb

P Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 2039 ppb 679 ppb

Fe Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 50 ppb 17 ppb

V Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 78 ppb 26 ppb

Zn Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 54 ppb 18 ppb

Ce Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 7 ppb 2 ppb

Pb Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 11 ppb 4 ppb

6180 Water VG Isoprime 100 IRMS VSOW2 0 .6  % o

Carbonate VG Optima IRMS IRMS VPDB 0 . 0 8  %o

6D Water VG Isoprime 100 IRMS VSOW2 0 .6  %o

613C Water DIC Isoprime coupled to a 
Trace gas Pre
concentrator

IRMS VPDB 0 . 1 5  %o

Air Isoprime coupled to a 
Trace gas Pre
concentrator

IRMS VDPB 0 . 1 5  %o

Carbonate VG Optima IRMS IRMS VPDB 0 . 0 5  %o

U Carbonate Agilent 7500ce/cs 
quadropole ICPMS

LA-ICPMS NIST612 6 ppb 2 ppb

Carbonate Thermo Scientific 
Neptune Plus 
multicollector MS

MC-ICP-MS 600V of 
238U per 
1 ppm U 
solution

Th Carbonate Thermo Scientific 
Neptune Plus 
multicollector MS

MC-ICP-MS 1200V of 
Th per 1 
ppm Th 
soultion

Table 3.3: Analysed elements and isotopes. Table includes analytical procedure, machine  

m odel, standard used /  calibration range, StD and LOD's. Standard deviation (StD) refers 

to  th e  StD of known standard materials (at least 2 duplicates run fo r all elem ents) and 

limits o f detection (LOD) are calculated e ither as mean blank value + 3 * StD of the  

blanks; or w here the mean blank is negative, as three times the StD of all blank samples.
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3.2.1 Cave Drip and Rain Waters

All w aters from  the cave site, both rain and cave drip waters w ere collected and im m ediately  

sealed in new Nalgene plastic bottles (15, 50 and 125 mL). These bottles w ere  com pletely  

filled, to  eradicate problems with isotopic exchange between w a te r and air w ith in th e  bottle. 

In th e  case o f waters which w ere analysed only for stable 0  and H isotopes, 2 mL clear glass 

vials w ith  plastic septa screw caps w ere used for storage. These vials w ere also com pletely  

filled to  rem ove the possibility of fractionation through evaporation.

3.2 .1 .1  Trace Cations, Anions and M etals

Cations, Calcium (Ca), Magnesium (M g), Potassium (K), Sodium (Na), Silica (Si) and Strontium

(Sr) w ere analysed in cave drip and rain waters at Lancaster University using inductively  

coupled plasma optical emission spectrometry (ICP-OES). Before analysis, all w a te r samples 

w ere  acidified in their collection bottles using ultra-pure (Primar grade) H N 0 3 to  create a 0.1  

m ole nitric acid solution. 7 mL subsamples w ere removed from  the bottle fo r analysis on the  

ICP-OES. Samples w ere analysed alongside standard solutions made using 1000 ppm  

elem ental standards, diluted into the expected concentration range fo r cave and rain waters. 

Elem ental concentrations in the unknown samples w ere later calculated using calibration  

equations derived from these standard solutions. A secondary, independent m u lti-e lem ent 

standard was also diluted and run at discrete points throughout the analysis to verify the  

calibration curve, ensure machine stability and determ ine continuity betw een analysis 

sequences.

Anions, Sulphate (S042'), Chloride (C l) and N itrate (N 0 3 ) w ere analysed at Lancaster 

University by Dionex Ion Chromatography on a 10 ml aliquot o f unacidified sample. Samples 

w ere  run alongside a custom produced Spex Certiprep w ater standard (W R1). A secondary 

standard W R2 was also used and is a 2x dilution of the original Spex Certiprep standard. Data 

processing was undertaken using Chromeleon software. Long term  machine standard  

deviation is 0.3 mg/L of S for S 042 , 0 .75 mg/L fo r Cl and 0 .025 mg/L o f N fo r N 0 3 .

Trace metals, including Manganese (M n), Cobalt (Co), Copper (Cu), Yttrium  (Y) and Barium  

(Ba) w ere  all analysed at Lancaster University using inductively coupled plasma mass 

spectrom etry (ICP-MS). Before analysis all samples w ere acidified to  a 0 .1 M  H N 0 3 solution  

using th e  same methodology as fo r ICP-OES analysis. Standards w ere calibrated to  100 ppb 

due to  the low expected trace metal concentrations. Alongside standard solutions, an 

internal standard of Rhodium (Rh) was added into the unknown solution to  enable an
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assessment of machine stability throughout the run. Unknown sample concentrations (ppb) 

are calculated on-line based upon 7 (0-100 ppb) standard solutions and machine variance  

from  Rh concentrations.

3 .2 .1 .2  Stable Isotopes

During rainfall and cave w ater collection, 2 mL glass vials w ere filled w ith o ut headspace fo r  

isotope analysis. Oxygen and Deuterium isotopes in waters w ere subsequently analysed at 

NIGL via Isotope Ratio Mass Spectrometry (IRMS) using an Isoprime 100 coupled to  a 

M u ltip rep  and EuroPyrOH. Duplicate unknown samples w ere run periodically throughout the  

analysis to  ensure accurate sample replication. Both O and 2H isotopes are reported against 

th e  also run VSM OW 2 standard, w ith an average StD o f 0.7 %o fo r 2H and 0 .05 % o  fo r O 

during all analysis runs.

3.2.2 Soil and Cave Air

Soil and cave air samples w ere collected in pre-evacuated 12 ml exetainers w ith un-waxed  

caps and presented for 6 13C air analysis alongside cave drip waters processed to  a headspace 

gas (see section 3.1.3). 6 13C in all samples was analysed at the NERC Life Sciences Mass 

Spectrom etry Facility, Lancaster node, CEH Lancaster w ithin 20 days of collection. Delta 13C 

values o f th e  C 0 2 w ere then measured using a GV Instruments Tracegas Pre-concentrator 

coupled to  an Isoprime IRMS. 4-8 pis of headspace was introduced into the injection port of 

th e  Pre-concentrator, w here w ater was removed and C 0 2 was cryogenically focused before  

entering the IRMS. Unknown C 02 samples w ere compared to pulses o f a known reference  

gas and reported as a delta value relative to  the V-PDB standard. W ith in  run StD based on 

th e  daily analysis of blank samples is better than or equal to  ± 0 .16 %o. Tests to  verify the  

stability o f 813C in C 02 over longer storage times have been com pleted by the NERC Life 

Sciences Mass Spectrometry Facility, Lancaster node, CEH Lancaster and are presented in 

Table 3 .4  (A. Stott unpublished data). Tests used 2 x C 0 2 standards (500 and lOOOppm) and 

analysed them  following the procedure laid out above at w eekly intervals fo r 35 days. 

Isotopic integrity remained intact for the duration of the experim ent w ith  sample StD's 

rem aining within that (±0 .16 % o )  quoted fo r the analysis o f daily blanks.
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500ppm C02 
(days) NO W AX W AX

0 -30.62 -30.61
7 -30.55 -30.54
14 -30.35 -30.48
21 -30.38 -30.54
28 -30.35 -30.25
35 -30.29 -30.33

Average -30.42 -30.46
Stdev 0.13 0.14

lOOOppm 
C02 (days) NO W A X W A X

0 -28.31 -28.3
7 -27.91 -28.1
14 -27.92 -28.07
21 -28.01 -28.13
28 -28.16 -27.98
35 -27.99 -27.98

Average -28.05 -28.09
Stdev 0.16 0.12

Table 3.4: 35 day exetainer degradation experiments, using 500 and 1000 ppm C 0 2 

standards and showing the isotopic (613C) composition of the analysed gas on a w eekly  

basis.

3.2.3 Cave Carbonates

Cave speleothems w ere extracted from  Asiul cave either as a core from  th e  central growth  

axis, using a hollow centred drill bit; or as a complete specimen removed at th e  base. Coring 

was used on easily accessible speleothems with the aim o f reducing visual dam age to  the  

cave environm ent. W here speleothems w ere less accessible com plete removal was 

undertaken. Speleothem sections w ere then cut vertically down the central growth axis at 

th e  NIGL rock cutting facility. Pure H20  was used as a lubricant during cutting to  rem ove any 

chance o f sample contamination w ith oil. One half of each speleothem  core was used fo r 

destructive analysis. W here possible, the other half was kept as an archive.

3 .2 3 .1  Sampling M ethod and Stable Isotopes

Cave carbonate powders w ere milled from  the flat central side o f speleothem  samples using

an autom ated micro-mil drill at NIGL. Samples w ere drilled using a 0.3 mm d iam eter

diam ond encrusted dentist drill piece at a sampling resolution o f 0.1 mm and depth o f 0.2  

m m . This sampling protocol created betw een 50 and 100 pg of pow der fo r each sample, 

enough fo r stable O and C isotope analysis. Oxygen and Carbon isotopes w ere  analysed at 

NIGL from  the micro-milled carbonate powders, using a VG O ptim a Isotope Ratio Mass 

Spectrom eter (IRMS) w ith manifold. Unknown samples w ere run alongside an in house 

carbonate (KCM) standard material w ith a standard deviation of b etter than 0.1  % o  fo r both 

stable C and O isotopes. Isotopic values are reported as a delta value relative to  the  

international VPDB standard.
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3 .2 .3 .2  Trace Elements

Trace e lem ent concentrations in speleothem carbonate w ere analysed using Laser Ablation  

Inductively Coupled Plasma mass Spectrometry (LA-ICPMS) at Royal Holloway University o f 

London, UK. Speleothem sections w ere cut into smaller (max 50 x 50 mm ) sections to  fit into 

th e  sample holder and then polished using a fine grained diamond polishing substrate before  

m ounting and analysis. The laser ablation system consists of a 193 nm ArF excim er laser 

(RESOIution M -50  prototype, Resonetics LLC, USA), coupled to  a tw o  -  volum e laser ablation  

cell (Laurin Technic, Australia). Following laser-based surface cleaning (pre-ablation; 50Hz, 

5 m m /m in ) laser data acquisition used a rectangular slit o f 10 pm w idth by 140 pm length; at

1.5 m m /m in  and a laser repetition rate of 15 hz in continuous profiling m ode. An 

approxim ate sample resolution of 37 pm is achieved, ideal fo r extrem ely high resolution  

analysis. Ablation is undertaken in a pure He atm osphere w ith continuous He flow  to  which 

H2 (5 m l/m in) was added as a diatomic gas and Ar (600 m l/m in) is added as a carrier gas 

dow nstream  of the LA cell (Stoll et al., 2012). Further specifications fo r the LA-ICPMS system  

are discussed by M uller et al., (2009). Speleothem slices w ere analysed fo r M g25, Alum inium  

(AI27), Phosphorus (P31), Ca43, Vanadium (V51), M n55, Iron (Fe57), Co59, Zinc (Zn66), Sr88, 

Y89, B a l38 , Cerium (C el40), Lead (Pb208) and Uranium (U238).

Samples w ere analysed alongside external standards National Institute o f Standard 

Technology NIST SRM612, NIST10 and an internal glass standard KL2G. Ca was used as the  

internal standard and all sample concentrations are reported based upon a stoichiom etric Ca 

concentration in CaC03 of 40 % m /m  (Jochum et al., 2011) Trace e lem ent concentrations in 

th e  unknown samples w ere calculated using Equation 3.2.

^sam p le  =  ^  sample *  C  s td /C  std *  * sample/! sample *  * std/* std (3-2)

W here  Cxsample is the unknown concentration of any given e lem ent in th e  sample, Crsampie is 

th e  concentration of the reference elem ent (Ca) in the sample (400000 ppm ), Cxstd is the  

isotopic correction required due to isotopic abundance w ithin th e  sample, Crstd is the  

concentration of the reference elem ent (Ca) in the standard, ixsampie is th e  intensity (raw  

counts) o f the unknown elem ent in the sample, irsampie is the intensity o f th e  reference  

elem en t (Ca) in the sample, irstd is the intensity o f the reference elem ent (Ca) in th e  external 

standard and ixstd is the intensity of the unknown elem ent in the external standard.
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3-2.4 U / T h  Dating

Speleothem  carbonate was also sampled for U/Th dating. An approxim ately 1 mm w idth , 10 

mm length and 6 mm depth track was hand milled using a Como dentist drill fo r each U /Th  

date to  produce enough powder (80 -120 mg) for analysis. M illing was undertaken using the  

same 0.3 mm diam eter diamond encrusted drill bit as for 0  and C isotope sampling.

3 .2 .4 .1  Sample Preparation

The samples are weighed and then dissolved using 15.5M  purified and distilled laboratory  

grade nitric acid (H N 03) from Romil Ltd and distilled w ater in Savillex PFA Teflon vials. A fter 

dissolution, samples w ere spiked with a high purity 229T h /235U tracer solution. Tracer 

solutions are made in house and calibrated gravimetrically against accurately w eighed high 

purity U (CRM 112a) and Th (Ames National Laboratory crystal bar) metals dissolved in high 

purity H N 0 3, Hydrochloric acid (HCI) and trace Hydrofluoric acid (HF). Samples w ere  then  

allowed to  equilibrate before they w ere oxidised using concentrated H N 0 3 and Hydrogen  

Peroxide (H20 2). A high purity Iron Chloride (FeCI) solution in 1M  HCI (prepared from  high 

purity Johnson M atthey Puratronic Fe Nitrate) was then added. U and Th could then  be co

precipitated out of solution with Fe oxides through the addition o f am m onia. This precipitate  

is then  isolated by centrifugation and washed in M illi-Q  w ater to  elim inate any unw anted  

sam ple matrix. This washing /  centrifuge procedure is repeated 3 tim es to  ensure sample 

purity.

Samples are then re-dissolved in 7M  H N 0 3 and loaded into 0.6  ml ion exchange columns 

containing Eichrom anion exchange resin (AG1 x 8). Any residual unw anted m atrix elem ents  

including Fe w ere washed from  the column using 8M  HCI. Sample U is subsequently washed  

from  the column. Th is finally re-processed through a second ion exchange column to  

enhance Th purity. Both U and Th fractions are dried and strongly oxidised w ith  concentrated  

H N 0 3 and H20 2, removing any residual organic impurities. Prior to  mass spectrom etry all 

samples w ere filtered through 0.22 micron M illipore PTFE syringe filters to  elim inate  

particulate m atter th at could potentially plug the nebulizer tip.

Due to  the extrem ely low concentrations of U and Th discovered w ith in  the first set o f 

carbonate samples, subsequent sample preparations w ere undertaken using an Evapoclean 

system rather than the traditionally used HEPA filleted w ork station. The Evapoclean system  

consists o f a large heating block housing small sub-boiling distillation units comprised o f tw o  

Savillex PFA vials connected via a 90° PTFE elbow. Samples w ere placed in one vial connected
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to  th e  elbow  and a second vial on the Evapoclean block. The acid m atrix of U and Th 

fractions w ere distilled over the cold side of the system until only dry residue rem ained in 

th e  sample vial and all the acid had condensed into the secondary vial. This system ensured a 

much low er chance of sample contamination both from  fall in contam inates and cross 

contam ination during the final drying down stages.

3 .2 A .2  Mass Spectrometry

Analysis by mass spectrometry was undertaken using a Therm o Scientific N eptune Plus 

m ulticollector ICP mass spectrom eter (MC-ICP-MS). The mass spectrom eter is equipped w ith  

9 Faraday cups, tw o  full size discrete dynode secondary electron multipliers (SEM's), 4  

additional compact SEM's located on the low mass side of the Faraday cup array, and a 

retarding potential quadrupole (RPQ) energy filter. Samples w ere introduced using a Cetac 

Aridus II desolvating nebulizer which enables the indirection o f samples dissolved in acid as 

dry aerosol particulates suspended in a stream of high purity Argon (Ar) and (N itrogen) N 2 

gas. Sample uptake was c. 50-70 microliters /  m inute controlled by an ESI low -uptake PFA 

Teflon nebulizer attached to the Aridus II.

U measurem ents w ere made w ith normal Ni-sample and X-skim m er cones m ounted on the  

N eptune Plus. Resulting in U sensitivities in the order of 500-600  V of 238U measured per ppm  

U in solution at an uptake rate of between 50-70 microliters /  m inute. Th m easurements 

w ere  undertaken separately using the JET-sample and X-skimmer cone com bination, which 

gave higher sensitivities of c. 1000-1200 V /ppm  at an uptake rate o f betw een 50-70  

microliters /  minute.

Prior to  unknown sample analysis, an in house standard (CRM 112a) was used to  

characterise the hydride production and down mass tailing on th e  N eptune Plus. Hydride 

production was measured by monitoring 238U+H ions (mass ~ 239) on the axial SEM w ith  238U 

in th e  L I Faraday cup. The down-mass tailing was m onitored at mass 237 in the axial SEM 

w ith  238U in th e  H I  Faraday cup. During the course of this study, th e  hydride production was 

<  3.5 ppm and down-mass tailing < 2.5 ppm. The hydride and tailing corrections w ere  

applied to  all measured data. Two types of on-peak zeros w ere also determ ined fo r th e  U 

and Th measurements. The first order correction was made using 234u-235U-236U-238U or 

229Th-230Th-232Th measured in the axial SEM (dynamic peak jum ping) on clean acid identical to  

th a t added to  the samples (0 .2M  HCI + 0 .05M  HF). This m easurem ent yielded the  

contributions o f U and Th from  the sample introduction system. Finally, unknown sample U 

and Th isotope ratios w here measured alongside standards on the Neptune Plus, using static
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m ulticollector standard/sample bracketing protocols, w ith electronic baselines being 

measured before each sample and standard acquisition.

Sam ple U was measured in the axial SEM with 235U, 236U and 238U measured in the adjacent 

H I,  H2 and H3 Faraday cups. Prior to sample analysis, several CRM 112a solutions spiked 

w ith  a high purity 233U-235U tracer (IR M M  3636) w ere analysed to  check instrum ent 

perform ance and to  determ ine correction factors for instrumental mass fractionation. 

Following analysis of the spiked CRM 112a's, several unspiked CRM 112a analyses w ere  

obtained so that the SEM/Faraday calibration factor could be determ ined. Unknown samples 

w ere  run in batches o f 5 bracketed by spiked and unspiked CRM 112a solutions. Sample Th 

m easurem ents w ere obtained in a similar manner to  the U, w ith 230Th measured in th e  axial 

SEM and 229Th in the L I Faraday cup, and 232Th in the H2 cup. SEM /Faraday gain and 

instrum ental mass fractionation correction factors w ere determ ined by analysis o f an in- 

house reference Th solution calibrated against CRM 112a. The Th reference solution was 

m ade by adding high purity 229Th to high purity 230Th and high purity natural Th (m ainly 232Th) 

in th e  approxim ate proportions of 0.9:1:2000.

3 .4 .4 3  Data Reduction

An in-house Excel workbook is used to  process raw mass spectrom eter data and generate  

raw  isotope ratios. Sample raw ion beam intensities on individual data integrations w ere  

corrected fo r hydride and down-mass tailing and on peak zeros. Isotope ratios based on 

these ion beam intensities w ere then calculated and corrected fo r mass fractionation and 

SEM /Faraday gain. The final corrected ratios w ere used to  calculate mean and standard 

erro r fo r critical isotope ratios (236U /235U, 234U /235U, 229T h /230Th, 230T h /232Th). These isotope 

ratios w ere then processed in an Excel spreadsheet using the Isoplot 3 add-in to  yield the  

following: U and Th concentrations; measured U and Th activity ratios; activity ratios 

corrected fo r "detrital Th" contributions; 230T h /234U ages and uncertainties propagated from  

m easurem ent uncertainties, spike calibration uncertainties and sample reproducibility.

Cave m onitoring and lab based methodologies fo r research in Asiul Cave have fo llow ed  

com paratively standardised techniques to  ensure a robust characterisation of the cave 

environm ent and speleothems extracted from  this site. The following four chapters present 

th e  results and discussion from  this work. The first tw o chapters focus on cave m onitoring  

and how  the Asiul system is best characterised under modern conditions; the second tw o  

chapters use our understanding of modern cave conditions to  in terpret speleothem  archives.
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4 . CAVE HYDROLOGICAL DYNAMICS AND THE

SPELEOTHEM RECORD

4.1 Introduction

Before th e  accurate interpretation of speleothem carbonate can be undertaken, w ith  the  

aim o f understanding past climate and environmental change, w e must strive to  fully 

understand the conditions within which speleothems have form ed. One m ajor com ponent of 

interest is the hydrological system which operates above speleothem drip sites, this system  

controls w a te r delivery to  the cave, influencing speleothem growth rate and the delivery of 

elem ents which may be used for palaeoclimatic reconstruction.

Initial inputs o f w ater to  the hydrological system occur through regional precipitation; 

including both rainfall and occasionally snowfall at this site (the term  rainfall is used ra ther  

than precipitation for the rem ainder of the thesis to  remove confusion w ith  calcite 

precipitation). Incoming rainfall caries a unique isotopic and elem ental makeup, which can 

provide inform ation about moisture source, trajectory and rainfall am ount. This signature  

may subsequently be modified during rainout through the process of evaporation, 

dependent upon evaporative conditions within the air column.

Once rainfall contacts the ground surface it may undergo fu rth er evaporative effects or be 

rem oved from  the hydrological system through transpiration. Rainfall th a t percolates into 

th e  soil and underlying karst constitutes the groundwater which is available to  feed Asiul 

cave. This w ater is sourced locally to  the cave system; its transport is dictated initially by the  

soil zone but very quickly by gravitational flow  through the bedrock and the underlying  

geology o f th at bedrock. During this percolation, rainw ater mixes w ith  older stored karst 

w aters and incorporates CaC03 and trace elements through bedrock dissolution. The final 

isotopic and trace elem ent makeup of w ater entering the cave site is th ere fo re  a function of 

all its com ponent parts and processes, including im portantly: the initial m akeup o f rainfall, 

karst w a te r mixing, bedrock dissolution and karst w ater routing.

Due to  the complex nature o f this system the following section aims to  characterise the  

hydrological system above Asiul and identify the major controls over th e  isotopic and trace  

elem ent composition of both incoming rainw ater and cave drip w aters, allowing the  

characterisation of karst influence over drip w ater elem ental and isotopic composition and 

ultim ately speleothem  carbonate chemistry which may be used fo r clim ate reconstruction.
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4.2 Regional Rainfall Dynamics

Event based rainfall collection undertaken in Matienzo fo r two years gives a temporal 

snapshot of rainfall dynamics in this location. This data set is used alongside longer time 

series from Santander meteorological station to help develop our w ider understanding of 

regional rainfall and hydrology. The timing and delivery of rainfall is not only critical for 

above ground environmental development but, as rainfall is the main source of karst aquifer 

w ater it plays an important role in the development of cave systems and speleothems. 

M onitoring highlights how karst recharge in the region is seasonally sensitive, and indicates 

controls on speleothem chemistry.

Matienzo's close proximity to the Northern Iberian coastline and its mountainous location 

means that the climate is generally wet and mild. Total annual surface rainfall between April 

2011 and March 2013 was approximately 1500 mm/year, w ith the majority falling in the 

w in te r months (October to March). This is higher than long term average data sets from  the 

closest meteorological station to Matienzo, Santander (43°28'N, -3°48'W; 52 masl.) which 

receives = 1050 mm/year (10 year average) (Figure 4.1).
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Figure 4.1: Monthly rainfall amount for Matienzo (Feb 2011- March 2013) shown by blue 

bars and average monthly rainfall amount fo r Santander (2000-2010) (orange line).

Although tota l rainfall amount is important fo r understanding above ground environmental 

development, only water which actively infiltrates into the karst can affect the cave 

environment. Therefore water excess calculations were undertaken follow ing Thornthwaite

A pr-13
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(1948). Major periods of water deficit occur between June and September, in both Matienzo 

and Santander (Figure 4.2).

300
I- i M atienzo

S antander average (2000 -2010 )250
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Figure 4.2: Monthly water excess values calculated from monthly tota l rainfall and 

average temperature at both Santander (orange line 2000-2010) and Matienzo (Feb 

2011- March 2012).

Figure 4.2 highlights the importance of w inter rainfall as the major input o f water into Asiul's 

karst and cave system. Water excess can provide one method of segregating "w in ter" and 

"summer" hydrological conditions external to the cave. Based upon long term data sets from 

Santander (Figure 4.2), "w inter" conditions with a positive water excess would be expected 

from October to March and "summer" conditions with a negative water excess between 

April and September.

Analysis on such a coarse (monthly) scale may however, fail to  identify hydrologically 

im portant one o ff rainfall events, which contribute water into the soil and karst systems. 

From February 2011 to March 2013 event based water volumes were recorded in Matienzo 

to  establish when major rainfall events occurred. A Pluvimate rain gauge was also in 

operation throughout this period. Problems w ith the Pluvimate installation have however, 

lim ited this automated rainfall record. Figure 4.3 shows rain gauge data alongside collected
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m onthly rainfall values (both event and monthly totals) to highlight periods o f rainfall 

maxima and minima. Discrepancies in the collected and logged records occur during sum m er 

2011 and spring 2012 (red bars in Figure 4.3). These differences are possibly due to th e  rain 

gauge shifting beyond its original vertical em placem ent meaning th at w ater drops no longer 

contacted the centre of the Pluvimate, causing the pressure sensitive surface to  fail to  detect 

falling rain drops. For this reason the Pluvimate system is used to confirm the occurrence of 

a rainfall event, rather than as a method of event volume quantification.

How ever, both data collection methods show general agreem ent in seasonal rainfall trends. 

Event based rainfall collection highlights that large one o ff rainfall events occur 

predom inately during the w inter, whilst the bulk of summ er rainfall is derived from  sm aller 

events. However, large one o ff summ er rainfall events do occur w ith  as much as 50 mm of 

rain falling w ithin a 24 hour period (e.g. 19-09-2011). These single events can contribute  

>50%  o f a month's collected rainfall, meaning w ater excess calculations (based on m onthly  

averages) may not accurately determ ine if rainfall has percolated into the karst zone on an 

event scale. A combination of speleothem drip records and w ater chemistry can help to  fully  

characterise how and when rainfall significantly contributes to karst w ater.
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4.2.1 Rainfall Isotope Chemistry

Oxygen and Deuterium  (2H) isotopes have been routinely measured fo r over 50 years in 

global rainfall at over 1000 GNIP (Global Netw ork of Isotopes in Precipitation) sites across 

125 countries, w orldw ide (IAEA 2014). These isotopes can be used as chemical tracers, 

helping to  identify periods of significant w ater infiltration.

Event based un-weighted 518Op (precipitation) values for rainfall events in M atienzo  betw een  

Feb 2011 and April 2013 ranged from  -16 .51 to  +4.45 % o  (mean = -4 .89  % o ; 2a = 6.1 % o ; n = 

198) and 5D ranged from  -130.65 to  +12.78 (mean = -27 .44  %0; 2a  = 43 .8  %o; n = 195); 

analytical errors reported at one standard deviation are 0 .06 % o  fo r 5 18Op and fo r 6D are 1 

% o , based on duplicate repeats of in house standards. M atienzo rainfall compares to  un

w eighted  m onthly average S18Op taken at Santander (2000-2006) which ranged from  -9 .61  to  

-1 .73  % o  (m ean = -5.2 % o ; 2a = 1.7 %0; n = 82) and 5D ranging from  -63 .2  to  -8 .7  % o  (m ean = - 

29 .8  % o ; 2 a = 13.1 % o ; n = 82); w ith analytical errors reported at 1 standard deviation as 0.4  

% a  fo r 5 18Op and 3.5 % o  for 5D based on repeated m easurements o f the V S M O W  (Vienna  

Standard M ean Ocean W ater) standard, conforming to  GINP regulations. Santander has an 

average un-weighted rainfall composition which is slightly m ore negative than M atienzo, 

e ith er a result o f d ifferent data sampling periods or the slight difference in geographic 

location.

Long term  m onthly weighted mean values fo r Santander 2000 - 2006 are also slightly offset 

from  M atienzo  values (Feb 2011 -  March 2013). Santander averages are reported as -5.7 % o  

fo r S180  (SD = 0.4  %0, n = 83); whilst w eighted mean averages for M atienzo  are -4 .6  % o  for 

S180  (SD = 1.9 % o , n = 26). Santander was only a GNIP site betw een 2000  and 2006 so data 

from  2011-2013 cannot be obtained to  compare w ith data collected in M atienzo (IAEA 

2014). The Local M eteoric W ate r Line (LMWL) fo r M atienzo is presented in Figure 4 .4  and is 

sim ilar to  th e  LMWL fo r Santander; slightly offset from  Global M W L (Dansgaard 1964).
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Figure 4.4: Local meteoric water line for Matienzo (blue) from 195 rainfall events (Feb 

2011-March 2013). Black dashed line represents the Global MWL as denoted by 

Dansgaard (1964) and the orange dashed line the LMWL for Santander (IAEA 2014).

Close agreement between the slope and intersect of the Matienzo and Santander LMWL's 

reflect the ir close geographical proximity. The slight offset from the global line is to be 

expected due to the regionally sensitive nature of the sampling.

Event based Matienzo rainfall shows no correlation between 5lsO and event rainfall amount, 

fo r those events where accurate amounts can be calculated (Pearson correlation; r = 0.12; 

p>0.01; n-2 = 91). However, the monthly weighted mean isotopic value of rainfall is 

positively correlated (Pearson correlation; r = 0.72; p<0.01; n-2 = 23) to rainfall amount 

(Figure 4.5) as are weighted mean rainfall values from Santander (Pearson correlation; r = 

0.71; p<0.01; n-2 = 10). Months w ith higher rainfall totals are associated w ith more negative 

518Op values, producing a classic "amount effect" relationship (Figure 4.5). The correlation of 

5180  and rainfall amount at the courser monthly resolution indicates that some w ithin karst 

water mixing and storage (> 1 month) is required fo r the Matienzo rainfall amount effect to 

be reflected in cave drip waters.
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Figure 4.5: Monthly weighted mean 618Op vs. rainfall amount for Matienzo between Feb 

2011 and March 2013 (Blue line) and mean Santander (IAEA 2014) values between 2000- 

2006 (Orange line).

The Matienzo weighted mean rainfall amount relationship is derived from 26 months of 

rainfall collection between Feb 2011 and March 2013. Each month's data set is made up 

from  between 3 and 16 individual rainfall collections.

Rainfall amount is however, not the only possible cause of oxygen isotope variation. If the 

source o f rainfall varies dramatically over the year, this can control water chemistry and 

overshadow the amount effect described above. Event based analysis of moisture source 

was undertaken for rainfall events to determine the range of moisture sources which 

contribute rainfall to the annual budget in Matienzo and to establish if the source of rainfall 

may control the isotopic composition of cave drip waters and therefore speleothem 

carbonate.

4 .2 .2  Rainfall Source Effects

Rainfall source for one year of Matienzo rainfall (82 individual rainfall events, between Feb 

2011 and Feb 2012) was estimated using the Hybrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT) Model (Version 4.8). This model was provided online by the National 

Oceanographic and Atmospheric Administration Air Resources Laboratory (NOAA ARL) 

(Draxler and Rolph, 2014). The air mass history of each rainfall event was calculated using 

five-day (120-h) kinematic back trajectories originating from Matienzo (43°31'N, -3°58'W), in 

a similar manner to (Baldini et al., 2010). These models originate at the end of each rainfall



collection day to  encapsulate the whole rainfall event, this is essential as the peak rainfall 

period is unknown. Rainfall fo r three atmospheric levels was computed (850, 700 and 500 

hecto-pascals, hPa) approximately 1500, 3015 and 5575 masl (Baldini et al., 2010). As 

suggested by the Air Resources Laboratory (ARL) (part of National Oceanographic and 

Atmospheric Administration (NOAA)), atmospheric levels of 850 and 700 hPa were used for 

modelling to  give a good approximation of where frontal and synoptic rainfall is delivered 

(Baldini et al., 2010).

The HYSPLIT model computes wind trajectories using wind field data from the global data 

assimilation system (GDAS) (Baldini et al., 2010). HYSPLIT outputs reveal air mass latitude, 

longitude and altitude at hourly intervals along the back trajectory and generate data on 

meteorological parameters. Parameters include: rainfall, relative humidity, atmospheric 

pressure and ambient temperature. To ensure the numerical accuracy o f the HYSPLIT 

modelling, forward modelling from the endpoint of the original back trajectory model was 

undertaken. All return trajectories ended after 120 hours, close to Matienzo (43°3rN , - 

3°58'W). Rainfall source trajectory was calculated by averaging the angle of modelled back 

trajectories (850 and 700 hPa) over the 120 h period. This technique was carried out fo r 82 

rainfall events for comparison to isotopic signature of rainfall (Figure 4.6).

Isotopic value of 
Precipitation l % n \  

2 - 0  □
-0.5 - -3 Q  

-3.5 - -6 £

-6 .5 - -8.5 ^

-9 - -1 0  |

SOUTH

Figure 4.6: Wind rose displaying the percentage (dashed contours) and isotopic (5180) 

makeup o f Matienzo rainfall originating from any source throughout the period Feb 

2011- Feb 2012. Isotopic values of the rainfall are displayed as coloured blocks w ith more 

negative values in blue and more positive values in red. Rainfall trajectories were 

grouped into 10° blocks fo r rose production.
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M atienzo  rainfall source can clearly be seen to originate from  a predom inantly N W -W  

direction (79 % of rainfall events). This moisture source trajectory is associated w ith  the  

w hole range o f isotopic values recorded in rainfall, w ith no obvious bias tow ard  m ore  

positive or negative isotopic values at any given source location. Correlation analysis 

(Spearman rank) indicates no strong relationship between the direction o f rainfall source and 

th e  isotopic value of that rainfall fo r all recorded rainfall events in 2011 (rs = 0.05; p>0.01; 

n=83).

Figures 4.7a and b fu rther assesses if any isotopic source effect relationship exists w ith in  the  

data set. The most positive (+0.01 to  -4.09) (Figure 4.7a) and most negative (-4 .1  to  -9 .56) 

(Figure 4.7b) isotopic rainfall events are mapped. Isotopically negative events exhibit a 

slightly m ore northerly source location in comparison to isotopically positive events. 

Flowever, fo r the large range of isotopic values recorded in M atienzo rainfall, such slight 

source region modifications are through unlikely to  reproduce such a large isotopic response 

(Dom inguez-Villar et al., 2009).

Secondly, th e  potential influence of seasonality is tested in Figures 4.8a and b. Seasonal plots 

show th at sum m er (April to  Septem ber) (Figure 4.8a) and w in ter (Novem ber to  M arch) 

(Figure 4.8b) events both predom inantly originate in the North Atlantic, although w in ter  

events show a w ider range of NA sources and a predominance of extrem ely negative isotopic 

values. All back trajectory analysis suggest fo r the M atienzo cave site, rainfall source is 

relatively stable, offering little or no control over the 5 18Op on e ither annual or seasonal 

scales. This suggests th at the am ount of rainfall is the key control over rainfall S180  value at 

this site, rather than large spatial variations in moisture source location.
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Figure 4.7: (a) Wind rose's displaying the source location of rainfall (% of that years 

rainfall from any given source is identified by dashed contours) w ith more positive 

isotopic (5180) values (+0.01 to -4.09) and (b) more negative isotopic (5180) values (-4.1 

to  -9.56).
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Figure 4.8: Wind roses showing seasonal differences in rainfall source (% of that years 

rainfall from any given source is identified by dashed contours) and associated isotopic 

(8lsO) value, (a) Summer values show more positive isotopic values but a similar rainfall 

source to  w inter values (b).
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Long term  data sets from  Santander exhibit similar trends in rainfall to  those collected in 

M atienzo  during this study. Rainfall trajectory modelling shows a significant range of isotopic 

values in rainfall collected in M atienzo which are mostly related to  a single, seasonally stable 

m oisture source, the North Atlantic Ocean. Rainfall am ount however, varies seasonally w ith  

highest rainfall amounts occurring in the w in ter and lowest in the summ er. The am ount of 

rainfall holds a strong control on the isotopic value recorded in this rainfall; higher m onthly  

rainfall am ounts are associated w ith more negative weighted mean isotopic values and vice 

versa fo r months w ith less rainfall. W ater excess calculations indicate periods of maximum  

w a te r infiltration occur during the w in ter months, dom inating karst w a te r recharge. 

Hydrological monitoring external to  the cave site therefore shows karst aquifer w a te r to  be 

dom inated by a w in ter isotopic and chemical signature. This relationship betw een external 

climatic conditions and cave processes is the focus of subsequent sections.
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4.3 Drip Site Hydrology

Cave hydrology is primarily influenced by external rainfall. However, the soil and karst zones 

can act to  modify the timing and am ount o f w ater delivered to the cave environm ent. 

Intensive cave monitoring is used to assess the responsiveness o f the cave hydrological 

system and the magnitude of any changes induced by the soil and karst zones. M onitoring  is 

th ere fo re  essential to  understanding the conditions under which speleothem s develop, 

lending detailed insight into how these records should be interpreted during palaeoclim ate  

analysis.

4.3.1 Speleothem Drip Response

Although w ater chemistry has been collected from  a num ber of drip sites throughout Asiul, 

high resolution drip rate monitoring using stalagmate loggers (Collister and M atte y  2008) 

could only be undertaken at three sites. Drips which feed the main speleothem s of interest 

(ASF, ASM and ASR) show distinct hydrological regimes which vary on a range o f d ifferent 

scales. The longest record is related to  speleothem ASF, which has been m onitored from  

April 2010  to  Novem ber 2013, allowing fo r a detailed assessment o f drip hydrology. This 

speleothem  demonstrates a seasonal cyclicity of increasing (w inter) and decreasing 

(sum m er) drip flow , which is closely coupled w ith  annual cycles of w ater excess (Figure 4.9).
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The tw o  o ther major speleothem drip sites ASM and ASF have shorter records due to  

restrictions in logger availability. Figure 4 .10 shows the relationship betw een the th ree  drip  

sites during th e  period w here all three loggers w ere operating simultaneously.

Speleothem  ASM shows remarkable similarities in drip architecture to  ASF, suggesting a 

com m on hydrological control over both speleothem drip sites. The longer records o f ASR and 

ASF also show similar trends, if not quite the same detailed architecture. Higher drip rates 

decrease steadily from  early sum m er to lowest values at the beginning o f th e  autum n, when  

a dram atic return to  higher drip rates occurs in all records; suggesting a significant input of 

karst w a te r throughout drip sites located in Asiul's end chamber.

The increase in speleothem drip rate which is observed in all speleothem s (Figure 4.10) 

marks a switch from  sum m er to  w in ter hydrological regime. This occurs rapidly, triggered by 

a fe w  large rainfall events, which may mark the "autumnal flush" (Borsato et al., 2007) at this 

cave site. Further discussion of an autum nal flush is considered using trace elem ent data  

w ith in  th e  cave drip waters in section 4.5 .3 .
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M onitoring at speleothem ASF identifies how rapidly the karst reacts to  the input of rainfall 

during the switch over from summer to w inter drip regime (Figure 4.11). On both occasions 

in Figure 4.11 (2011 and 2012), large rainfall events precede the main rise in drip rate, w ith 

little  impact on speleothem hydrology. The next major rainfall event however, prompts a 

threshold to  be reached within the karst aquifer; triggering the w inter flow  regime and a 

release of a significant amount of water to cave drip sites.
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P rec ip ita tion  (m m ) 

and d rip s /m in

1.6 1.6

1.4
1.4

1.240 40
1.2

I 1 0
20/ 11/2011 1 0 /1 0 /2 0 1 2  1 5 /1 0 /2 0 1 2  2 0 /1 0 /2 0 1 2  2 5 /1 0 /2 0 1 20 9 /1 0 /2 0 1 1 3 0 /1 0 /2 0 1 1

Figure 4.11: ASF speleothem drip record during two years of hydrological regime switch 

over (red line). Black lines and diamonds denote collected rainfall amount (mm/day) and 

blue bars show rainfall in (drips/min) from the Pluvimate rain gauge, when operational.

The exact mechanism for karst recharge at these specific times is unclear. Soil and epikarst 

water replenishment by several rainfall events may be enough to cause significant saturation 

of the karst aquifer, triggering a rise in base drip rates. After karst recharge, the transmission 

of high volume rainfall events through the karst occurs more efficiently.

On top o f this annual trend, spikes in speleothem drip rate correlate w ith precipitation 

maxima; suggesting that hydrologically significant, event based increases in karst water 

percolation can occur year round. Spikes in drip rate occur more commonly during the 

w in te r months when 66% of rainfall events correspond to a rise in speleothem discharge, 

compared to 25% during the summer. The fact that not all rainfall events trigger a 

concurrent drip response suggests the existence of a karst reservoir which can incorporate 

more water during drier summer conditions.
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W in te r months have the highest associated base speleothem drip rate (1.6 -  1.8 D /m in), 

whilst sum m er months exhibit a gradually decreasing base drip level, from  1.7 to  1.25 D /m in . 

Drip rate maximums occur in Novem ber 2010 and minimums in October 2012.

Figure 4 .12  shows how speleothem ASF responds within hours of major rainfall events. A fter 

cessation o f the rainfall event, drip rates peak within a few  hours, eventually falling back to  

background levels within approximately 24 hours. Also observed in the record are sm aller 

rainfall events which appear to cause no change in drip discharge, even under w in ter  

conditions. The karst aquifer must therefore be able to  incorporate a certain volum e of 

ra inw ater w ith o ut triggering a response from  cave drip sites.
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The inability of the karst to incorporate large rainfall events indicates th at it is relatively  

shallow, w ith  a limited storage capacity. Under such conditions, one of tw o  mechanisms for 

w a te r transit most probably exists within the karst zone.

1) Conduit overflow occurs if the karst aquifer reaches capacity and can no longer 

incorporate the volume of incoming rain w ater. Overflow would contribute  

additional w ater to  speleothem drip sites but only when inputs o f w ater rem ained  

high. Depending upon karst physiology, overflow w ater may com pletely bypass the  

main aquifer. This w ater would not mix w ith older stored karst w a te r and may 

therefore retain the chemical signature of a specific rainfall event, rather than th at 

of bulk aquifer w ater.

2) Piston flow  is the transmission of a w ater "pulse" through the karst aquifer. As 

rainfall enters the top of the karst, w ater pressure builds forcing stored aquifer 

w ate r out at cave drip sites. Speleothem discharge would remain high until w ater  

pressure within the karst returned to a normal level. Under piston flow  conditions it 

is o lder well-m ixed w ater which emerges within the cave. This should reflect the  

chemistry of the karst aquifer and not an individual precipitation event.

Further evidence of the shallow, responsive karst overlying Asiul cave can be observed when  

assessing if there  is any link between rainfall am ount and speleothem  drip discharge 

(litres/day). To undertake this assessment monthly average w ater excess values w ere  

com pared to speleothem drip rate, recorded using the stalagmite logger system.

W a te r excess values are used rather than to tal monthly rainfall, w ith  the aim o f identifying  

how cave drip sites react under d ifferent infiltration regimes, as only effective rainfall w ould  

be expected to affect the deep karst zone. Figure 4.13 shows the m onthly w a te r excess /  drip 

discharge relationship. Daily drip discharge was calculated using average m onthly drip rate  

and a drip volum e o f 0 .075m l (corresponding to  drip volumes collected at ASF). An average 

volum e per day (24 hours) was calculated to  remove discrepancies associated w ith  variable  

days per month.
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♦  S um m er months

R2 = 0.4595
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Figure 4.13: Relationship between water excess (mm) and discharge (l/day). Blue 

diamonds represent w inter months (October - March) and red diamonds summer 

months (April - September). Error bars equate to the coefficient o f variation (% standard 

deviation about the mean) at ASF during any given month.

Drip discharge shows a positive linier relationship to the amount o f effective rainfall (linier 

regression; r2 = 0.45) throughout the year. This relationship shows no obvious lag time 

(within a month) from water input to water output suggesting a highly responsive and semi- 

predictable karst system over both event and monthly scales. Months w ith a high drip 

discharge (occurring mainly during w inter months) are also characterised by a high 

coefficient o f variation, calculated as the percentage standard deviation about the mean 

(Smart and Friederich 1987; Tooth and Fairchild 2003).

This section has dealt w ith physical changes to cave and karst hydrology. Drip monitoring in 

Asiul shows that the main speleothems assessed in this study show similar seasonal trends in 

discharge. Speleothem ASF has the longest uninterrupted monitoring record which includes 

three annual cycles of summer discharge minima and w inter maxima. At the onset of w inter 

rainfall, the cave drip sites show a rapid transition into a w inter discharge regime, 

characterised by higher base drip rates and more isolated peaks in discharge. This 

hydrological transition occurs around October -  November each year. Whilst drip sites 

exhibit strong seasonality, heavy rainfall events can trigger a hydrological response from 

cave drip sites year round, w ithin hours of peak rainfall. Drip site recovery occurs more
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gradually, but maximum discharge levels fall relatively rapidly back to  base flow  conditions. 

Defining th e  exact mechanism for w ater percolation however, is difficult using infiltration  

volum es alone. Comparison between rainfall and drip w ater chemistry is undertaken in 

section 4 .4 .4  w ith the aim of identifying the dom inant mechanism of karst w ater flow  at this 

site. How ever, prior to  drip w ater isotopic analysis other phyiso-chemical characteristics of 

cave drip w aters will be considered, to  establish baseline w ater chemistry for this site.
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4.4 Chemical Characteristics of Cave Drip Waters

The chemical characteristics of cave drip waters reflect the chemistry of the parent solution  

(rainfall) and secondary physical and chemical interactions which occur during w ater  

infiltration. The relatively stable nature of rainfall chemistry means drip waters are routinely  

used to  identify variations in karst w ater mixing, as well as assessing the intensity and 

duration of chemical reactions which occur during karst storage. As well as being an 

im portan t tool for the assessment of karst hydrology, the chemical characteristics o f drip 

w aters can profoundly influence the precipitation of speleothem carbonate w ithin th e  cave. 

Assessment of drip w ater chemistry is therefore fundam ental; to establish changes w ithin  

th e  karst and to  identify modes of speleothem deposition.

4.4.1 Baseline Water Chemistry

All drip w a te r from  speleothems ASF, ASM and ASR betw een Feb 2011 and April 2013 has 

been collected using "bulk" w ater collection vessels. These vessels w ere sampled on a 

m onthly basis and em ptied a fte r sampling, to  collect w ater the following m onth. Bulk w ater  

pH, EC and tem perature w ere measured within the cave before a subsample was sent fo r  

isotope and trace elem ent analysis. All EC values are calibrated to  a specific conductivity at 

25°C and synthetic values w ere calculated using the Rossum (1975) equation to  cross check 

data quality. Trace elem ent concentrations w ere measured via ICP-OES fo r m ajor cations, 

silica and strontium , ICP-MS fo r trace metal concentrations, and Dionex chrom atography for 

anion composition. Alkalinity and saturation index w ere calculated using M IX 4 chemical 

speciation, whilst alkalinity was compared to w ithin cave titrations. Table 4 .1  shows available 

m onthly bulk physico-chemical values fo r drip waters collected from  speleothem s ASF, ASM  

and ASR.
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W a te r tem peratures are similar between sites, driven by a combination of incoming rainfall, 

rock and cave atmospheric tem peratures. Maxim um  w ater tem perature is recorded during 

sum m er months (14.2 °C) and minimum values during the w in ter (13.4 °C), showing a clear 

seasonality similar to  cave atmospheric tem perature. Drip w ater SI remains positive fo r most 

drip collections, indicating that drip waters are saturated w ith CaC03 year round. This means 

th a t cave speleothems have the potential to  be deposited independent of seasonality.

Unexpectedly, pH does not show any strong relationship w ith other hydrological or 

atm ospheric components of the cave system. However, the long residence tim e o f bulk 

w aters before sampling (=1 month in the cave) will likely facilitate C 0 2 degassing to  the cave 

atm osphere. Bulk w ater pH may therefore reflect a combination of hydrological and 

atm ospheric end members, potentially masking any original relationship w ith  o ther chemical 

com ponents o f the hydrological system.

To fu rth er explore the role of the cave atm osphere in controlling drip w a te r chemistry, an 

assessment o f cave drip w ater and cave air interactions is undertaken. One m ethod of 

tracing air -  w ater interactions is to  assess the extent of C 0 2 equilibrium betw een phases.

4.4.2 Cave Water Saturation State and C02 Equilibrium with Cave Air

U nder equilibrium  conditions, cave air pC02 controls C 0 2 degassing from  drip waters and 

C aC03 precipitation rate. Trem aine et al., (2011) show if drip w ater p C 02 is in chemical 

equilibrium  w ith cave air pC02 then drip w ater saturation state (afte r interaction w ith  a 

speleothem  surface and equilibrium CaC03 deposition) should be a function of cave air p C 02.

W a te r p C 02 vs. cave air p C 02 (Figure 4.14) from  Asiul, shows pool w aters to  be (one 

exception) in equilibrium w ith the surrounding cave air, using th e  expected 1:1 C 0 2 

partitioning ratio of Trem aine et al., (2011). Speleothem ASR bulk drip w aters do not 

how ever, reflect equilibrium drip w a te r vs. cave air p C 02 conditions, despite being open to  

th e  cave atm osphere for up to  1 month. All ASR and ASF bulk drip w aters lie above th e  1:1 

C 0 2 partitioning ratio expected under equilibrium conditions (black dashed line in Figure 

4.14). The fact th a t ASR bulk drip waters lie above the expected equilibrium line suggests 

they are either still degassing at the tim e  of collection, or they have equilibrated w ith  an 

atm ospheric p C 02 higher than th at o f the cave air.
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Figure 4.14: Cave water pC02 (calculated) vs. cave air pC02 (measured). Black dotted line 

represents the 1:1 partitioning ratio expected when C02 in drip waters is in chemical 

equilibrium with the cave air C02 (most pool samples sit on this line). Samples lying above 

this line should either still be degassing at the time of sampling or are in equilibrium with 

an atmospheric pC02 higher than that of the cave air. Blue arrows indicate the range of 

air pC02 that bulk cave drip waters appear to be in equilibrium with, possibly a function 

o f jerry can micro atmospherics.

Due to apparent incomplete degassing the hyperbolic relationship between cave air pC02 

and drip water saturation state expressed by Tremaine et al., (2011) would not be expected 

in Asiul bulk drip waters.

When calculated using MIX4 (as LOG IAP/KS) drip waters are typically supersaturated with 

respect to calcite, except Feb 2011 for ASF which is slightly under saturated (saturation index 

range calculated by MIX 4 = -0.11 to 0.91). However, calcite saturation state (Q) calculations 

undertaken independently from the MIX4 speciation program using Equation 4.1 (Tremaine 

et al., 2011), indicate that all drip waters are all just supersaturated w ith respect to calcite 

(saturation range = 1.8 to  20.2; where oversaturation is Q > 1).

Q = (Ca2+) * (C032') /  K'Sp (4.1)

Where Ca2+ ions are in mMols, C032' ions are in pMols and K'SP is calculated as 3.75*10'9 

based upon an average Asiul cave water temperature of 13.8 °C.
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Saturation state calculations in the next section follow those of Trem aine et al., (2011). 

Subsequent analysis of saturation state (SS) dependence on cave drip w ater pCC>2 and cave 

air PCO2 uses (SS) values calculated by Equation 4.1 to enable direct comparison w ith  

preceding studies (Trem aine et al., 2011).

Bulk drip w aters from  speleothem ASF show a strong relationship betw een saturation state  

(Q) and l /p C 0 2 o f the w ater, calculated by M IX4 (Figure 4.15). This relationship indicates 

th a t cave drip waters have had tim e to  react (by precipitating CaC03) to  changes in th e  p C 02 

of th e  w ater, driven by variable C 0 2 degassing before w ater collection (Trem aine et al., 

2011).

2 5

20
R2 = 0.8577

15

10

5

0 -I-----
0.0000 0 .0 0 2 5 0 .0 0 3 00.00200 .0 0 1 50.00100 .0 0 0 5

1/PC02 of ASF drip water (MIX4)

Figure 4.15: l /p C 0 2 of ASF drip rates vs. saturation state (Q) calculated using Equation 

4.1 .

There is however, no obvious evidence th a t bulk w ater SS is influenced by m onthly average 

cave air pC 02, as shown by Trem aine et al., (2011). Asiul bulk drip w aters therefore, appear 

to  be in partial equilibrium, w here drip w ater saturation state is strongly related to  the drip 

w a te r p C 02 value (near equilibrium CaC03 deposition has occurred); but th e  p C 02 o f the drip 

w a te r is not in equilibrium w ith the surrounding cave air. This is unexpected over such a long 

sampling tim e period (= 1 month).

O ne possible explanation of this unexpected disequilibrium betw een measured cave air and 

collected bulk drip w a te r samples is the method of within cave w a te r collection. Bulk w ater  

samples are collected in large plastic jerry cans w ith a small entrance hole. Drip w ater
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collected w ithin the cans will equilibrate C 02 with the surrounding air. Due to  the constricted  

entrance, poor air flow  and the high density of C 02, it is possible jerry can collected waters  

are equilibrating w ith a layer o f higher pC02 air, sourced directly from w ater C 0 2 degassing 

w ith in  th e  cans, and not cave air pC 02 values. It is possible this problem will be ubiquitous 

w ith in  cave sites which use bulk w ater collection vessels. If this hypothesis is correct, drip 

w aters w ithin the jerry cans are in equilibrium with the jerry can's micro atm osphere. Using 

Figure 4.14, jerry can air can be calculated as reaching values between 1500 and 2500 ppmv. 

This problem  w ith sampling procedure explains why cave pool waters (fully exposed to  the  

cave air p C 02 and cave ventilation) and bulk drip waters reflect d ifferent w ater p C 02 

equilibrium  conditions; when apparently exposed to the same atmospheric conditions.

4.4.3 Drip Water Electrical Conductivity

Electrical conductivity (EC) measurements taken from  bulk drip w ater collection vessels 

(prim arily ASR and ASF) and the CTD diver housing dem onstrate decreasing values 

throughout the sum m er and a return to  higher levels at the onset of w in ter (Table 4.1). 

M onth ly  average data shows a strong positive correlation between EC and average drip rate  

(Pearson correlation; r= 0.61; p<0.01; n-2 = 20). Contrary to  these observations previous 

studies have associated high EC values in cave drip waters w ith long rock w ater contact times  

and low drip rates (Borsato et al., 1997, Fairchild et al., 2006, M iorandi et al., 2010). These 

relationships are however, not observed in Asiul (Figure 4.16). Both bulk w a te r collections 

and high resolution EC logging suggest in Asiul the opposite occurs; maximum EC values 

correspond to high drip rates and a less arid karst. Factors controlling EC cannot th ere fore  be 

linked to  karst w ater residence tim e and bedrock dissolution at this site.

High resolution data logging uses stalagmate drip counters and a CTD EC probe which is 

housed, constantly submerged in 100 ml of w ater and open to cave atmospherics. W ater  

exchange tim e fo r this housing is calculated using an average drip rate of 1.6 D /m in  and drip 

volum e o f 0 .076  as approxim ately 14 hours. This tim e reflects the required interval fo r full 

w a te r exchange; it is expected th at rapid changes in EC would be sm oothed due to  the  

exchange and mixing o f w ater.
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Continuous CTD Diver logging highlights the positive EC vs. drip rate co-variation during peak 

flows, indicated in Figure 4.16 by black arrows. This relationship has been observed before in 

cave drip waters by Genty and Deflandre (1998). In that study, increases in EC during periods 

of high w a te r infiltration w ere explained by invoking a secondary (high EC) w a te r source, 

activated only during large infiltration events (Fernandez-Cortes et al., 2007).

Positive drip rate /  EC coupling within Asiul Cave could indicate the activation o f a secondary, 

high EC w ate r source under heightened w ater flow conditions, as previously observed by 

G enty and Deflandre (1998) and Fernandez-Cortes et al., (2007). However, unlike these  

studies, high resolution monitoring data from Asiul depicts a variable EC /  drip rate  

relationship; w hereby increases in drip w ater EC are observed both after (w in ter regime) and 

before (sum m er regime) increases in speleothem drip rate. Such a rise in drip w a te r EC 

before any change in drip rate, rules out w ater from  secondary high EC source as the  

controlling mechanism for drip w ater EC value at this site. This tem porally decoupled  

positive EC and drip rate relationship indicates that another com ponent of the cave system  

must act as a link between drip rate and drip w ater EC, controlling measured drip w a te r EC 

independent of seasonality. At this site drip w ater EC value is controlled by cave air C 0 2 

concentration.

4.4 .3 .1  Atmospheric Control over Drip W ater EC

High resolution logging of individual drip rate and EC increase events indicates a third  

controlling com ponent of the drip w ater EC system. Atmospheric p C 02 increases are 

observed around all drip rate increase events. Figure 4.17 incorporates high resolution cave 

air p C 02 data collected using a Vaisala C 0 2 probe which shows a positive co-variation  

betw een atmospheric pC02 and drip w ater EC at the ASF drip site. The dashed lines in Figure 

4.17  display the tim ing and duration of p C 02, EC and drip rate events, surrounding one high 

w a te r infiltration (storm related) increase in July 2011. EC and cave air p C 02 rise and cave air 

pressure falls concurrently, approxim ately 12 hours before any rise in drip rate. This high 

resolution m onitoring suggests a de-coupling of drip w a te r EC from  drip rate.

Cave air C 0 2 concentration regulates EC by controlling drip w a te r C 0 2 degassing potential 

and th ere fore  CaC03 deposition w ithin the cave cham ber (Trem aine et al., 2011). The 

reduction o f w ithin cave calcite precipitation leaves drip waters w ith a higher dissolved solid 

load, recorded as a rise in EC. This relationship is observed most clearly during discrete cave 

air p C 02 increase events, which occur throughout the year in Asiul.
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This is confirm ed at points throughout the ASR record, w here increases in drip w a te r EC 

occur simultaneously with increases in atmospheric PCO2 whilst no change to  drip rate is 

observed. The drip event in July 2011 and other events analysed at a high resolution, 

indicate drip w ater EC evolution within the cave chamber is a function of cave air pC 02, not 

variable karst w ater EC values or drip rate. This relationship suggests karst w ater EC values 

begin to  modify once w ater is exposed to a lower pC02 atm osphere, for example th a t o f the  

cave void. This strong positive linear relationship between atmospheric pC 02 and drip w ater  

EC is observed both by high resolution monitoring and also in waters collected on a monthly  

scale (linear regression; r2 = 0.72).

4 .4 .3 .2  Drivers o f Event Based C 02 and EC Increases

The Asiul cave drip w ater EC vs. cave air pC 02 relationship appears to  have tw o  distinct 

behavioural sequences, dependent upon season. Figure 4.18 offers a simple diagram matic 

representation of the seasonal drivers of pC 02 increase and therefore increases in drip w a te r  

EC at this site.

Hydrological factors influencing cave air pC02 
increases

Summer 1

influx of high pC02 air drawn into the 
cave due to low atmospheric pressure, 

increasing cave air pC02

Winter 2

increased cave water component leads 
to heighted degassing and a rise in cave 

air pC02

Figure 4.18: Diagrammatic representation of the driving forces behind EC rise as a 

function o f cave air pC02 within Asiul cave. Numbers relate to  textual description.

Seasonally variant C 0 2 increases, associated w ith periods of heightened drip discharge can 

be a result o f tw o  d ifferent processes (Figure 4.18), dictated by karst hydrological conditions.

1) Under sum m er conditions cave air pC 02 and EC are shown to  increase and air 

pressure decrease hours prior to  the onset of high infiltration drip events (Figure 

4 .17), marked as an increase in drip rate. During the dry sum m er months, seasonal

drip water *ess Ca^°3 cave air
EC rise +-----  deposition <-----  pco2rise X
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density driven ventilation acts to slowly draw high pC 02 soil air down through the  

karst, into the cave system (Spotl et al., 2005). However, this seasonal process 

cannot explain the rapid increases in cave air pC02 experienced prior to  hydrological 

events. Observed pC02 increases are still the result of karst air draw down, but are 

derived from  a secondary ventilation process. Secondary ventilation is driven by 

external air pressure, which decreases under enhanced storm activity (Genty and 

Deflandre, 1998). Low external pressure draws air out of the cave system, in turn  

lowering the atmospheric pressure of the cave void (Figure 4.19). Reductions in cave 

air pressure results in the rapid drawdown of karst air. The addition o f soil or karst 

air into the cave causes cave air pC02 and consequently drip w ater EC to  increase, 

hours before any rise in drip rate is observed (a result of enhanced w ater infiltration  

under storm conditions). Once drip rates begin to increase, a fu rth er rise in cave air 

C 0 2 concentration would be expected associated w ith enhanced drip w ater  

degassing, similar to  w in ter conditions (below). This process of pressure induced air 

draw dow n has been seen before by Genty and Deflandre, (1998) coupled to  an 

increase in drip rate, although this control over drip rate is thought to be less 

prevalent under low discharge sum m er conditions.

2) During w in ter drip events however (shown in Figure 4.20), atm ospheric p C 02 

increases slightly after drip rate. During the w inter, large areas o f the karst operate  

under phreatic conditions, inhibiting the drawdown of high p C 02 (soil) air. It is 

therefore, the increased volum e of w ater entering the cave which causes a rise in 

C 0 2 degassing and therefore cave air pC 02 (Figure 4 .18 + 4.19). This rise in cave 

atm ospheric pC 02 subsequently drives EC increase, explaining w hy p C 02 and EC 

values only rise after drip rate during the w inter.
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Karst

High pC02 karst air is 

drawn down into the 

cave system due to low 

cave air pressure, 

increasing cave air pCO;

Higher air pressure

High volumes of cave 

w ater in filtra te  during 

w in te r conditions, l. 

Increased C02 degassing 

causes a rise in cave air 

pC02.

Low air pressure

Figure 4.19: Diagrammatic representation of karst and cave processes which result in a 

cave air pC02 increase during water infiltration during both w inter (left) and summer 

(right) conditions.

Figure 4.20 displays the w inter system; an almost concurrent increase in pC02 and drip rate 

is observed at the beginning of the w inter infiltration event. Large volumes of water enter 

the cave system during the event and begin to degas C02 immediately, triggering a rise in 

atmospheric C02 values. It is not fo r 5.5 hours after the initial rise in drip rate and pC02 that 

EC values begin to increase. This delay in EC rise may be influenced by the flushing tim e of 

the CDT Diver housing, which impedes the immediate transition to  higher EC values.
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Figure 4.20: EC (green line), drip rate (red line) and atmospheric C02 (gold line) from 21st 

to  24th o f Feb 2011. Dashed black arrows show the delay associated w ith EC increases 

after the onset of the event.
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EC, pC02 and drip rate logging at high resolution has demonstrated the complex physical and 

chemical relationships which occur within the Asiul Cave system. Using MIX4 speciation 

modelling the interconnections between drip water EC and cave air C02 can be simulated 

under experimental conditions to estimate a change in EC fo r any given increase in 

atmospheric pC02.

4.4.3.3 Modelling EC Change as a Function o f Atmospheric pC02

To ensure that the ranges of EC change monitored in Asiul can be fully attributed to  a change 

in cave air pC02; EC was modelled using a combination of MIX4 speciation and the Rossum 

(1975) equation for a series of different monitored cave air pC02 variations. A "test" cave 

water, w ith average bulk drip water values (from speleothem ASF) was created; the makeup 

o f this simulated water is shown in Table 4.2.
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Model component Average drip water value Units
pH 8.06
Temp 13.75 °C
CTOT (Or DIC) 205 ppm
Ca 38.11 ppm
Mg 16.05 ppm
Na 4.39 ppm
K 0.24 ppm
S04 1.02 ppm
Cl 6.92 ppm
ISI03 0.33 ppm

Table 4.2: The chemical constituents of the "test" solution run in M IX4 derived from  

average values in speleothem ASF drip waters.

Using M IX4, this test w ater was then degassed whilst allowing CaC03 to  precipitate in 

equilibrium  w ith a calcite saturation index held at 0.32 (equal to  the average value found in 

speleothem  ASF drip waters) using a LOGk value of -8.05. The model simulates a slowly 

decreasing partial pressure of C 02 within the test w ater. This is used as an analogue for 

natural cave conditions w here cave w ater pC 02 (aq) is expected to  be in chemical equilibrium  

w ith  cave air pC 02 (g); shown by cave pool waters.

As high pC 02 test w ater is forced to  equilibrate w ith a low er p C 02 cave air, both C 0 2 

degassing and CaC03 precipitation would be expected. The M IX4 model shows under low er 

cave air pC 02 conditions the test w ater Ca ion concentration, CTOT and alkalinity all decrease 

afte r CaC03 precipitation has been simulated (Table 4.3).

MIX4 step 
coefficient

CaTOT
(ppm)

CTOT
(ppm)

PPC02 Ca SI Alkalinity
(ppm)

PH EC from  
Rossum (pS)

0 38.11 205 2.83 0.3 166.3 8.06 302.41

0.0001 34.82 193.93 2.93 0.32 158.0 8.14 288.68

0.0002 31.35 182.55 3.02 0.32 149.4 8.21 274.23

0.0003 27.85 171.12 3.13 0.32 140.6 8.28 259.53

0.0004 24.34 159.67 3.24 0.32 131.8 8.37 244.75

0.0005 20.83 1448.23 3.37 0.32 123.1 8.46 229.99

0.0006 17.37 136.85 3.51 0.32 114.4 8.51 215.32

Table 4.3: M odel outputs from  M IX4 and Rossum (1975) as degassing and CaC03 

precipitation are modelled from  test w ater.
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Calcite precipitation and the attributed reduction in dissolved solids are present as a 

reduction in alkalinity and therefore synthetic EC. For the Asiul test solution the relationship  

betw een ppC 02 (aq) and EC follows a linear model (linear regression; r2 = 0 .995), presented in 

Equation 4.2.

Drip w a te r EC = (-129.31 *  ppC02) + 666.25 (4.2)

Therefore if cave air pC02 (g) and cave w ater pC02 (aq) are in chemical equilibrium, w e would  

expect drip w ater EC to  be a function of cave atmospheric pC 02following the linear model of 

Equation 4.2. The validity of this model was then tested using cave analogue conditions.

Equation 4.2  shows fo r a 0.05 ppC02 (100 ± 9.15 ppmv) change in atmospheric p C 02 an 

expected change of 6.5 ± 0.8 pS in drip w ater EC would occur if simulated equilibrium  

conditions hold true. Table 4.4 displays the modelled output fo r theoretical EC change during 

real covariant increases in pC 02 (Caveair)and EC (drip water) monitored betw een 2011 and 2013 in 

Asiul Cave.

Date Background 
pC02 (ppm)

Monitored 
pC02 rise 
(ppm)

Monitored EC 
rise (pS)

Modelled EC 
rise (pS ± 1.3)

Difference (pS 
±1 .3 )

21-02-2011 590 260 5.9 16.8 10.9

16-03-2011 730 200 8 14.2 6.2

24-07-2011 510 480 10 31 21

24-05-2012 780 470 8.5 26.5 18

29-05-2012 570 370 7.3 28.1 20.8

01-06-2012 630 220 4.9 16.8 11.9

12-06-2012 680 80 2.4 6.2 3.8

21-06-2012 580 120 2.5 10.3 7.8

27-06-2012 530 510 11 44.6 33.6

13-07-2012 450 190 3.7 19.8 16.1

18-07-2012 510 300 7.3 25.9 18.6

24-07-2012 480 320 6.2 28.7 22.5

15-01-2013 620 180 12.2 14.3 2.1

17-01-2013 630 240 10.7 18.1 7.4

02-02-2013 540 260 7.7 22.1 14.4

06-02-2013 620 190 8.8 15.0 6.2

21-03-2013 540 400 7.5 31.1 23.6

Table 4.4: M easured and modelled changes in EC driven by event based changes in p C 02 

(caveair) during tw o  events in 2011.

How ever, equilibrium (m odelled) increases in EC are always higher than those observed 

naturally w ithin the cave environm ent. The offset betw een measured and modelled EC 

change as a function of pC 02 rise is due to either 1) w ater mixing w ithin the EC probe
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housing or 2) incomplete equilibrium degassing of individual drips. In the second case, the  

offset betw een modelled and observed EC values shows that e ither drip w a te r CO2 degassing 

or secondary CaC03 precipitation remains tem porarily enhanced under increasing cave air 

PCO2 conditions; suggesting some disequilibrium in the cave carbon system during rapid 

increases in cave air pC02. In reality, combinations of these processes are probably 

responsible fo r the lower than expected increases in drip w ater EC. Regardless o f the  

observed offset, data from Asiul Cave shows that in all cases natural changes to  drip w ater  

EC and therefore  CaC03 deposition can be explained by a changes in cave air pC 02; w ithout 

th e  need to  invoke changes in karst hydrology, as suggested by previous studies.

This finding is im portant for high resolution cave speleothem analysis. Until recently, the  

resolution of speleothem trace elem ent analysis for palaeoclimate reconstruction was at 

best seasonal (Treble et al., 2003, Johnson et al., 2006), so there was little requirem ent to  

understand sub-seasonal or event based variations in speleothem growth rate and trace  

elem en t incorporation. However, recent work using synchrotron micro-X-ray fluorescence 

(pXRF) has improved the resolution of speleothem trace elem ent analysis to  such an extent 

th a t individual hydrological events can be identified within the speleothem  record (W ynn et 

al., 2014). Therefore, the need to understand the mechanisms which control such high 

resolution changes in speleothem deposition and elem ental uptake is become ever more  

im portant.

W ork  to  understand the observed high resolution changes in cave air p C 02 in Asiul, ties in 

w ell w ith  the recent high resolution speleothem analysis undertaken in Obir Cave (W ynn et 

al., 2014). W ynn et al., (2014) identify significant positive co-variations betw een Zn and S 042' 

during th ree  years of speleothem growth. W hilst Zn increases are attribu ted  to  high w ater  

flux events which actively mobilise natural organic m atter (N O M ) and colloidal m aterial to  

which Zn is bound (Hartland et al., 2012), increases in speleothem  S 0 427 C 0 32' ratio are 

related to  enhanced cave air C 0 2 concentrations and a relative reduction in C 0 32‘ uptake into  

speleothem  deposits (Frisia et al., 2005, W ynn et al., 2014). The short lived co-variations in 

speleothem  Zn and S042' concentrations observed in Obir require a concurrent change in 

both hydrological and atmospheric systems, similar to  th a t described from  cave m onitoring  

in Asiul. Further high resolution analysis is therefore required especially from  cave sites from  

which speleothem s are extracted fo r very high "event" resolution climate analysis.
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4.4.4 Drip Water Isotope Chemistry: Oxygen

Drip w aters w ere collected throughout Asiul at discrete tim e intervals betw een April 2010  

and April 2013 fo r isotopic and trace elem ent analysis. Oxygen isotope values of cave drips 

and pools ranged between -8 .34 and -3.68 %o with an average value o f -6 .00 %o (n= 155). 

Only a small (1 %o) seasonal variation is observed in drip w ater oxygen isotopic value 

throughout the cave, w ith little obvious relationship between drip rate and isotopic value  

throughout the cave site. Cave drip sites (including very high throughput sites) do not exhibit 

th e  range o f isotopic values which are observed in rainfall. Infiltrating w a te r must therefore  

undergo some mixing within the bedrock above the entirety o f the cave.

Bulk (m onthly) w ater isotopic values from  speleothems ASF, ASM and ASR show similar 

seasonal hom ogeneity (Table 4.5).

Summer average Winter average Total average

S180 5D 5180 6D 6180 SD

Speleothem ASF -6.12 (n=12) -34.62 -6.06 [n=14) -33.98 -6.09 (n=26) -34.26

Speleothem ASM -5.99 (n=6) -37.09 -6.38 (n=5) -36.59 -6.03 (n=ll) -34.87

Speleothem ASR -6.12 (n=6) -34.23 -6.06 (n=10) -34.17 -6.08 (n=16) -34.19

Table 4.5: Oxygen and Deuterium  isotope values of bulk waters collected at the th ree  

main speleothem  sampling sites. The numbers o f samples which make up these average 

values are shown alongside the 5180  values.

The hom ogeneity of values across sites and throughout the year suggests the karst aquifer 

above Asiul is predominantly replenished by one, isotopically similar source of w ater, and 

not subject to  fractionation in d ifferent parts of the aquifer. Previous w ater excess 

calculations (section 4.2) suggest the aquifer at this site should primarily be replenished by 

w in te r rainfall. Oxygen and deuterium  isotope measurements from  seasonal rainfall in 

M atienzo  and cave drip waters are presented together in Figure 4 .21a and 4.21b.

Bulk cave drip waters (collected throughout the year) cluster over both the average isotopic 

value o f w in te r (October-M arch) rainfall (n= 111) and also the LMWL of w in ter rainfall (6D = 

7 .1646  (6180 )  + 8.847) (Figure 4.21a). This suggests karst waters are, as expected from  

external monitoring, primarily composed of w in ter rainfall. Drip w aters exhibit a smaller 

isotopic range (range: 5180  = 1.6 %o; 6D = 14.7 %o) than th e ir parent w in ter rainfall (range: 

5 180  = 15.9 %o; 8D = 134.2 %o), indicating significant mixing w ith in  th e  karst zone. 

Speleothems from  Asiul are therefore expected to reflect long term  variations in bulk
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(average) w inter rainfall chemistry, rather than a representative composite of the whole 

year's rainfall.
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Figure 4.21: (a) W inter precipitation (Oct -  March 2012) values (blue diamonds) and 

LMWL (equation) alongside cave drip waters (2013, black circles), (b) Summer 

precipitation (April -  September 2012, red diamonds) and LMWL (equation) w ith cave 

drip waters (2013).

The dominance of a w inter rainfall isotopic signature in cave drip waters (including those 

collected in the summer months) indicates that one single source of cave water exists at this 

site. Under such conditions, piston flow  is the most likely mechanism responsible fo r causing 

increases in speleothem drip rates. However, it is possible that periods of water overflow or 

direct through flow are under or misrepresented w ithin the data set. The sampling regime
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em ployed (both bulk monthly sampling and one off instantaneous drip w ater collection) 

means heavy rainfall events which may travel through the karst as overflow events, may not 

be captured due to the timing of instantaneous sampling trips or may be diluted in the case 

of bulk w aters collection.

4.4.5 Drip Water Isotope Chemistry: Carbon

Carbon isotopes in dissolved inorganic carbon (DIC) have been measured in Asiul drip waters  

(speleothem s ASF and ASR) since Novem ber 2012, meaning annual cyclicity cannot yet be 

assessed. Both bulk waters and instantly collected waters have been analysed, although 

fe w e r instantaneous samples exist due to  the long duration collection times, especially at 

low drip rates (Table 4.6).

Speleothem ASF 

Bulk (513C)
Speleothem ASF 

Instant (613C)
Speleothem ASR 

Bulk (613C)
Speleothem  ASR 

Instant (613C)

Nov-12 -6.6 -6.5

Dec-12 -7.3 -7.9 -6.8 -9.3

Jan-13 -7 .0 -8.8 -6.6 -7 .5

Feb-13 -7.8 -8.4 -7.1 -7.2

Mar-13 -5.3 -5.3

Apr-13 -8.1 -10 .4 -8.3 -5.8

May-13 -9.4 -9.8

Jun-13 -7.3 -7.2

Jul-13 -7.8 -7.0

Aug-13 -7.1 -6.6

Sept-13 -6.9 -7.2

Oct-13 -7.3 -8.0

Table 4.6: M onth ly average cave drip w ater 513C values from  tw o  speleothem  drip sites, 

both instantaneous and bulk w ater collections are shown. Only ASR sample A pr-13 shows 

th e  bulk sample 613C value to be less negative than the instantaneous value.

For the m ajority of cases (excluding ASR Apr-13) bulk w ater sample carbon isotope values 

are less negative than their corresponding instantaneous w ater sample (by 1.3 ± 1.2 %o); as 

w ould be expected under a Rayleigh style fractionation process associated w ith  C 02 

degassing and the preferential loss of lighter 12C to the cave atm osphere as tim e progresses. 

This explains w hy bulk (fully degassed) samples show a strong positive linear relationship  

betw een drip sites (linear regression; r2 = 0.9) as both sets of w ater are equilibrating w ith a
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similar parcel o f cave air (although this may have been a jerry can induced micro

atmosphere, similar at both collection sites).

Instantaneously measured cave waters should not have had a chance to evolve w ithin the 

cave chamber; however these waters already display signs of modification prior to their 

collection at the stalactite tip (Figure 4.22). Equilibrium fractionations for 513C from soil gas 

to  drip water C032 are well established, with an approximate enrichment in 13C by 8.6 %o 

between phases at 15 °C (Clarke and Fritz 1997). For C3 plant communities present above 

Asiul, the pC02 of overlying soils (Asiul average = -18.7 % o ) equilibrates with percolating 

waters and should form an equilibrium dissolved carbonate value of = -10.1 % o  (Clarke and 

Fritz 1997). This value is however, slightly more negative than any water collected in the 

Asiul cave site (Figure 4.22).
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Figure 4.22: pC02 concentration vs. 613C of air samples from the external atmosphere 

(black crosses), cave atmosphere (coloured circles) and soil atmosphere (hollow circles) 

as well as values from cave drip waters (hollow diamonds). Black arrows and hashed lines 

denote firstly the expected equilibrium fractionation between soil air and cave drip 

w ater 513C at 15 °C (Clarke and Fritz 1997) and secondly the additional fractionation 

experienced in Asiul cave waters.

Modification of Asiul drip water S13C toward less negative isotopic values, which lie away 

from a theoretical S13C value o f -10.1 %o can occur through several processes; but should not 

be effected by w ithin cave degassing due to the instantaneous collection technique. Firstly, if 

w ater percolates under closed system conditions it becomes isolated from the overlying soil 

air S13C value (McDermott 2004), subsequent dissolution of bedrock drives the 513C value of
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w aters tow ard  a bedrock value (~ 1 %o). The second process which could have caused the  

increase th e  S13C value of drip waters is PCP. During PCP C 02 degassing occurs in the karst, 

leaving drip w aters relatively enriched in 13C increasing the 513C values measured w ithin the  

cave environm ent. W ithout further analysis of within karst processes such as PCP it is not 

possible to  identify w hether closed system dissolution or PCP causes the observed offset in 

513C betw een expected and measured values. Drip w ater sampling in Asiul shows th a t the  

513C value o f cave drip waters does not directly reflect a soil or plant productivity value. Karst 

processes act to  modify this signal over short tim e periods, possibly reducing the capability 

o f S13C to  be used as a palaeo-vegetation indicator from speleothems deposited at this site.

Section 4 .4  has demonstrated through the use physical and chemical param eters in cave drip 

w a te r th a t w in ter rainfall as the primary source o f karst recharge. The hom ogeneity o f the  

karst over small spatial scales indicates effective karst w ater mixing. Cave drip sites react 

rapidly to  high infiltration events by means of a highly sensitive piston effect. Drip waters are 

usually supersaturated for Ca and show a strong relationship between SS and drip w a te r  

pC 02. Cave w ater pC 02 is in equilibrium w ith atmospheric pC 02 as shown by pool w ater  

collections, however the sampling procedure for bulk drip waters means they equilibrate  

w ith  an artificially high "collection vessel air" pC 02 rather than true cave atm ospheric values. 

High resolution electrical conductivity measurements indicate th at drip w ater chemistry is 

also influenced by cave atmospheric pC02. EC values rise as cave air p C 02 increases 

throughout the monitoring records. Modelling confirms that EC is a function o f atm ospheric  

p C 02 under equilibrium conditions. Differing karst atmospheric and hydrological conditions 

can control cave air pC02 during infiltration events, but under all conditions an increase in 

w a te r infiltration leads to  a rise in atmospheric pC02. Increases in p C 02 during drip rate  

increase events (by whichever mechanism) retards the deposition o f CaC03 at the site if all 

o ther conditions remain stable. Speleothem developm ent w ould th ere fore  be expected to  

reduce under higher w ater input, high cave air pC02 conditions.

Instantaneous drip w ater carbon isotope analysis, indicates th a t a w ith in karst process 

either, closed system conditions or calcite-w ater interactions control drip w a te r and 

th ere fo re  speleothem  513C. For this reason, speleothem S13C is not thought to  present a 

robust archive o f vegetation and soil processes at this site, but may be used in conjunction  

w ith  o ther proxies to  establish within karst conditions, over longer tim e periods.
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4.5 Trace Element Chemistry

Trace e lem ent chemistry is regularly analysed in precipitation and cave drip waters. Trace 

elem ents can be used to help identify the trajectories of rain bearing air masses and the  

exten t to  which infiltrating w ater may have experienced evaporation throughout the karst. 

Cave drip w aters are analysed to  identify changes in karst dissolution, periods of karst w ater  

deficit, or excess and the occurrence of prior calcite precipitation (PCP) or incongruent 

calcite dissolution (ICD) (McGillen and Fairchild 2005, Sinclair et al., 2012). Trace elem ents  

can be used in conjunction with drip w ater pH and tem perature data to  assess the evolution  

of karst waters using M IX4 chemical speciation (Plum mer et al., 1975, Fairchild et al., 1994, 

Fairchild et al., 2000). M IX4 is used to model karst system end members (for exam ple soil 

p C 02) and w ithin cave reactions (C 02 degassing and calcite precipitation). M odelled  

outcom es help assess the extent to which drip waters have evolved during th e ir transit from  

soil to  cave.

4.5.1 Rainfall Trace Element Chemistry

W a te r collected during rainfall events and from cave drip sites was analysed for a suite of 

trace elem ents (M g, Si, Sr, Ca, K, Na, Cl, S 04, and N 0 3). Table 4.7 shows th e  average w eighted  

mean concentration of trace elements within seasonal rainfall events collected in M atienzo  

betw een Feb 2011 and Feb 2012 (no of analysed events = 28). All trace elem ents exist in very 

low concentrations in rainfall; Ca and Mg concentrations lie below the LOD and are therefore  

not included in Table 4.7. The low rainfall trace elem ent concentrations measured at this site 

indicates th a t as w ith many cave locations the karst is the predom inant source o f cave drip 

w a te r trace elements.

4.5.2 Soil, Vegetation and Karst Contribution to Trace Element Concentration

The soil, vegetation and karst zones are the m ajor sources fo r trace elem ents incorporated  

into cave drip waters. Elemental uptake into infiltrating w ater occurs through the processes 

of colloidal and particulate flushing (Hartland et al., 2012), bedrock dissolution (M cD erm ott 

2004) and soil biogeochemical processes (Treble et al., 2003, Borsato et al., 2007). These 

processes entrain d ifferent trace elements at d ifferent rates or times, dependent mainly 

upon supply processes (trace elem ent weathering, soil and vegetative processes, 

atm ospheric fluxes) and removal processes (mineral precipitation, solid deposition and 

adsorption) (Fairchild and Baker 2012). The key process which controls the uptake of 

elem ents is w ater residence tim e w ithin the soil and upper karst zones. Long residence times
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allow  slower w eathering processes to occur, releasing elements derived from  less soluble 

sections o f th e  karst; whilst short residence times can only release highly soluble elem ents or 

those transported attached to solid particulates. Trace elem ent concentrations can therefore  

be used as a proxy to  describe hydrological conditions within the karst. Average trace  

elem en t values in Asiul cave waters are shown in Table 4.7. Using precipitation data the  

percentage o f trace elem ent derived from  the soil and karst is calculated.

Ca

(ppm)

Mg

(ppm)

Na

(ppm)

K

(ppm)

Si

(PPb)

Sr

(PPb)

Cl

(ppm)

S04

(ppm)

N03

(ppm)

Weighted 

Average Rain 

Waters

1.35 0.07 12.70 4.16 2.96 0.52 0.18

Weighted 

Average Cave 

Waters

38.01 16.36 4.42 0.33 501.27 11.27 6.91 1.08 0.32

% Trace Element 

derived from 

soil, vegetation 

cycling or karst

100 100 69.4 78.7 97.4 63.1 57.2 51.7 43.3

LOD 0.036 0.006 0.045 0.063 8.227 0.394 0.525 0.159 0.021

Blank standard 

deviation

0.012 0.002 0.015 0.021 2.742 0.131 0.175 0.053 0.007

Table 4.7: Average weighted mean trace elem ent concentrations in rainfall and average 

cave w a te r values. The percentage of each elem ent sourced w ithin th e  soil and karst is 

also displayed.

Table 4.7 shows greater than 50% o f trace elements (excluding N 0 3) are sourced after 

rainfall reaches the surface, either w ithin the soil and karst or due to  concentrating effects 

during evaporation. In subsequent sections the seasonality of trace elem ent uptake from  

soil, vegetation and karst zones is addressed at Asiul Cave. Elements such as N 0 3 and SO4 

which exhibit a significant contribution from  rainfall have been corrected fo r a marine  

aerosol contribution using Equation 4.3, this allows for the analysis o f soil, vegetation cycling 

and karst contributions to  elem ental concentration so w e can assess how these processes 

may vary over seasonal scales.
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Karst TrE to ta l = Drip w ater TrE -  Rainfall TrE (4.3)

Karst TrE total refers to  the am ount of any elem ent which is sourced from  the karst zone; 

drip w a te r TrE refers to  the concentration of any given elem ent in Asiul cave drip waters and 

Rainfall TrE refers to  the initial concentration of the elem ent measured in rainfall collected in 

M atienzo.

4-5.4 Trace Element Reaction to Soil and Karst Water Evaporation

Some trace elements become enriched in solution during evaporation from  the soil and 

upper karst. Cl can be used in conjunction w ith S 04 to  assess such evaporative effects 

throughout the karst system. Both elements are derived from a marine aerosol source, 

producing a distinct S 04/  Cl ratio in rainfall. During evaporation S 04 and Cl concentrations 

intensify, but the ratio of elements remains constant. If cave drip waters exhibit the same 

S 04/  Cl ratio but higher concentrations than original rainfall, evaporation in the soil or karst 

must have occurred.

In Asiul, a slight enrichm ent of both Cl (3.2 ppm enrichm ent between rainfall and drip w ater) 

and S 04 in cave drip waters (0.63 ppm enrichm ent between rainfall and drip w ater) occurs 

during th e  w inter. During w in ter a stable S 04/  Cl ratio is recorded betw een rainfall (ratio = 

0.14) and cave drip w ater (ratio = 0.16), suggesting evaporation is the main source o f the  

observed trace elem ent enrichments. Summer enrichments of Cl (5.3 ppm between rainfall 

and drip w ater) and S 04 (1.0 ppm between rainfall and drip w ater) are greater than those 

observed during the w inter. The S 04/  Cl ratio of summ er rainfall (ratio = 0.42) is not 

how ever, the same as cave drip waters (ratio = 0 .22), suggesting evaporation is not the  

source o f this trace elem ent enrichm ent. The observed change betw een sum m er rainfall and 

cave w a te r ratio is e ither due to  1) sulphate loss within the karst zone or 2) the mixing of 

small amounts o f sum m er rainfall (S04/Cl ratio = 0.42) into karst waters predom inantly  

derived from  w in ter rainfall (S04/C l ratio = 0.14).

Due to  the minimal am ount of sum m er rainfall infiltration into the karst, this second process 

effectively eradicates the signal of summ er rainfall (S04/C l ratio = 0.42), creating a bulk, 

mainly w in ter derived karst w a te r S 04/C l ratio. S 04/C l ratio analysis therefore concurs w ith  

calculations o f effective precipitation and oxygen isotope analysis in suggesting sum m er 

rainfall may o ffer only a minimal am ount of w ater input to  the karst aquifer. The chemical 

(S 04/C l) signature o f any sum m er infiltration is overprinted by the larger reservoir of w in ter  

derived karst w ater. The following section assesses seasonality in o ther trace elements, w ith
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the aim of understanding driving forces behind the trace element concentration of cave drip 

water.

4 .5 .3  Drip W ater Trace Element Seasonality

Temporal evolution of drip site trace element chemistry can be observed in bulk monthly 

samples collected from speleothem drip sites. Drip sites ASF and ASR have multi annual trace 

element records (Figure 4.23) in which, the behaviour of major elements can be observed on 

seasonal scales.
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Figure 4.23: Major trace element concentrations in ASF drip waters between Feb 2011 

and March 2013.

Ca minimums occur during the mid to late summer, indicating that both sites are exposed to 

similar karst and cave atmospheric conditions and CaC03 deposition rates. Early summer Ca 

increases occur at similar times to S04 maximums seen in 2011 in the ASF record and at both 

drip sites in 2012. June 2012 exhibits high S04 and Cl values in ASR drip waters, indicating 

either a drip site specific (one month) increase in anions or possible sample contamination, 

although no obvious problems with this sample have been observed during collection or 

analysis.

Sr and Si from ASF show slight peaks in concentration from late summer through w inter 

2011, although this pattern is not convincingly displayed in samples from 2012. This 

inconsistency is symptomatic of the majority of trace elements in Asiul drip waters, which
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exhibit a lack o f seasonal cyclicity. This homogeneity in w ater chemistry suggests th ere  is 

significant aquifer mixing, often eradicating strong seasonal cycles in trace elem ents, 

especially those derived from rainfall or calcite /  bedrock dissolution.

How ever, colloidally transported trace elements which have been shown to  appear w ithin  

cave drip waters during an annual flush (either late summ er or autum n) (Borsato et al., 2007, 

Baldini e t al., 2012) do display seasonal cyclicity in Asiul drip waters (Figure 4.24). Peaks in 

colloidally transported elements Y and M n occur in the late summ er season (July -  August). 

M axim um  Y and M n concentrations co-inside with w ater deficit maxima, peak soil air p C 02 

concentrations and exhibit a slight negative co-variation w ith Sr. This negative relationship  

betw een "bedrock soured" and "colloidally transported" elements has been identified  

before, both in speleothems (Borsato et al., 2007) and drip waters (Baldini et al., 2012).
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Peak concentrations in drip w ater Y and Mn towards the end of the dry season have been 

attribu ted  to tw o  major processes at o ther cave sites:

1) The concentration of colloidally transported elements within th e  soil zone over

the dry summ er period (due to reduced w ater infiltration), followed by a

significant (often autumnal) w ater infiltration event which flushes these

elem ents into the cave void (Borsato et al., 2007).

2) Increased decomposition of soil organic m atter by micro-organisms, releasing 

organic colloidal material which is washed into cave drip waters (Baldini et al., 

2012). Peaks in colloidal elements are not necessarily associated w ith peaks in 

rainfall or drip rate during this process.

A third process may also influence the release of colloidally bound elements under sum m er 

conditions.

3) Increases in soil air pC 02 due to  enhanced microbial activity and vegetation  

respiration drive reductions in soil w ater pH, in turn low er pH values may cause 

the release of colloidally bound elements which are washed into cave drip 

waters (Hartland et al., 2012).

A t Asiul, Y and M n concentrations reach high values for several months w ithout a positive 

w a te r excess, therefore explanation 1 is not thought to be the m ajor control over sum m er Y

and M n peaks. Either scenario 2 or 3 (or a combination) may o ffer the most plausible

explanation fo r w hy summ er peaks in Y and M n concentration are observed at drip site ASF.

The identification of discrete peaks in trace elem ent concentration is the first indication of 

non-piston flow  conditions at any o f the m ajor Asiul drip sites. M onitoring o f speleothem  ASF 

drip w aters has not identified any convincing annual cycles, suggesting aquifer hom ogeneity  

and a piston flow  w ater delivery system. However, sum m er Y and M n peaks in speleothem  

drip w aters shows this site at least is capable of responding rapidly to  infiltrating w ater, 

w ith o ut significant karst mixing during the drier sum m er season. This duel response has 

been identified at o ther speleothem sites, including Ernesto Cave (M iorandi et al., 2010).

Identifying cave /  drip site specific processes which influence the composition o f drip w ater  

chem istry is fundam ental to  understanding the elem ental makeup of speleothem  deposits. 

For sites like Asiul Cave w here minimal annual variations in major trace elem ent (Ca, Mg, Sr, 

Si, Na, K) concentrations exist, elem ental concentrations are driven mainly by evaporative  

processes, vegetation cycling, karst dissolution and calcite — w ater interactions w ithin the  

karst. The existence o f annual peaks in Y and M n during periods of w a te r deficit indicates
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th a t under dry conditions some speleothem drip sites may be fed directly by percolating  

w aters, which do not interact with a larger karst aquifer and therefore record m ore directly  

changes in atmospheric and soil sourced trace elements. However, drip w ater oxygen 

isotope, trace elem ent and drip rate monitoring indicates that the majority of w ater entering  

karst is incorporated into karst aquifers and delivered to  cave drip sites through a piston flow  

effect. The incorporation of w ater into the karst for longer periods of tim e may mean th a t 

certain trace elements are affected by calcite-water interactions within the karst zone and 

could therefore when preserved in speleothems could be used as long duration proxies of 

karst conditions. The impact of calcite-water interaction in the karst is discussed below.

4.5.5 Calcite - Water Interactions

Rather than assessing single elem ent concentrations, many studies look at the relationship  

betw een trace elements to derive an understanding about karst processes. Trace elem ent 

relationships can be used as tracers to define im portant calcite -  w ater interactions such as 

dilution, prior calcite precipitation (PCP) and incongruent calcite dissolution (ICD). The 

simplest relationships described however, are those between trace elements and karst 

hydrological components, such as drip rate or w ater excess.

At the Asiul cave site one of the most fundam ental relationships exists between Ca and drip 

rate. Calcium concentration positively co-varies w ith speleothem drip rate over m onthly to  

annual tim e  scales (linear regression; r2 = 0.53) (Figure 4.25). This relationship may be 

derived in the same manner as the EC - drip rate relationships. Increased speleothem  drip 

rates enhance the degassing of C 02 w ithin the cave void; this reduces the potential fo r CaC03 

deposition leaving Ca values apparently enriched in the remaining solution.

132



45

40

¥a.
&  35
n>u

30 -

I  I |---------------------------------- ,---------------------------------- 1------------------------------------ ,------------------------------------,

1-25 1.35 1.45 1.55 1.65 1.75 1.85

Drip rate (d/min)

Figure 4.25: Positive co-variation between Ca concentration (ppm) and speleothem  drip 

rate over 22 months of monitoring.

O ther elem ents including Mg and Sr are also affected by drip rate and periods o f w a te r  

excess (or deficit) within the karst through the interaction of w ater and calcite and the  

processes o f ICD and PCP.

4 .5 .5 .1  Incongruent Calcite Dissolution

Sinclair (2011) identifies ICD as tw o possible, separate processes. Firstly, the preferential 

leaching o f Sr or M g during fresh karst bedrock dissolution, this process can only occur within  

th e  thin outside layer of the dissolving bedrock. Secondly is the re-dissolution of previously 

deposited CaC03 w ithin the karst. This reaction is controlled by the solution Sr/Ca and M g/Ca  

ratios as w ell as the partition coefficients for each elem ent. Under both mechanisms Sr or 

M g becom e enriched in solution in comparison to Ca.

4 .5 .5 .2  Prior Calcite Precipitation

The process of PCP acts to  preferentially incorporate Ca into CaC03 deposited w ithin the  

karst, leaving minor ions w ith partition coefficients below unity, relatively enriched in 

solution (Huang and Fairchild 2001; Sinclair et al., 2012) (Equations 4 .4  and 4.5). PCP is often  

enhanced during periods o f w ater deficit due to an increase in karst air space, heightened  

C 0 2 degassing and a rise in CaC03 deposition w ithin the karst zone (Fairchild et al., 2000; 

Huang and Fairchild 2001).

Slight peaks in M g and Sr in ratio to Ca can be observed during dry periods and low er 

speleothem  drip rates at Asiul (Figure 4.26). Calcite -  w ater interaction produce such
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characteristic and often diagnostic relationships between elements such as M g /  Ca and Sr /  

Ca. These relationships are derived from differential partitioning of elements during both 

bedrock (or calcite) dissolution and CaC03 deposition (Sinclair 2011, Sinclair et al., 2012).

Equations 4 .4  and 4.5 describe how Ca is preferentially incorporated into the CaC03 crystal 

lattice during CaC03 deposition, leaving the remaining solution relatively enriched in m inor 

trace ions. The extent of partitioning between Ca and Sr or M g ions at the point of CaC03 

deposition is dependent upon the partition coefficient fo r each minor ion.

(Tr/Ca)caco3 = K *  (Tr/Ca)soiution (Fairchild et al., 2006b) (4.4)

The partition coefficient of M g (KMg = 0.02) and Sr (KSr = 0.15) have been experim entally  

determ ined  (Equation 5).

KMg = (M g /C a)water/(M g /C a )calcite = 0.02 (Fairchild et al., 2000; et al., 2010). (4.5)

KSr = (Sr/Ca)water/(S r/C a)caicite = 0.15 (Tooth and Fairchild 2003) or 0.3 (M attey  et al., 2010).
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Figure 4.26: Drip rate, M g/ Ca*1000 and Sr/ Ca*1000 ratios from ASF (grey) and ASR 

(blue) drip waters between Feb 2011 and March 2012. Grey boxes indicate periods of 

negative water excess calculated using Thornthwaite (1948).

The partitioning of these elements within the crystal lattice means elemental ratios in drip 

waters can characterise periods of w ithin karst CaC03 deposition or incongruent dissolution. 

Drip waters from sites within Asiul have been analysed fo r elemental ratios to assess the 

extent of calcite -  water interactions. It should be noted that processes of PCP and ICD are 

d ifficult to  distinguish from one another using this methodology and although these 

processes are described separately, data from Asiul drip waters can only identify if calcite -  

water interactions have occurred. The following sections describe the process by which drip 

w ater trace element concentrations may be enriched w ithin the karst and then aim to 

characterise if calcite -  water interactions occur at this site.

4.5.5.3 Modelling Calcite -  Water Interactions
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The theoretical enrichm ent of Mg/Ca during prior CaC03 deposition or ICD can be calculated 

using th e  experim entally derived (Huang and Fairchild 2001) partition coefficient fo r Mg  

(Kft/ig) and M IX4 modelling. M IX4 produced theoretical PCP (or ICD) lines (Figure 4 .27) which 

originate from  the most Ca rich drip and pool waters collected in Asiul and incorporate the  

w hole range o f both Ca and M g values found in cave drip w ater. Figures 4.27 and 4 .28 show  

th e  modelled lines alongside Asiul cave waters.

In Figure 4 .27 minimum values of M g /C a*1000 correspond to waters which w ere least 

affected by c a lc ite -w a te r  interactions and tw o  modelled trajectories are used to best fit the  

data. The requirem ent for tw o lines to  best fit the data suggests cave pools 1 and 2 

(predom inantly associated with line A) have lower Mg source bedrock than the m ajority of 

o ther drip sites, which fit better w ith line B (Fairchild et al., 2006b). These pools are situated  

close together, within a cham ber toward the rear of the cave. However, neither pool is 

directly fed by any monitored speleothem drip waters meaning th at these tw o  locations 

m aybe fed from  a different karst w ater component (aquifer) than the main m onitoring  

speleothem . The spread of instantly collected cave drip waters from  collections sites 1-14 (a 

spatial distribution o f 75m ) along theoretical trajectory B indicates calcite - w ater  

interactions occur at sites throughout most of Asiul, year round.
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Figure 4.27: Plot of Ca verses Mg/Ca*1000 ratios for Asiul Cave waters compared with 

PCP model lines (black lines) derived from MIX4. Grey box highlights the clustering of 

bulk speleothem collections. The distribution coefficient fo r Mg used fo r modelling is 

0.02, but the lines are not sensitive to this exact value (Fairchild et al., 2001, Mattey et 

al., 2010).

Bulk waters collected from the three main monitoring speleothems show relatively stable Ca 

and Mg/Ca values, clustering around but exhibiting minimal spread along trajectory B. These 

three speleothems are spatially distinct from other sampling sites, isolated w ithin the 

furthest cave chamber. The lack of evident karst - water interaction at these sites is possibly 

a function o f bulk water collection techniques.

To thoroughly test if bulk water residence times are responsible fo r the lack of any obvious 

relationship at these drip sites instantly collected waters from the three sites [ n  = 8 from 

ASF; n  =  2  from ASM) are included alongside PCP model lines and bulk drip waters, in Figure 

4.28.
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Figure 4.28: Plot of Ca verses Mg/Ca*1000 ratios for bulk and instant speleothem waters 

from sites ASF, ASM and ASR compared with PCP model lines (black lines) derived from 
MIX4.

Instantaneously collected waters from the drip sites display extension away from the 

clustered, bulk waters lying close to modelled trajectories. This spread in instantly collected 

samples suggests that bulk water sampling techniques overprint the natural trace element 

make up of these waters. Flowever, the small number of instantaneous samples means 

fu rther assessment of PCP or ICD processes at major monitoring sites should be undertaken. 

To fu rther test if calcite -  water interactions have occurred an additional trace element ratio 

technique is applied to Asiul drip waters and speleothem trace element values.

Fairchild et al., (2000) and then McMillan et al., (2005) observed a constant relationship 

between Sr/Ca and Mg/Ca when plotted logarithmically during conditions of PCP. The 

constant slope (0.88 ± 0.13) identified from ln(Sr/Ca) vs. ln(Mg/Ca) was used as a tracer fo r 

PCP, which works for drip waters or speleothem deposits (McMillan et al., 2005; Sinclair et 

al., 2012). Sinclair (2011) identify this slope as more correctly, a tracer of calcite - water 

interactions as PCP and ICD processes produce the same log /  log slope. Waters which have 

interacted w ith calcite within the karst should have a theoretical log /  log slope of 0.88 and a 

possible range o f 0.709 and 1.003 (Sinclair 2011). Asiul drip waters are compared to this 

slope to identify which sections of the karst aquifer may experience significant calcite -

138



w a te r interactions (Figures 4.29, 4 .30 and Table 4.8). Instantly collected w ater samples from  

sites ASF and ASM show how the evolution of bulk drip waters may possibly mask 

occurrence of calcite - w ater interactions within the karst zone (Figure 4.29), possibly also 

observed by bulk w ater clustering in Figures 4.27 and 4.28.

In Figures 4.29 and 4.30, bulk drip waters have been segregated to  show the three main drip  

m onitoring sites associated w ith speleothems ASF, ASM and ASR. For Figure 4 .30 and Table 

4.8  the rest o f the cave has been broken into 2 sections. The first section (DW 1) incorporates 

drip sites closest to  the cave entrance (0 -  40m ) whilst the second (DW 2) includes sites 45 -  

75 m into the cave.

The slope o f instantly collected drip waters from the major speleothem collection sites ASF 

and ASM (slope = 0.89) corresponds closely with the "ideal" calcite - w ater interaction slope 

of 0 .88. O ther instantly collected drip waters from  sites throughout Asiul (D W 1 = 0.74; DW 2  

= 0.72) also lie within the theoretical range for calcite -  w ater interaction; these sites have 

already displayed a strong relationship w ith modelled PCP /  ICD trajectories in Figure 4 .27. 

The only bulk drip waters to  display a slope within the theoretical range fo r karst calcite 

w a te r interaction is ASF (Slope = 0.72). Bulk waters from  ASM (slope = 1.14) and ASR (slope = 

0.67) sit above and below the range respectively (Figure 4.30).
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Figure 4.29: ln(Sr/Ca) vs. ln(Mg/Ca) fo r bulk speleothem drip waters collected in Asiul 

cave. Thick black line denotes the theoretical slope of 0.88 (Sinclair 2011; Sinclair et al., 

2012). Speleothem ASF (red; slope 0.72) and instantly collected drip waters from the 

three sites (black; slope = 0.89) both lie within the theoretical boundary (0.709 and 

1.003) fo r calcite water interaction. Speleothem ASM (purple; slope = 1.14) and ASR 

(orange; slope = 0.67) both lie outside this theoretical range.

The difference between instantly collected and bulk drip waters suggests although calcite -  

water interactions occur w ithin the karst above Asiul (captured in instant samples) these 

processes can be masked by bulk water collection techniques. For a rigorous assessment of 

calcite - water interactions from cave drip water; instant sampling should therefore be used 

in preference to bulk water collection.
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Figure 4.30: Observed ln(Mg/Ca) vs ln(Sr/Ca) correlation slopes in Asiul drip waters and 

cave speleothems. Table 4.9 shows raw data. Grey bars display confidence intervals fo r 

calcite -  water interactions (Sinclair et al., 2012).

O bserva tion Slope o f linea r 

regression

Figure Reference

PCP /  ICD theory "most likely" 0.877-0.973 Dark grey

PCP /  ICD theory max and min 0.709-1.003 Light grey

ASF bulk drip water 0.72 1

ASM bulk drip water 1.14 2

ASR bulk drip water 0.67 3

Instant waters from ASF & ASM 0.89 4

DW1 (instant collection) 0.74 5

DW2 (instant collection) 0.72 6

Speleothem ASR (top) 0.49 7

Speleothem ASM (top) 0.05 8

Table 4.8: Observed ln(Mg/Ca) vs ln(Sr/Ca) linear regression slopes in Asiul drip waters 

and cave speleothems.

Using both drip water degassing trajectories (which simulate CaC03 deposition) and using 

the InSr/Ca vs. InMg/Ca slope analysis, we establish significant calcite - water interactions 

w ithin the karst above Asiul drip sites. However, it is d ifficult to differentiate between PCP 

and ICD as the source o f the observed enrichments of Mg or Sr in ratio to  Ca (Sinclair 2011).



For this reason w e would suggest both processes may play a role in enriching trace elem ents  

w ith in  solution, whilst Ca is incorporated preferentially w ithin the solid phase.

Drip w a te r m onitoring shows soil and karst zones to be the m ajor source of most measured 

trace elem ents; however, Cl, N 0 3 and S04 also have significant aerosol contributions. Cl and 

S 04 ratio analysis suggests the karst is predominantly recharged by w in ter precipitation  

which undergoes some evaporation. Heightened microbial activity and vegetation turnover 

in th e  soil zone during the summ er months releases colloidally bound organic substances, 

leading to  peaks in Y and Mn concentration. Discrete summ er trace elem ent peaks in drip 

w aters indicate at least one of the main drip sites (ASR) in Asiul is not totally sourced from  a 

homogenous karst supply. This indicates that both piston and conduit overflow  regimes may 

occur at this site, possibly driven by seasonally variant karst w ater volumes. M onitoring  

throughout the cave suggests calcite -  w ater interactions (PCP /  ICD) occur at instantly 

collected drip sites. Bulk drip waters however, display little conclusive evidence o f e ither 

process, possibly suggesting long w ater standing times associated w ith bulk w ater collection 

methodologies act to  mask the signs of calcite w ater interactions. It is therefore  

recom m ended th a t w ater sampling is undertaken instantaneously, w hen trying to  assess the  

exten t o f calcite -  w ater interactions in cave environments. The monitoring of hydrological 

conditions and drip w ater chemistry at this site has been undertaken to  explain speleothem  

grow th conditions and chemistry. The implications for speleothem  developm ent are 

discussed below (section 4.6).
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4.6 Implications for the Speleothem Record

To facilitate accurate palaeoclimate reconstruction, modern cave hydrological conditions 

have been reviewed. At the Asiul Cave site modern rainfall is dom inated by a unidirectional 

source o f moisture, originating in the North Atlantic Ocean, whilst isotopic values are related  

to  rainfall am ount. M oisture delivery to  the karst overlying Asiul is dictated by w ater excess, 

which occurs predominantly during w in ter months. Karst w ater accurately reflects the  

oxygen isotopic signature of w in ter rainfall, indicating that low rainfall levels and high 

evapotranspiration rates effectively limit the ingress of infiltration during sum m er months. 

Speleothem s developing from this relatively homogenous karst w ater would therefore be 

expected to  isotopically reflect changes in w in ter precipitation am ount, sourced from  the  

North Atlantic Ocean.

Speleothem  drip rates reflect the volume of rainfall over both seasonal and event scales. For 

th e  most part, a highly effective piston flow  system forces well mixed (homogenous) karst 

aquifer w a te r to  drain into the cave system from  aquifer storage. Seasonal drip hydrology at 

Asiul is dom inated by w in ter infiltration maxima and summ er minima, replicated in several 

m ulti-annual drip records. Constant w ater delivery, which is super saturated in respect to  

CaC03 to  cave drip sites means speleothem growth is possible throughout the year.

Atm ospheric C 02 concentration has been observed to  control drip w ater electrical 

conductivity values on seasonal to  event scales; by dictating the volum e o f CaC03 deposition  

before drip w ater sampling. Cave air pC 02 increases are closely linked to  high w ater 

infiltration events, although the mechanism varies seasonally. Speleothem deposition w ithin  

th e  cave may therefore be lim ited at times of maximum w ater infiltration. High resolution 

drip w a te r EC monitoring offers one possible mechanism of identifying periods of 

speleothem  growth minima and maxima, w ith higher EC values representing low er 

speleothem  deposition rates.

During periods o f active speleothem growth, trace elem ents are incorporated into the  

speleothem  crystal lattice. Speleothem feeding drip waters lack any obvious trace elem ent 

seasonality (for most elements) but instantly collected waters from  throughout the cave 

suggest significant karst calcite — w ater interactions, e ither PCP or ICD. These "above" 

speleothem  interactions leave drip waters relatively enriched in trace ions (in relation to Ca); 

these enrichm ents may be used in speleothem deposits to  indicate periods of maximum and 

m inim um  calcite -  w ater interaction. Colloidally bound elem ents are preferentially released
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under sum m er conditions within the soil zone, due to enhanced microbial activity and 

vegetative decay. Peak summer M n and Y values at one monitored drip site (ASF) indicate 

th a t w a te r is directly sourced from the soil, via conduit overflow mechanisms. Colloidally 

bound elem ents may be used as a marker within this speleothem deposit to identify sum m er 

conditions, if the sample can be annually resolved. Finally, cave monitoring has highlighted 

th e  im portance of collecting drip w ater samples instantaneously, as bulk w ater chemistry is 

prone to  modification during the long standing tim e of w ater within collection vessels.

The subsequent chapter aims to  characterise cave atmospherics, looking closely at seasonal 

cycles in cave tem perature and atmospheric flushing, which are fundam ental to  the growth  

of speleothem  deposits. The final part of Chapter 5 aims to  assess how accurately modern  

"grown" calcite deposits reflect ancient speleothem growth and therefore how best to  

in terpret speleothems in terms o f palaeoclimate reconstruction.
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5. CAVE AIR CHARACTERISTICS AND THE GROWTH OF
SPELEOTHEM DEPOSITS

5.1 Introduction

Recent studies (Spotl et al., 2005, M attey et al., 2010 and others) have highlighted the  

im portance of monitoring and understanding the composition of cave air as w ell as 

characterising cave ventilation on a site specific basis. Changes in cave ventilation dynamics, 

cave air carbon dioxide composition and cave air tem peratures hold im portant controls over 

th e  grow th o f speleothems and therefore the incorporation of chemical proxies at a range of 

tim e  scales.

Variations in cave ventilation and composition are primarily driven by conditions external to  

th e  cave site. A range of factors have been identified as driving forces behind air ventilation  

patterns in cave sites, including tem perature (density) driven air flow , pressure driven air 

flow , air flow  past cave entrances (the Venturi effect) and wind blowing directly into cave 

systems. At most sites, one or a combination of these factors interact w ith  th e  morphology 

o f cave passages to control air flow  w ithin the cave at a range of d ifferent tem poral 

resolutions (diurnal -  multiannual).

A t many cave sites major upheavals in the cave ventilation process are observed tw ice a 

year, in response to external seasonality in air tem perature as part of a density driven 

ventilation regime. At sites such as Obir Cave (Austria) and Ernesto Cave (Italy) cold external 

air tem peratures during the w in ter cause an inflow of cold air w ith  a low C 0 2 content into 

th e  cave system, reducing cave air tem peratures and the C 02 content o f air in the cave void 

(Spotl e t al., 2005, M iorandi et al., 2010). Under summ er conditions colder cave air flows out 

o f these systems, drawing w arm , C 02 rich air down through th e  karst from  the soil zone; 

increasing cave air tem peratures and C 0 2 content. However, not all cave systems act in this 

m anner. St. Michaels Cave (Gibraltar) is also influenced by external air tem peratures but at 

this site the morphology of the cave systems leads to  lower su m m ertim e C 02 concentrations 

and higher w in tertim e levels (M attey  et al., 2010). These examples highlight the importance  

o f site specific cave monitoring to  accurately characterise cave ventilation and cave air C 02 

content.

M onitoring  has therefore been undertaken within Asiul Cave 2010, w ith  the aim of 

understanding conditions under which speleothems grow, specifically concerning cave air 

tem pera ture  and C 02 dynamics.
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5*2 Temperature and Ventilation Dynamics

Long term (1986-2010) regional air temperature data from Santander demonstrates a 

gradual warming during the last 20 years (IAEA 2014), consistent with warming throughout 

the Iberian peninsula (Rodriguez-Puebla et al., 2001, Brunet et al., 2005). Temperature 

minima occurred in 1986 (13.2 °C) and maxima in 2006 (15.6 °C), since which decreasing 

temperatures have been recorded. Santander mean annual temperature is 14.4 °C, slightly 

higher than Matienzo during 2011 (13.9 °C, taken with 250 m of Asiul cave entrance).

M onthly average temperatures from Santander (2000-2010) and Matienzo (2011) exhibit a 

strong seasonal trend (Figure 5.1). Temperature minima occur in February fo r both 

Santander (10.3 °C) and Matienzo (Feb 2012 = 5.1 °C), whilst temperature maxima occur 

during August in both records (Santander =20.4 °C; Matienzo =21.2 °C).

25

20

15

10

5 Santander

Matienzo

0
Feb-11 Jun-11 Oct-11 Feb-12 Jun-12 Oct-12 Feb-13 Jun-13 Oct-13 Feb-1

Figure 5.1: Average monthly temperatures for Santander (2000-2006, IAEA 2014) and 

monthly averages (2011-14) fo r the Matienzo valley (taken with 250 m of Asiul cave 

entrance).

M onthly average temperatures for Matienzo during 2011 are displayed in Table 5.1, 

demonstrating monthly temperature ranges. During 2011 temperature maxima in Matienzo 

reached 40.9 °C (June) and minima were as low as -1.1°C (March).
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A verage

(°C)
M a x

(°C)
M in

(°C)
Range

(°C)
Jan -11 11 .3 2 3 .0 6 .9 1 6 .1
Fe b -1 1 10 .9 2 3 .7 3 .4 2 0 .3
M a r -1 1 10 .9 2 5 .2 -1 .1 2 6 .3
A p r-1 1 1 5 .6 3 3 .7 3 .5 3 0 .1
M a y -1 1 1 6 .7 3 6 .4 8 .1 2 8 .3
Jun -11 1 7 .9 4 0 .9 6 .7 3 4 .2
Ju l-11 1 8 .4 3 6 .2 9 .4 2 6 .9

A u g -1 1 1 9 .7 3 5 .2 9 .9 2 5 .4

S e p -1 1 1 9 .2 3 7 .4 9 .0 2 8 .4

O c t-1 1 1 5 .8 3 3 .8 4 .2 2 9 .6

N o v -1 1 1 3 .3 2 3 .2 1.1 22.0
D ec -1 1 9 .3 2 0 .4 -0 .9 2 1 .3

Table 5.1: Matienzo monthly temperatures in 2011. Data averaged form half hourly 

monitoring external to the cave entrance. Range is the difference between max and min 
temperatures.

5 .2 .1  Soil Tem perature

Heat retention within the upper soil zone is fundamental fo r regulating vegetation growth 

patterns and microbial respiration. Therefore, soil temperature logging was undertaken for 

seven months at 15 cm depth during 2011 (April -November), in the thin soils overlying Asiul 

cave. Throughout the record, soil temperatures replicate atmospheric temperature 

variations both on monthly and diurnal scales. Soil temperatures have a slightly dampened 

range in comparison with atmospheric temperature (Figure 5.2). At 15 cm depth, soil 

temperatures lag behind atmospheric values by up to five hours; this lag time represents 

heat transit time through the first 15 cm of the soil and the heat retention capacity of the

soil.

30-

25-

15-

10-

3 Aug 20111 Aug 201129 Jul 2011

Figure 5.2: External temperature (gold line) and soil temperature (black line) from seven 

daily cycles in 2011.

147



5.2.2 Cave Temperature

Average cave air tem perature has been monitored by continuous logging at tw o  sites in 

Asiul, one at 45 m distance from the cave entrance (Figure 3.5, Pool 1) and the other at the  

main m onitoring location at the rear of the cave (Figure 3.5). Yearly average cave 

tem p era tu re  in the main monitoring chamber reflects accurately average yearly external 

tem p era tu re  (13.8 °C).

Cave tem pera ture  seasonality is similar at both cave logging sites. Tem peratures increase 

slightly w ith depth into the cave system from 45 (Pool 1) -  65 m (main monitoring cham ber) 

suggesting the Asiul system is possibly not long enough to reveal the gradually attenuated  

tem peratures w ith depth described by Spotl et al., (2005). At Pool 1, the average 

tem p era tu re  is 13.2 ± 0.5 °C whilst at the rear of the cave, air tem peratures are slightly 

higher (13.7 ± 0.4 °C) but exhibit a similar tem perature range.

Seasonal similarities between the tw o cave loggers suggest changes in cave tem perature  

occur relatively synchronously (within one month) throughout the cave system (Figure 5.3). 

Cave tem perature minima are observed in March (13.3 °C at 65 m) and maxima in Novem ber 

(14 .0  °C at 65 m), three months after external tem perature maxima (Figure 5.3). This lag 

indicates a significant (3 month) delay in tem perature maxima betw een the external and 

deep cave environments.
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5.2.3 Cave Ventilation

Cave ventilation can be driven by a range of processes, including pressure induced air flow  

(Fairchild and Baker, 2012), density driven air flow  (Wigley and Brown, 1976), the presence 

of underground w ater courses, wind blowing past cave entrances (the Venturi effect) and 

direct inflow o f external wind (Smithson, 1991). These processes can act alone or in 

com bination and on different tim e scales to create a complex annual cave ventilation  

regime. At o ther cave sites, ventilation regimes have been characterised through the  

assessment o f cave air tem perature profiles or cave air C 02 concentrations, or a combination  

o f both (Spotl et al., 205, M attey et al., 2010). In Asiul, tem perature profiles taken at Pool 1 

and in th e  main monitoring cham ber (Figure 3.5) offer the most convincing evidence o f cave 

ventilation patterns. C 02 records are less complete due to  logger malfunction and therefore  

fail to  o ffer such a convincing seasonal pattern.

Seasonal air m ovem ent in Asiul cave appears to  be density driven, related directly to  

differences in external and internal cave tem peratures (Wigley and Brown, 1976). During 

Asiul's sum m er ventilation regime (Figure 5.4a) external air tem perature is higher than th at 

w ithin the cave, meaning cool a irflow s out of the cave's main entrance. Cave tem peratures  

gradually increase throughout the summ er as warm  air is drawn down through the karst 

from  the soil zone to replace escaping cool air. This karst air drawdown is seen to  continue  

a fte r external tem peratures switch into a w in ter regime, resulting in the continued increase 

in cave air tem perature for th ree months after peak sum m er external tem peratures (Figure 

5.3). Cave air tem peratures increases may also be driven by the conduction of heat down  

through the karst. W hilst bedrock tem peratures w ere not measured directly in Asiul, this 

process may theoretically create a lag between peak solar heating (m id-sum m er) and cave 

air tem pera ture  increases due to  a delay whilst heat is transferred through th e  bedrock 

overlying the cave site.
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(a) sum m er

M a in  m o n ito r in g  

cham ber hous ing  

b o th  C 02 and 

te m p e ra tu re  

loggers

h ill slope

W arm  soil a ir d raw n  in to  

cave system

C onduction o f hea t d o w n  th ro u g h  

th e  bedrock, causing hea ting  o f 

su rround ing  cave a ir

Cool cave a ir f lo w in g  o u t o f 

cave en trance

Increasing cave te m p e ra tu re s  as th e  sum m er 

season progresses

Figure 5.4(a): Diagrammatic representation of summer ventilation conditions in Asiul 

cave, soil air is drawn down into the cave as colder cave air is expelled through the main 

cave entrance. Additional cave air heating maybe a result of conductive heat transport 

down through the karst.

W inter ventilation regime in Asiul is initially characterised by reductions in cave air 

temperature, occurring once the external air temperature drops below the mean annual 

temperature (MAT) of the cave air. This causes cave ventilation to  reverse and cold external 

air to  flow  into the cave system (Figure 5.4b). This reversal results in a sudden reduction of 

cave temperature and the transition into a w inter ventilation regime.
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(b) winter

M ain  m o n ito r in g  

cham ber housing

b o th  C 0 2 and __

te m p e ra tu re

loggers

C onduc tion  o f  he 

bed rock , causing 

s u rro u n d in g  cave W arm er cave a ir 

o f th e  system

cave system

W arm er cave a ir f lo w in g  back o u t 

o f th e  system

Cold ex te rn a l a ir  f lo w in g  in to  th e

Cave a ir tem p e ra tu re s  reduce rap id ly  as cold 

e x te rna l a ir flo w s  in to  th e  system

Figure 5.4(b): Diagrammatic representation of the w inter ventilation regime, external air 

temperature falls below the MAT of the cave causing cold air to flow into the cave void, 

reducing cave air temperatures throughout the system. Cave air heating may still occur 

due to  the warmer surrounding bedrock during the winter, but this process is likely 

masked in the records due to the large variations in cave temperature related to in the 

ingress of external air.

The tim ing of temperature variations in the cave air can be observed in Figure 5.5 which 

helps to  characterise seasonal ventilation regimes based upon external -  internal cave air 

temperatures. Only when cave air temperatures exceed those externally does cold air flow 

into the cave system, leading to a turnover in ventilation regime which marks the beginning 

of w inter ventilation.
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The transition to a w inter ventilation mode can be observed around October /  November 

each year (Figure 5.5). Ventilation switch over is denoted by a destabilisation of cave air 

temperatures followed by a rapid reduction in air temperature throughout the cave system 

(Figure 5.6). Temperature reductions are driven by the ingress of cold external air and occur 

initia lly at 45 m depth (Pool 1) and several weeks later at 65 m (main monitoring chamber).

The initial transition to a winter ventilation regime can be seen in detail in Figure 5.6a 

occurring around the 15th of October. At this point a destabilisation of cave air temperatures 

can be observed. In 2010 a brief increase in external temperature causes an initial recovery 

in cave temperature, lasting until the 6th of November. Full ventilation regime switch over 

(summer to winter) is then triggered by the first extended period of time, where external 

temperature remains below cave temperature. Throughout the rest of the w inter external 

temperatures fluctuate below or close to cave temperature.

In itia l p o in t o f  

t e m p e ra tu re  reversa l3 0

Full reversal

25-

- 14.0
20

- 13.5
15-

- 13.010-

-12.5

22- - 14.0

2 0 -13.:
18-

- 13.6

16-
- 13.4

14-
C L - 13.212-

- 13.01 0
-12.:

-12.6

Figure 5.6: (a) External temperature (gold line) and cave temperature at 45 m (blue line), 

(b) Inset of (a) demonstrating the close relationship between external temperature and 

cave temperature.
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U nder w in te r ventilation conditions reversals in cave breathing can be observed as 

fluctuations in cave tem perature (Figure 5.6b). Ventilation reversals indicate a relatively  

unstable therm al environm ent within the cave, driven directly by changes in external 

atm ospheric tem perature.

How ever, a combination of summ er and w in ter density driven ventilation fails to  explain the  

entirety  o f the tem perature profile found in Asiul (Figure 5.3). At the end of the w in ter  

season (February -M a rc h  each year) cave air tem peratures begin to  increase (for up to  three  

w eeks) before average daily external tem perature exceeds the cave air tem perature and 

sum m er ventilation regime becomes established. This gradual rise in air tem perature un

related to  dom inant ventilation regime maybe a result of conductive heat transport into the  

cave, via th e  bedrock. It may only be at the very end of the w in ter season when transport of 

air into the cave under w in ter ventilation is at a minimum th at bedrock heating becomes a 

dom inant factor in the regulation of cave air tem peratures. Further w ork to  establish 

seasonal bedrock tem peratures is required to verify this conclusion, but this offers a rational 

explanation as to  cave air tem perature increase under a weak w in ter ventilation regime.

Alongside the seasonal variations in cave ventilation discussed above, are the previously 

discussed (Section 4 .4 .3 .2) event scale changes in cave ventilation driven by changes in 

external and cave air pressure related to intense storm events (Genty and Deflandre 1998). 

These short lived changes in ventilation strength are superimposed upon the seasonal 

ventilation signal derived from  the interaction of external and internal cave air and a 

resultant density driven flow.

This first section of cave air monitoring has shown that w ithin the main m onitoring cham ber 

o f Asiul Cave, tem peratures remain relatively stable on an annual scale (w ithin 1 °C). 

However, w ithin this relatively stable therm al environm ent annual cycles o f sum m er 

w arm ing and w in ter cooling exist. Under w in ter conditions, the strong coupling of external 

and internal air tem perature is driven by the ingress of cold air into th e  cave system. This 

occurs when external tem peratures fall below those of the cave void. However, fo r a short 

(up to  th ree  week) period each year cave air tem peratures maybe controlled primarily 

through bedrock heating, a combination of a weak w in ter ventilation process (related to  

similar internal and external air tem peratures), and the conduction of solar heat down  

through the overlying karst. Under sum m er ventilation, w arm  air is gradually drawn through  

th e  soil and karst to  replace colder cave air which is expelled from  the main entrance.
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Cave air tem pera ture  evolution demonstrates how effective ventilation reaches the w hole  

cave system and the importance of bedrock warming especially during the transition  

betw een w in ter and summer regimes. Cave ventilation at this site im portantly reaches 

regions o f speleothem  deposition (the main monitoring chamber). Cave ventilation dynamics 

have often been shown to play an im portant role in influencing the timing, extent and 

chemical composition of speleothem growth (Spotl et al.; 2005, Scholz et al., 2009, W ynn et 

al., 2014). Under natural cave ventilation conditions the extent, tim ing and atmospheric 

composition of exchanging air masses offer vital controls over the preservation o f chemical 

signatures betw een w ater and calcite phases, especially carbon isotopic values (Dulinski and 

Rozanski 1990, Frisia et al., 2011). For this reason, a review of cave ventilation and 

atm ospheric composition is undertaken. The aim of this review is to  identify which 

com ponents of the system influence the makeup of cave air, and how and when cave 

atmospherics may influence speleothem growth.
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5.3 Soil and Cave C02 Concentration and S13C

5 .3 .1  The Soil C 02 System

M onthly atmospheric carbon dioxide concentration in the soil overlying Asiul cave was 

recorded at 50 cm depth and samples taken from this depth for 613C analysis. Only one soil 

depth (as close to the top of the epikarst as possible) was measured due to the thin and 

often patchy nature of the soil zone. pC02 values within the soil zone are consistently higher 

than values measured within the cave system. All measurements were undertaken using the 

Vaisala GM70 monitor and GMP221 probe with a measurement uncertainty of 2%. Readings 

were calibrated using a secondary probe at atmospheric levels. All readings were corrected 

to  standard atmospheric pressure (1013 hPa) following Spotl et al., (2005) and Equation 5.1.

C02 (ppmv) = C02 (raw) * 1013 /  p (5.1)

Corrected values are presented as ppmv following the rationale of Spotl et al., (2005). 

Maximum soil pC02 concentrations were measured in the warm season (July 2012 = 4283 

ppmv) and minimum values were measured in the cold season (Feb 2012 = 647 ppmv). The 

most dramatic transition in soil air pC02 occurs between July 2012 and Feb 2013 where a 

drop of approximately 3600 ppmv in soil pC02 values can be observed (Figure 5.7).

Soil pC02 shows a weak linier relationship with external atmospheric temperature (linear 

regression; r2 = 0.30). It would be expected that soil pC02 values would show a similar or 

stronger relationship to  soil temperatures (Frisia et al., 2011), although no overlap between 

monitoring exists at this site due to the loss of the soil temperature logger.

4 5 0 0  
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0

Figure 5.7: Soil pC02 (black diamonds, ppmv) and average monthly external air 

temperature (red bars). Peak soil pC02 values occur in the spring and summer seasons 

and lows during the w inter months.
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Monitoring indicates peak soil pC02 values occur between April and August w ith increases in 

soil C02 as early as March each year, whilst peak external air temperatures occur between 

May and October and begin to increase in March. Soil C02 monitoring has therefore 

highlighted a period of peak vegetation and microbial respiration within the summer season. 

Biogenic C02 production appears to respond rapidly to increasing air temperatures (within 1 

month) similar to  that at Ernesto Cave (Italy, Frisia et al., 2011). However, peak soil C02 

concentrations do not last as long as peak summer temperatures, indicating a short (spring 

to  early summer) growth season. The reduction in biogenic C02 production possibly reflects 

the reduced availability of soil water as the summer progresses.

Soil air 613C was measured monthly from the soil sampling site at Asiul. Average w inter 

values (-18.7 %o) corresponded to the lowest C02 concentrations, whilst during the summer 

when soil air pC02 is high, more negative S13C values are recorded (May 2013 = -21.4 %o) 

(Figure 5.8).

4500 r
♦ ♦

4000 - ♦
3500 - ♦

I  3000a.
~  2500ro
8 2000
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Q.
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-16.0 -17.0 -18.0 -19.0 -20.0 -21.0 -22.0

6 13C in soil air (% o)

Figure 5.8: Relationship between soil air pC02 and 613C values (note the reversed x axis). 

The most positive 613C values relate to C02 collected during the w inter (blue diamonds) 

and the most negative to summer samples (red diamonds).

Although soil air 513C values appear to reflect seasonal soil productivity and C02 composition, 

soil air C02 makeup and S13C value are known to be composed o f mixed atmospheric and 

respired C02 sources (Spotl et al., 2005). Using a measured atmospheric end member (pC02 = 

400 ppmv, S13C = -8 %o) and a keeling plot (Mattey et al., 2010), light soil air 513C end 

members above Asiul can be calculated.
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Figure 5.9 indicates Asiul soil air mixing lines are seasonally invariant, with both summer and 

w in te r values requiring the same range of respired C02 end members, calculated as -18 %o to 

-25 %o fo r the majority of samples and -35 % o  fo r two samples.

Atmosphere CO

Soil Air CO
2

Winter
Summer

,-Q0 '

/ & &  ° 0 ‘
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-35.0 -30.0 -25.0 - 20.0 

6 13C (% o)

-15.0 - 10.0

r 0.0030

- 0.0025

-  0.0020

0.0015
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>
£
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Figure 5.9: Plot of 613C composition of soil air vs. the C02 concentration of that air. Open 

blue circles denote w inter samples whilst open red circles denote summer samples, 

corresponding to Figure 5.8. The intercept point of the dashed lines defines soil C02 end 

members fo r both summer and w inter samples. End members fo r the soil system above 

Asiul range from -18 to -34 % o . The grey circle indicates two samples which may have 

been contaminated with external air during sampling.

All but tw o o f the soil air samples (end member of -35 %o) indicate that a C02 end member of 

between -18 and -25 %o to be sufficient to give the % C02 and 613C values measured at this 

site. The lighter o f these values concur with expected respiration values fo r the overlying C3 

type vegetation (Clarke and Fritz 1997). However, the heavier soil air 513C of C02 values 

suggest either a different plant respiration pathway or that contamination by air w ith a 

heavier isotopic value may have occurred. There is no evidence for vegetation species which 

use a C4 respiration pathway at the cave site, suggesting that contamination is a possible 

factor fo r at least two of the heaviest samples. This contamination is most probably a result 

o f human error during sampling.

Soil water DIC 513C could not be measured due to the rapidly draining shallow nature of the 

soils above Asiul cave; making it difficult to  quantify soil water pC02 or S13C values at this site
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and impossible to identify if soil air and water DIC systems are in isotopic equilibrium. 

However, MIX4 modelling (using measured drip water chemistry) has been used to simulate 

the minimum soil /karst air pC02 conditions to which drip waters would have been exposed 

during the ir transit through the soil zone. Only during the height o f the summer season do 

measured soil pC02 values reach or exceed the predicted minimum pC02 values to  which 

waters were exposed during their transit to the cave site (Figure 5.10). Measured soil air 

pC02 values from the sampling tube (50 cm depth into the soil) are therefore almost 

consistently lower than values which would have been recorded in deeper sections of the 

soil, epikarst or karst zones.

6000 i -"^■“ ■Measured soil air pC02 

♦ Calculated soil air pC02
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Figure 5.10: Seasonal minimum soil C02 concentrations both measured (grey diamonds) 

and modelled (may include karst air C02; black diamonds) using MIX4.

As monitoring equipment was located as close to the base of the soil zone as possible, MIX 4 

modelling suggests drip waters must come into contact w ith pC02 values which are higher 

than any measured within the soil zone (throughout most of the year). Mattey et al., (2010) 

suggest secondary sources of C02 rich ground air may include: 1) C02 degassed from drip 

waters, 2) C02 from the soil zone which has penetrated the epikarst as a gas phase, 3) C02 

respired from plant roots which penetrate deep into the epikarst, and finally 4) C02 

produced by the decomposition of colloidal or dissolved organic matter transported by 

percolating water.

If as thought, the soil air collection tube has been located close to the top of the epikarst, 

gaseous C02 from the soil zone would already be fully sampled. Due to  the shrub like 

vegetation above Asiul it is also unlikely that deeply penetrating root systems could produce
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a zone o f elevated pC 02 below the soil measuring tube. Therefore, it is most probable e ither  

C 0 2 degassing from  drip w ater or organic m atter decomposition within the epikarst creates a 

zone o f heighted C 0 2 concentration, which equilibrates with percolating w ater. As M atte y  et 

al., (2010) suggest it may be this zone of heightened C 02 concentration which truly  

constitutes "ground air". Infiltrating waters equilibrate with this zone of C 0 2 rich air before  

percolating deeper into the karst and finally into the cave.

5.3.2 The Cave C02 System

Cave air C 0 2 is derived from a number of sources and is balanced by input fluxes, such as drip 

w a te r degassing, soil air penetration and cave ventilation and the out flux of air through cave 

entrances. To understand the importance of these fluxes on the Asiul cave atmospheric C 0 2 

system, modelling of C 02 end members is undertaken and C 02 input during drip w ater  

degassing is quantified. It is im portant to  characterise the atmospheric C 02 system when  

establishing periods of speleothem growth maxima (Baldini 2010) and when trying to  

understand the chemical makeup of speleothem deposits (Spotl et al., 2005, Frisia et al., 

2011).

Cave air C 02 concentrations have been logged continuously at a one hour interval (logger 

rem oved fo r a few  days each month to charge) in Asiul's main monitoring cham ber since 

February 2011 using the same Vaisala G M 70 m onitor and G M P221 probe which was used for 

spot m easurements of soil pC 02. For a period between August 2011 and April 2012 the  

original Vaisala m onitor malfunctioned within the cave environm ent so data is not included 

fo r this period (Figure 5.11). A new m onitor was installed in April 2012. Continuously logged 

cave p C 02 data is not corrected to  standard atmospheric pressure due to  the extrem ely high 

resolution logging intervals; corrected values have been calculated to  be within 50 ppm of 

th e  presented values. If quoted in ppmv, monthly values are corrected using average 

m onthly pressure data from  the in-situ (within the same cham ber) CTD Diver and the  

calculations o f Spotl et al., (2005) (Equation 3.1).

pC 02 m easurements taken in Asiul (averaged daily) begin to  reveal a pattern o f seasonality 

during 2012 and 2013 (Figure 5.11). Values show a similar range as o ther cave sites, including 

Ernesto (Frisia et al., 2011) and Obir Cave (Spotl et al., 2005) w ith p C 02 maxima in July -  

August 2013 (2090 ppm) and minima corresponding to external atm ospheric (= 400  ppm) 

values during late autumn, early w in ter 2012. Peak C 0 2 values occur during spring and early  

sum m er when cave ventilation is under a sum m er regime, as indicated by gradually 

increasing air tem peratures w ithin the cave. Air drawn through th e  soil and karst during the
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spring and early summer has a high C02 concentration, derived from the biogenically active 

soil zone and possibly a high pC02 ground air source. Towards the peak of the summer 

season cave air C02 concentrations decrease, possibly related to reductions in vegetation 

productivity which is limited by water availability. Cave air pC02 minima are observed by 

October each year.

r  14.4

Figure 5.11: Cave air temperature (red line) and pC02 (daily averages; black diamonds) 

values over a 2.5 year logging period. Gap in C02 data is due to logger malfunction. 

Coloured background represents the seasonal cycles with the summer season between 

March and November.

This is unlike many other cave sites. Reductions in cave air pC02 (July 2012 and again in 

2013) occur before cave ventilation switch over in Asiul, which is indicated by cave air 

temperature as occurring in November (beginning of the blue shaded area on Figure 5.11). 

The reduction in cave air pC02 therefore occurs before the inflow of low pC02 external air, 

indicating that cave air pC02 values may not be completely coupled w ith ventilation regime. 

It is possible that in Asiul, cave air pC02 is driven predominantly by C02 ingress through the 

karst from the soil zone. To assess this hypothesis, seasonality in cave air pC02 is compared

162

Ca
ve

 
ai

r 
te

m
pe

ra
tu

re
 

(°
C

)



w ith soil air pC02/ to identify peak periods of interconnectivity between the soil and cave 

zones (Figure 5.12).

Peak soil and cave air C02 concentrations coincide (June-July 2013), suggesting some 

interconnectivity between soil and cave atmospherics during the summer. This coupling is to 

be expected during periods of maximum soil air draw down into the cave (under summer 

ventilation).

Figure 5.12: Cave air (black circles) and soil air (grey circles) pC02 values over a 1.5 year 

period. Peak values occur in both records during spring and early summer (red shading) 

and minimums occur at the end of the summer (cave air) or m id-winter (soil air; blue 

shading).

However, this soil /  cave air pC02 coupling breaks down in the w inter season with cave air 

pC02 minima occurring in September 2012, whilst soil air C02 concentrations continue to 

decrease throughout the winter, only recovering at the onset of the new vegetation growth 

season, from March 2013 (Figure 5.12).

Unlike summer, w inter ventilation promotes diurnal fluctuations in C02 concentration, 

indicating a very strong coupling of cave air with the external atmosphere (Figure 5.13). 

Diurnal fluctuations of C02 of up to 200 ppm are common, even at 65 m into the cave 

system. C02 concentrations rise throughout the day until cold overnight air temperatures 

external to  the cave promote the ingress of low pC02 air into the system. Although this 

ventilation is strong enough to cause considerable pC02 variation on a diurnal scale it does 

not always trigger a concurrent fluctuation in cave temperature (Figure 5.13). The stability of 

cave temperature during at least some of these large ingresses of external atmospheric air
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suggests cave air tem perature equilibration occurs rapidly and before 65 m depth into the  

cave, due to the influence of heat exchange between the cave walls and infiltrating air (Smith 

et al., 2013).
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Figure 5.13: Cave air pC02 values over a one month period during w in ter 2012-13 (black 

line) alongside cave tem peratures (grey line). Diurnal fluctuations in pC 02 are not always 

mimicked by cave tem perature at 65 m depth due to heat exchange between the cave 

walls and infiltrating air.

O ver short tim e scales, significant diurnal variation in cave air p C 02 may control the  

deposition efficiency of CaC03 and speleothem growth rates during the w in ter period. Low 

nightly cave air pC 02 values would prom ote the deposition of CaC03 due to  enhanced 

degassing from  drip waters. M onthly average values of cave air p C 02 may not therefore  

accurately resolve the complex atmospheric environm ent, which is apparent throughout the  

w in ter at Asiul.

W hilst changes in cave air pC 02 value and tem perature can go some way to  characterising 

the source o f cave air on a range of scales, cave air 513C can be used as a secondary tracer, to  

try and accurately identify cave air C 02 sources throughout the year (M attey  et al., 2013). 

Cave air 513C values are sampled on a monthly basis at 65 m depth into the cave, prior to  any
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other human sampling within the chamber. Unlike other cave sites the maximum range of 

cave air 8 C values is recorded in consecutive months, demonstrating a distinct lack of 

seasonality in Asiul (Figure 5.14).
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Figure 5.14: M onthly cave air pC02 values (grey line) showing a late w in ter low and 

sum m er high alongside cave air 613C values (black dashed line) which exhibit no obvious 

seasonality.

No clear link between monthly cave air C 02 concentration and carbon isotope value can be 

established (linear regression; r2 = 0 .00) and no direct co-variance is observed between  

m onthly soil air 513C and that o f cave air (linear regression ; r2 = 0.1). However, the pC 02 and 

S13C values of cave air are clearly a function of soil and atm ospheric values (average 

atm ospheric 513C = -8 %o, C 02 = 400 ppmv). The Keeling plot of l /p C 0 2 verses 813C in Figure 

5.15 indicates both summ er and w in ter values are derived by a m ixture of soil and 

atm ospheric air. For the most part, soil air pC02 and 813C are clearly separate from  cave air 

and atm ospheric values; even though some mixing would be expected betw een the soil zone 

and external atmosphere, especially during summ er (Frisia et al., 2011). At this site a 

complex interaction of soil air and external atmospheric end members accounts fo r both the  

C 02 concentration and isotopic makeup of cave air. The dominance of e ither end m em ber 

does not appear to  be straightforwardly linked to either soil productivity, cave ventilation  

regime or season as at o ther cave sites. The apparent lack of seasonality in C 0 2 regime may 

cause a similar lack of seasonality in speleothem deposition rates, explaining the lack of 

annual lamina recorded in Asiul speleothems.
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Figure 5.15: Keeling plot of monthly cave air, soil air and atmospheric pC02 vs. 813C. 

Whilst soil air and the external atmosphere appear to make up two distinct end 

members fo r this system little seasonality in cave air pC02 vs. S13C is observed.

To try  and more clearly establish the sources of cave air, cave air 813C end members ar 

calculated in Figure 5.16, using the same data as presented in Figure 5.15.
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Figure 5.16: Equivalent diagram to Figure 5.9 using cave air sample data. The isotopically 

light end members incorporate all samples w ithin analysis errors, and lie between -13 

and -46  %o in composition. Cave air end members incorporate the whole range of soil 

samples collected at this site, and one summer sample appears to require a C02 end 

member with a more negative isotopic composition than any found w ithin the soil zone.
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Figure 5.16 shows th at cave air 813C has light CO2 513C end members betw een -13 and -46 % o 

in composition. W hilst there appears to be little difference between sum m er and w in ter end 

m em ber values, Figure 5.16 does demonstrate that the most extrem e (both positive and 

negative) isotopic end m em ber values are linked to  summ er cave air samples. The most 

negative isotopic end members require a source of C 02 which is more negative than anything  

previously observed in the soil zone, whilst the heaviest end members indicate a C 02 end 

m em ber which may be sourced from external air. Cave and soil air monitoring in Asiul 

indicates th at the C 02 system is driven by tw o end members. Firstly high pC 02 soil air and 

secondly a low pC 02 external air component. In addition to  these sources drip w ater  

degassing may add C 02 into the cave air during high discharge events (Frisia et al., 2011).

5.3 .2 .1  C02 Release fro m  Drip W ater Degassing

Cave air C 02 concentration can be augmented during periods of heightened drip w ater input 

due to  a greater volume of C 0 2 degassing from  drip waters within the cave void (Frisia et al., 

2011). As shown in a previous chapter, cave air pC 02 increase in Asiul is often related to  an 

increase in speleothem drip rates; although the timing of C 0 2 rise in relation to drip rate rise 

is seasonally dependent. Calculation of this C 0 2 emission can be undertaken assuming C 0 2 

which is introduced by dripw ater is dispersed equally throughout the cave atm osphere. Drip 

w a te r increase events during sum m er (24th-29th July) and w in ter (21st -  24th February) w ere  

assessed to establish the C 02 flux from  drip w ater degassing. Under sum m er conditions, C 0 2 

increases are known to occur before any increase in drip rate (due to  soil air flushing). For 

th e  calculation of C 02 input due to  drip rate increase, the whole C 0 2 and drip rise event is 

considered rather than trying to  dissect the flux from soil air and th a t from  direct degassing 

from  w ater.

Before th e  sum m er event, drip rate was close to  a summ er background average (1.7 D /m in) 

and C 0 2 concentrations w ere approximately 650 ppm. Peak discharge (an increase in 

background drip rate of 40 %) occurs within 12 hours and drip rates returned to background 

levels w ith in  another 12 hours. C 0 2 rise and decay occurred over a 72 hour period w ith peak 

C 0 2 values (440 ppm above background) occurring 11 hours after peak drip rate; average 

p C 02 increase throughout the period was 220 ppm above background. Assuming the  

com plete dispersal of C 02 throughout the cave a rise in atmospheric pC 02 of 220 ppm  

equates to  0.43 g C 0 2 per hour fo r 72 hours; equating to an influx of 0.03 kg of C 0 2 during 

th e  drip increase event. This value is slightly higher than values reported in Frisia et al., 

(2011) (0 .005 -  0.01 kg), possibly related to  the duration of the event.
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U nder w in ter conditions, a larger rise in drip rate (60 % increase from  background) over a 48  

hour period triggered an average increase in atmospheric CO2 concentration of 180 ppm  

over a 54 hour period. The calculated CO2 influx of 0.36 g CO2 per hour fo r 54 hours 

corresponds to a C 02 rise of 0.02 kg of C 02 during this w in ter drip event. Under w in ter 

conditions a smaller rise in C 02 is experienced during the event; which is the opposite from  

results found in Ernesto cave (Frisia et al., 2011). It is possible that more rapid cave air 

exchange tim es and increased ventilation expected to  be experienced in Asiul during the  

w in te r act to  offset atmospheric C 02 build up and reduce apparent degassed C 0 2 volumes. 

W hilst large drip w ater increase events only act to  add a small am ount of C 0 2 into the cave 

atm osphere and these increases are limited to the duration of the drip event a change in 

cave air C 02 concentration can be im portant for the uptake of trace elements into 

speleothem  carbonate (Wynn et al., 2014). Further w ork aimed at producing extrem ely high 

resolution speleothem records from well m onitored cave sites such as Asiul may help us to  

understand the exact event based mechanisms fo r elem ental incorporation into carbonate.

M onitoring  of cave air has demonstrated a C 02 source derived from soil (ground) air which 

infiltrates into the system as well as external air entering through the caves main entrance  

and the degassing of C 02 from  drip waters. Drip increase events cause small discrete 

increases in cave air pC02. Effective cave ventilation however, appears to  rapidly disperse or 

flush this C 0 2 out of the cave system, so C 0 2 from  drip w ater degassing can be considered to  

have a m inor influence on cave air C 02 concentration. Cave ventilation rates will be 

considered in the next section but the rapid dispersal of degassed C 0 2 suggests cave air 

tu rnover may be rapid at this small cave site. The m ajor source o f cave air CO2 appears to  be 

th e  soil zone, especially during the sum m er season w here a strong coupling betw een soil air 

pC 02 and cave air pC 02 can be observed. An annual cycle in cave air pC 02 is seen in Asiul as 

values reach minimums during the w inter, suggesting some decoupling o f th e  soil air -  cave 

air relationship. Under w in ter conditions cave air concentration can vary diurnally indicating 

a rapid, daily change in cave ventilation.
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5.4 Cave Volume

During a single group visit (10 individuals) lasting approximately one hour in 2012, C 0 2 

concentrations w ere measured during and after visitors w ere present in the cave site (Figure 

5.17). Based on the exponential decay of C 02 concentration (from peak during the tourist 

visit) to  background level, the rate of cave atmospheric exchange was calculated as 6.25  

hours, as described in Equation 5.6 by Frisia et al., (2011). This calculation is based on one 

such experim ent undertaken in April 2012, fu rth er calculations w ere not undertaken as the  

cave is not normally the site of tourist visits.

Ct = Q e'Xt (5.6)

W here  Ct is the cave air concentration of C 02 above the background level at tim e (t) a fter 

visitors have left, Q is the initial peak value above background and e'Xt is the decay constant. 

The cave air relaxation tim e l / \  relates to  the exchange tim e of cave air.

The calculated period of 6.25 hours represents the tim e taken fo r the exchange of equal 

volum es o f air between the cave and external atmospheres. This atmospheric recovery rate 

can be used as an analogue value of daily air exchange under natural conditions o f p C 02 rise 

and recovery to  base levels.
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Figure 5.17: Cave air pC 02 rise and exponential decay following a tourist group visit into 

Asiul cave in April 2012.
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Following the calculation of cave air exchange; cave volume (Vc) was calculated following the  

m ethodology o f Frisia et al., 2011 (Equation 5.7).

V c = (48 0 /R )*(C b-  C4) (5 .7 )

W here  R is an average C 02 increase in ppm per person, per hour in the cave system  

(Equation 5.8).

R = (Peak C 0 2 -  background C 02) /  visitor number (10) (5.8)

Peak C 0 2 during this event was 1470 ppm from a background value of 850 ppm. Cb is the  

concentration of human breath, calculated as 480 litres of exhaled breath per hour at a 

concentration o f 36000 ppm (Kivastik 1998), C4 is the base level cave C 0 2 concentration in 

ppm at th e  tim e of the experim ent (850 ppm).

Assuming an equal dispersion of C 02 throughout the cave system, the effective cave volum e  

at Asiul is calculated as Vc = 272129 litres or approximately 2.7 x 10s. Frisia et al., (2011) 

suggest this technique of cave volum e calculation yield results w ithin 30 % of the values 

given by estim ating the cave's cylindrical volume.

The calculation of cave volume and flushing rates helps to  characterise other processes 

occurring w ithin the cave system. Large increases in drip w ater infiltration and associated 

C 0 2 degassing must be equally transm itted through the full volum e of the cave system and 

w ill only start to  decay as air flushing occurs. Cave air flushing is calculated as only taking 

6.25 hours but may increase or decrease dependent upon seasonality and cave ventilation  

regime. Understanding the role and quantifying the process of cave ventilation may be 

im portant to  understand speleothem growth dynamics under variable ventilation regimes.
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5.5 Speleothem Growth Rates

M onitoring  has indicated that speleothem growth in Asiul may be controlled by a range of 

processes both hydrological and atmospheric, all of which may vary throughout the year. 

Previous studies have identified drip rate, tem perature, drip w ater Ca2+ concentration, 

thickness o f the thin film covering the stalagmite and cave air pC02 as the major controls on 

speleothem  growth rate (Dreybrodt 1999, Genty et al., 2001, Baldini 2010). Using monitoring  

data from  Asiul, a calculation of monthly speleothem growth rates can be undertaken  

throughout the year to  identify points of maximum and minimum growth. These calculations 

may also help to  identify key process of speleothem growth and by doing so the nature of 

th e  palaeorecords from these speleothems.

Theoretical speleothem growth can be calculated using the equation o f Baldini (2010) which  

is derived from  equations in papers by Dreybrodt (1999) and Baker et al., (1998) (Equation 

5.9).

R0 = 1 .174 *  103 (Ca -  Caeq) * (5 * AT-1) [1 - e('a * * s^] (5.9)

W here: R0 is the speleothem extension rate (mm yr'1)

1.174 *  103 is a conversion constant which changes molecular accumulation  

(m m ol m m '2 s'1) into growth rates (mm yr'1)

Caeq is drip w ater [Ca2+] at equilibrium with a stated atmospheric pC 02 

Ca is the initial drip w ater [Ca2+] (mmol L-1)

5 is the thin film thickness (mm) (0.1 in this study)

AT is the tim e between successive drips (s)

a  is a kinetic constant (mm s'1) that is dependent upon 5 and tem pera ture (10°C)

Caeq is derived from  Equation 5.10 and is dependent upon cave air p C 02 measured each 

m onth.

Caeq = 7 .611  *P Co20'275 ( 5 -10>

This relationship is derived from  previous work by Dreybrodt (1999) and Baldini et al., (2008) 

and is derived fo r a tem perature of 10 degrees °C. The kinetic constant ot (cm s ) is derived  

from  Equation 5.11 and is dependent upon tem perature and thin film  thickness, which are 

encapsulated in the term  (3 (Dreybrodt 1999). Dreybrodt (1999) give values of P at d ifferent 

tem peratures and film thicknesses; at 10 °C and 0.1 mm this com ponent yields the a  value of 

0.0001275  which is used in this study following Baldini (2010).
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a  = 8.5 *  10'4 *  3 (5.11)

ASF Ca 
drip (mmol 

L'1)
Temp pco2

(atm) Caeq
Film

thickness
(mm)

Time 
between 
drips (s)

a (mm
s'1) 3

Ro

(mm/year - 

1)

ASF
(microns/

year'1)
Average
ASF 1.03 13.70 0.0007 1.014 0.1 39 0.00013 0.024 0.002 2.31
Average
ASM 0.99 13.70 0.0007 1.014 0.1 260 0.00013 0.024 -0.003 -3.32
Average
ASR 1.10 13.70 0.0007 1.014 0.1 128 0.00013 0.024 0.011 11.45

Table 5.2: Components of speleothem growth rate calculations undertaken following  

Baldini (2010). Speleothems ASF and ASR show small positive annual growth rates whilst 

ASM indicates negative growth.

Using average cave conditions, a theoretical growth rate per year can be calculated fo r the  

m ajor speleothems (Table 5.2). Speleothems ASR and ASF indicate small positive annual 

growth rates of a few  microns/ year whilst ASM indicates slight negative growth or corrosion 

under measured atmospheric and hydrological components. However, detailed assessment 

o f speleothem  ASM before palaeoclimate analysis discovered no evidence of carbonate 

dissolution possibly suggesting slight inaccuracies with the growth rate model at such low  

grow th rates. One other possible problem is the use of bulk w ater samples fo r the initial Ca 

concentration of the drip w ater; these samples may have undergone some prior (on 

speleothem  or equipm ent) Ca precipitation. W hen measured, these samples would  

th ere fo re  have lower Ca concentrations than expected from  instantaneously collected 

samples, leading to  an underestim ation of speleothem growth rate. W hilst this consideration 

is noted, no instantaneous drip w ater chemistry is available fo r these sample sites so growth  

rate reconstructions should be considered as minimal speleothem growth rates.

W hilst average yearly growth rates may give a broad overview of calcite deposition volumes, 

this calculation does not indicate when speleothem growth rates are at maximum or 

m inim um  rates throughout the annual cycle. Calculations o f m onthly growth rate w ere  

undertaken fo r each speleothem w here data was available; aiming to give a higher 

resolution overview of speleothem  growth dynamics (Figure 5.18). M onth ly calculations are 

presented as a yearly value of calcite thickness (pm) which would have deposited if the  

atm ospheric and hydrological conditions of any individual month w ere to  persist fo r a full 

year.
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Figure 5.18: Speleothem growth rates (microns/ year) in the main monitoring chamber, 

Asiul Cave. Both speleothems exhibit phases of positive and negative growth, meaning it 

is possible fo r some speleothem degradation to occur.

Figure 5.18 shows growth rates for two of the major speleothems used for monitoring and 

palaeoclimate reconstructions. These speleothems exhibit slow growth rates in comparison 

to  other cave sites (Baldini 2010). Highest growth rates are observed at speleothem ASR 

during the spring /  summer (37 pm /  year in May 2012). This speleothem displays continuity 

in growth phases, w ith February -  November in positive mode and December and January in 

a slightly negative growth mode. The ASF record indicates phases o f slight positive and 

negative growth throughout the year, but does not indicate a stable seasonality in growth 

dynamics. This irregularity in the records possibly suggests that seasonally variant 

components of the cave system (primarily atmospheric pC02) are not the principle control on 

speleothem deposition at this site.

Growth rate modelling is dependent upon the relationship between two independent 

factors: drip water Ca concentration and cave air pC02 concentration. In Asiul, peak 

atmospheric pC02 values are lower than those regularly found in other cave systems, 

especially during the summer months. A lack of seasonal growth rate structure (lamina) in 

many of the speleothems at this site and growth rate modelling suggests seasonal variations 

in cave air pC02 are not a driver for speleothem growth. Speleothem growth rate and cave 

air pC02 values exhibit only a weak linear relationship (linear regression; r2 = 0.2) under 

conditions modelled in Asiul; by implication, the lack of a control by pC02 leaves Ca as the

173



controlling growth rate factor, determined by rates of bedrock dissolution and Ca uptake  

into speleothem  drip waters.

To establish the validity o f the growth model, modelled results w ere compared to  real 

grow th rates fo r speleothems ASR and ASM, derived from  U/Th dating of these samples 

(Table 5.3).

Speleothem Position of first U 
series date (pm) Age (years BP) Growth rate 

(pm)

Modelled 
growth 

rate (pm)

ASR 5500 1702 ± 319 3.23 ±0.51 11.48
ASM 4150 791 ±15 5.25 ±0.11 -3.51

Table 5.3: M odelled and measured (U /Th) growth rates for speleothems ASM and ASR, 

both o f which are used for palaeoenvironmental reconstructions. M easure growth rates 

are based upon distance growth /  year over a tim e slice constrained by U/Th dating 

positions.

M odelled  and observed growth rates for these tw o speleothems seem relatively consistent. 

Any offset between the modelled and observed growth rates can be explained by a 2 ppm  

change in Ca concentration within drip waters (only 20% of the observed seasonal variation  

in drip w a te r Ca concentration). The close affinity between modelled and observed growth  

rates adds confidence to  both methodologies and confirms these speleothems are both 

extrem ely slow growing in the modern day.

Under th e  most rapid growth rates observed in either speleothem record (ASR record 

betw een 9.2 and 9.6 ka) an estim ated growth rate of 47 pm /  year is observed. If 

atm ospheric conditions within the cave remain as under modern conditions, this growth rate  

change w ould equate to  an increase in drip w ater Ca of 11 ppm; from  a modern average of

38 .1  ppm (Table 4.7) to  49.5 ppm at 9.2 ka. The most extrem e modern drip w ater values 

(43 .8  ppm) do not quite reach 49.5 ppm, but this value does not far exceed measured 

m odern hydrological conditions at the height of the contem porary hydrological cycle for this 

speleothem  core.

The calculation o f speleothem growth rates at this site has shown drip w ater Ca 

concentration to  be the m ajor control over speleothem growth dynamics in Asiul. The cave's 

year round, low atmospheric PCO2 means seasonal cycles in cave ventilation are not of a 

m agnitude to  drastically change the extent of speleothem deposition. M odelling of modern
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grow th and measured growth based on U/Th decay, both suggest the main monitoring  

speleothem s exhibit very slow growth rates. Back calculation of drip w a te r Ca concentration  

based upon measured (U/Th) growth rates indicates that a relatively m inor shift in drip 

w a te r chemistry can drastically alter speleothem growth rates and can explain all growth  

rates observed in these Holocene age speleothems. Growth rate modelling indicates th at the  

hydrochemical cycle at this cave site has remained relatively stable throughout the  

Holocene.
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5.6 Calcite Growth Plates

Hydrological and atmospheric components of the Asiul system as well as speleothem  growth  

dynamics have been reviewed in previous sections. Parallel to the constant monitoring of 

these fundam ental components of the cave system, glass plates w ere placed on top  of 

actively growing speleothems to collect or "farm" calcite under monitored modern  

conditions. Calcite farming was intended to offer the last piece of inform ation regarding the  

grow th o f speleothems in Asiul Cave, aiding our interpretation of how speleothems 

incorporate drip w ater chemistry and respond to changing cave atmospherics. One 

fundam ental question addresses how faithfully speleothems incorporate the stable isotope 

signature of drip waters (derived from rainfall) and therefore how accurately they may 

record changes in palaeoenvironmental conditions.

5 .6 .1  Farming M ethodology

The calcite "farming" methodology implem ented in Asiul aimed to collect enough calcite to  

enable analysis for 0  and C isotopes and trace elements, allowing direct comparison w ith  

drip waters. O ther calcite farming studies which used glass microscope slides fixed atop  

stalagmites as a surface for speleothem growth (Tremaine et al., 2011). This study used 

convex glass plates (watch glasses) which w e believed may o ffer a m ore appropriate  

surrogate surface for speleothem growth by replicating the shape o f the speleothem  (Figure 

5.19a). Convex watch glasses may therefore facilitate a more accurate replication o f natural 

drip impact and subsequent run off than flat plates, and remove problems that may be 

associated w ith w ater ponding upon flat slides. Quantitative analysis of both convex and flat 

slides was not undertaken as part of this study but maybe a valuable addition to speleothem  

scientific investigation, especially as more studies are using calcite growth experiments.

The use of convex plates has identified preferential w ater flow  and carbonate deposition 

pathways as w ater moves away from  the drip impact point; leading to  small scale 

irregularities in the growth of carbonate across the watch glass surface (Figure 5.19b). These 

irregularities in growth are thought to  replicate irregularities which w ould occur under 

natural speleothem  growth conditions. M odern monitoring in Asiul therefore reiterates the  

im portance of sampling from  the central portion of speleothems collected fo r palaeoclimate 

analysis and fo r U/Th dating; both due to chemical fractionations which may occur as C 0 2 

degassing progresses (Hendy 1971, Fairchild et al., 2005) but also because of small scale 

irregularities in w ater runoff and calcite deposition away from  the central growth axis.
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5.6.2 O and C Isotope Equilibrium

The growth and collection of calcite under modern conditions allows for the assessment of 

isotopic tem perature  dependence (Kim and O'Neil 1997, Coplen 2007, Trem aine et al., 2011) 

and cross-lamina isotopic co-variation (Hendy 1971), under natural growth conditions. A 

thorough review o f 6180  tem perature dependence in speleothems is undertaken by 

Trem aine et al., (2011), who assume that only evaporation, tem perature and drip w a te r 6 180  

hold any significant influence over carbonate 6 180 , if calcite grows at near equilibrium w ith  

drip waters.

The calcite plate analysed in this experim ent grew between Feb 2010 and March 2011, 

presenting approximately 1 years growth (13 months) on top of speleothem ASR. During this 

tim e  the main monitoring chamber of Asiul cave has a continuously high relative humidity, 

betw een 97 and 100 % minimising the effects of evaporation; while constant air tem perature  

m onitoring allows for the accurate estimation of growth tem peratures as 13.7 ± 0.4 °C 

(sim ilar to  longer term  averages at this site). Due to equipm ent restrictions cave air C 0 2 and 

speleothem  drip rate w ere not monitored at the same tim e as calcite was deposited upon 

th e  plate. However, subsequent monitoring undertaken from 2011 indicates a relatively 

stable speleothem drip rate and relatively minimal am plitude in cave air C 0 2. The longer 

te rm  m onitoring program started in 2011 gives an average cave air C 02 content of 693 ppm  

and an average speleothem drip rate fo r ASR as 0.5 drips /m in  equating to  a discharge of 

0.053 I /day.

Average calcite plate carbonate 6 180  at site ASR (6180  = -5.13 ± 0.32 %o) should therefore be 

a function of drip w ater 6 180  (6180  = -6 .08 %o) and form ation tem pera ture (T). It should be 

noted th at average 6180  drip w ater values are those from the year after calcite growth  

experim ents, although minimal variation would be expected under the relatively 

homogeneous karst conditions in Asiul.

Following equations from  the experiments of Kim and O'Neil (1997) (Equation 5.12) and 

"natural cave laboratory" results compiled by Trem aine et al., (2011) (Equation 5.13) 

theoretical carbonate 6 180  values can be established for Asiul cave drip waters and 

com pared to  modern calcite growth. lOOOIna represents the theoretical fractionation factor 

betw een drip w ater and calcite.

lOOOIna = 18 .03(103) /  T -  32 .17 Kim and O 'Neil (1997) (5.12)

lOOOIna = [16.1 ±  0.65] (103T 1) -  [24.6 ± 2.2] Trem aine et al., (2011) (5.13)
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Equation 5.12 indicates that modern average drip w ater values should deposit calcite w ith an 

oxygen isotopic value of -6.28 %o whilst Equation 5.13 yields a value o f -5 .45 %o; the actual 

measured calcite value was -5.13 ± 0.32%o.

M odern  calcite shows a 6lsO enrichm ent of 1.15 ± 0.35 %o in comparison w ith th at expected 

under equilibrium conditions following the Kim and O'Neil (1997) equilibrium equation. Asiul 

cave calcite is more closely replicated by the experimental results and equation o f Trem aine  

et al., (2011). M odern Asiul (ASR growth plate) calcite S180  is only offset by 0.32 ± 0.2 %o 

from  the Trem aine et al., (2011) equation and falls within the quoted error of this line.

The close relationship modern carbonate has w ith the Trem aine et al., (2011) isotope 

fractionation line suggests speleothem developm ent in Asiul is similar to many o ther cave 

sites. Oxygen isotope chemistry from modern carbonate deposits indicate near isotopic 

equilibrium  in Asiul, meaning speleothems from this site should be as suitable for 

palaeoclim ate reconstruction as those from  many other caves w here successful climate  

reconstructions have previously been undertaken (Tremaine et al., 2011). Due to  the  

possibility o f disequilibrium deposition, isotope records from Asiul speleothems will not be 

used to  try and quantify change in any climatic param eter but rather be used to  establish 

long term  trends in the climate and environm ental systems operating at this site. Further 

assessment o f isotopic equilibrium during the form ation of cave calcite was undertaken, 

using simple techniques laid down by Hendy (1971). These techniques aim to enable an 

assessment o f isotopic equilibrium at any point in the speleothem record; w e test these 

techniques using modern farm ed carbonate.

5.6.3 O and C Isotope Co-variance

Characterisation of equilibrium growth conditions within a cave site has been routine to 

establish th e  validity of palaeoclimate reconstructions based upon both O and C isotopes. 

M any studies follow  the methodology of Hendy (1971) who suggested sampling speleothems 

both vertically (down the central growth axis) and horizontally (across one growth layer) to  

assess th e  co-variation of O and C isotopes. Under equilibrium deposition conditions within a 

cave, th e  processes which drive O and C isotopic values are thought to  be different, 

th ere fore  no co-variation should be observed. However, due to  the compact nature of many 

speleothem s, accurate single lamina analysis to complete a routine Hendy isotope co

variation test (Hendy 1971) is often impossible, as is the case in the very slow growing 

speleothem s o f Asiul.
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Although, the validity of this method of testing for isotopic equilibrium has been called into  

question over recent years (Dorale and Liu, 2009) one simple way of ensuring single, annual 

lamina analysis, is to assess modern annual carbonate growth from  a calcite plate. In Asiul 

Cave, a single calcite growth plate from  speleothem ASR was analysed fo r isotopic co

variation in tw o  horizontal directions for 0  and C isotopes as outlined by Hendy (1971) 

(Figure 5.20 and Table 5.4).
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Transect A shows no 0  and C co-variation (linear regression; r2= 0.04) whilst transect B 

indicates a relatively high level of linear co-variance (linear regression; r2 = 0.68). This lack of 

clear agreem ent between tw o transects from the same calcite growth plate calls into 

question the validity of this cross lamina test, both for modern deposits and ancient 

speleothem  samples.

Calcite plate analyses suggest Hendy (1971) test results may be as dependent upon the  

direction of speleothem dissection and therefore the direction of cross lamina analysis as 

upon equilibrium or non-equilibrium growth conditions. Further validation of this finding is 

required, but modern growth samples from Asiul indicate alternative methods are needed to  

establish equilibrium isotopic incorporation into actively growing speleothem carbonate, 

over both short and long tim e periods. W e would suggest, following Dorale and Liu (2009) 

the best insurance of isotopic equilibrium deposition within a cave is accurate stable isotope 

replication o f several speleothems from the same cave chamber.

5.6.4 Trace Elements

Tw o calcite plates from  speleothem ASR w ere sampled for trace elements. 4  mg samples 

w ere  removed from  the plate using the same method as for sampling O and C isotopes. The 

sample was dissolved using 0.1 M nitric acid solution for 24 hours, until no residue was 

visible. Calcite plate trace elem ent concentrations w ere calculated by converting measured 

(by ICP-OES) Ca concentrations in solution to  a stochastic distribution of 400,000 ppm 

(m g/kg) in calcite, all o ther calcite and rock trace elem ent concentrations w ere then  

calculated to  this stochastic Ca concentration, these values are shown in Table 5.5.

Ca (ppm) Na (ppm) M g (ppm) Sr (ppm)

Plate 2 0 1 0 -2 0 1 1 400,000 110572 5647 11.4

Plate 2 0 1 1 -2 0 1 2 400,000 10096 - 7.1

Average Holocene core 400,000 - 4697 16.5

M odern  ASR core 400,000 - 5548 13.3

Table 5.5: Concentrations of trace elements on tw o calcite plates removed from  

speleothem  ASR during the study period (missing data due to  analysis problems). Ca 

concentrations are based upon the dissolved solution whilst Na, Mg and Sr are converted  

to  a concentration in CaC03. W here available this dissolution data is compared to trace 

elem ent analysis o f the ASR speleothem core, using average Holocene values.
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M g and Sr display similar concentrations in modern carbonate as displayed throughout the  

rest o f th e  Holocene speleothem sample. W hen calcite plate carbonate is compared w ith just 

th e  youngest carbonate samples from the ASR core, Mg is offset by 99 ppm and Sr by 1.9  

ppm. The minimal offset between Mg and Sr in the speleothem and calcite growth plates 

adds confidence our interpretation of longer Holocene age data sets and to  our modern  

calcite farm ing techniques, using the previously untested convex watch glasses.

W hilst M g or Sr concentrations in modern carbonate are similar to  those of old carbonate  

from  th e  same speleothem; the existence of modern carbonate also enables a comparison 

betw een drip w ater values and those in modern CaC03. For both Mg and Sr partitioning  

coefficients have been experimentally calculated (Huang and Fairchild 2001), which enable  

the calculation of expected trace elem ent concentration in carbonate based upon drip w ater  

trace elem ent values (Fairchild et al., 2006). These partitioning coefficients are tested using 

measured drip w ater trace elem ent values and measured carbonate plate trace elem ent 

values. Equations 4.4  and 4.5 show that the partition coefficient (K) o f M g is 0.02 (Fairchild et 

al., 2000); fo r Sr K = 0.15 (Tooth and Fairchild 2003) or 0.3 (M attey  et al., 2010). In Asiul 

average measured drip w ater trace elem ent values are 40.22 ppm Ca, 17.41 ppm M g and 

0.009  ppm Sr.

Average M g/C a in drip waters is 0 .44 meaning that following Equation 5.14 w ith a K value = 

0.02 th e  M g/C a content of modern carbonate should be 0.0088.

(M g /C a)C aC 03 = 0 .0 2 *0 .4 4  = 0.0088 (5.14)

However, modern carbonate values show an M g/Ca value of 0.0014, lower than that 

expected from  drip w ater values. For Asiul carbonate, a Mg partition coefficient of K = 0.003  

is required to  accurately calculate modern carbonate M g/Ca values based upon m onitored  

drip w a te r concentrations. W hilst Asiul cave tem peratures (13°C) are slightly low er than  

those used in Huang and Fairchild's (2001) study (15°C) this cannot explain the large offset 

betw een the experim entally derived partition coefficient of Huang and Fairchild (2001) and 

th a t observed in Asiul.

For Sr partitioning, Equation 5.15 uses the measured drip w ater Sr/Ca value of 0.0002 and 

the partition coefficient of K = 0.15 (Tooth and Fairchild 2003) to  calculate a theoretical 

CaC03 Sr/Ca composition of 3 .6 *1 0 A'5. However, this Sr/Ca ratio in CaC03 is once again larger 

than th e  measured modern carbonate Sr/Ca composition of 2 .3 *1 0 A .

(Sr/Ca)CaC03 = 0 .1 5 *0 .0 00 2  = 0 .000036 (5.15)
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For Asiul a Sr partition coefficient of close to 0.01 is required to  accurately calculate modern  

CaC03 Sr/Ca values from the measured drip w ater Sr/Ca composition. The exact mechanism  

th a t drives M g/Ca and Sr/Ca values to be lower than expected following experim entally  

derived partition coefficients (Huang and Fairchild 2001) in Asiul carbonate is unclear, 

although it must be related to speleothem growth dynamics and in the case of Sr possibly 

controlled by slow speleothem growth rates (Huang and Fairchild 2001).

Section 5.6  has demonstrated through the analysis of calcite removed from  modern growth  

plates, th at Asiul cave speleothems are depositing calcite at near isotopic equilibrium  

conditions, similar to  those found at o ther cave sites from  which successful palaeoclimatic 

reconstructions form  speleothem carbonate have been undertaken. This adds confidence to  

our palaeoenvironm ental interpretation of the isotopic records in subsequent chapters, but 

these chapters refrain from attem pting any quantification of climatic change, instead they  

use speleothem  isotope records to  infer longer term  trends in climate and environm ental 

evolution in northern Iberia. Trace elem ent analysis of carbonate from the same plates 

records very similar modern day elem ental concentrations as those during the Holocene and 

extrem ely similar values to  those in the youngest section of the ASR core. Partition  

coefficients calculated from  modern carbonate and drip w ater monitoring indicate that both 

Sr and M g incorporation into CaC03 is lower than expected following experim entally derived  

data (Huang and Fairchild 2001). Partition coefficients for the Asiul system are calculated as 

0.003 fo r M g and 0.01 for Sr. M odern calcite plate analysis has enabled the developm ent of 

accurate partition coefficients for this cave site as well as adding confidence to  our 

interpretation o f trace elem ent and stable isotope records in Chapters 6 and 7.
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5.7 Asiul Cave as a Repository for Climate Archives

Palaeoenvironm ental reconstructions from speleothem deposits are becoming increasingly 

im portant fo r understanding past climates. Speleothem deposits have been used to  

reconstruct changes in regional aridity (M cM illan et al., 2005), atm ospheric systems 

(M cD erm ott et al., 2001), biogeochemical cycling (Rudzka et al., 2011) and numerous other 

processes (Fairchild and Baker 2012). The major proxies used fo r such palaeoclimate  

reconstructions include stable isotopes of oxygen and carbon, speleothem growth rates and 

trace elem ent concentrations. Individually, these proxies have numerous valid 

interpretations which are often relevant to  only a select group of cave sites. Therefore, 

accurate interpretation of speleothem chemical proxies requires both a detailed  

understanding o f the cave system from which the samples w ere extracted and ideally a 

com bination of proxies which all indicate the occurrence of a similar climate process.

M onitoring  in Asiul cave has been undertaken to allow such a classification of palaeoclimate 

proxies in ancient speleothem deposits. This final section will review cave monitoring, to  

present the most accurate available interpretations of popular chemical proxies analysed in 

speleothem  deposits. M odern monitoring will therefore lay the ground work for all 

palaeoclim ate interpretations based upon speleothems extracted from  this cave.

5.7.1 CaC03 Deposition and Speleothem Growth Phases

The incorporation of chemical proxies into the speleothem crystal lattice is driven by 

speleothem  growth dynamics. The rate and timing of calcite deposition therefore offers a 

m ajor physical control over the uptake of drip w ater chemistry and could alter our 

interpretation of palaeoclimate proxies derived from  speleothem chemistry. M odern  

carbonate deposits and ancient speleothems have been shown to grow slowly in Asiul, from  

constantly saturated (with respect to  Ca) drip waters. Variations in cave air C 02 

concentration holds a minimal control over the growth of speleothem deposits due to  m inor 

fluctuations in the relatively low concentrations observed on seasonal scales. Over shorter 

tim e  scales, changes in atmospheric pC02 may act to regulate the prior deposition of CaC03 

leaving drip waters relatively enriched or devoid of Ca for deposition onto stalagmite 

deposits. However, these short lived Ca-controlling fluctuations in cave air pC 02 (indicated 

by changes in EC) do not account for the majority of speleothem deposition conditions and 

are th ere fore  discounted on the millennial timescales im portant fo r palaeoclimatic 

reconstruction.
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Due to  th e  low seasonal variation in cave air C 0 2 concentration, the overriding long term  

control on speleothem growth rate at this site appears to  be the concentration o f Ca w ithin  

drip w a te r and the extent of supersaturation. Ca concentrations vary slightly betw een  

speleothem  deposits collected for palaeoclimate analysis, meaning that speleothems from  

th e  same cham ber may be deposited at different rates throughout the year. Peak sum m er 

drip w a te r Ca concentrations which may be related to  enhanced rock w ater contact times, 

cause peak sum m er speleothem growth rates, in contrast to  many other cave sites which 

highlight the w in ter season as the tim e of maximum carbonate deposition.

A sum m er speleothem deposition maxima still incorporates a w in ter rainfall isotopic signal 

due to  th e  relative homogeneity of karst waters. Drip w ater chemistry suggests this w in ter 

rainfall slowly drains through the aquifer feeding speleothem drip sites year round. 

Therefore, in Asiul the sub-annual timing and rate of speleothem deposition is not 

im portant, as all speleothem deposits grow from a mixed w in ter sourced karst aquifer. 

Speleothems from  this cave site would therefore be expected to  accurately represent the  

isotopic chemistry o f w in ter rainfall, over scales greater than one year. Slight hom ogeneity in 

karst w a te r chemistry such as that found in Asiul can be im portant fo r long duration  

palaeoclim ate reconstructions. Under such conditions, palaeo changes in speleothem  

chem istry should only result from real, bulk changes in karst w ater chemistry (and therefore  

w in ter rainfall chemistry) rather than sub-annual variations in speleothem growth dynamics, 

karst w a te r incorporation or cave atmospherics.

5.7.2 Carbonate Oxygen Isotopes

The oxygen isotope composition of modern carbonate grown during 2010-11 on speleothem  

ASR has been shown to accurately reflect the composition of drip waters, based upon an 

em pirical equilibrium fractionation factor, which was derived from  the analysis of 

speleothem s from  a num ber of o ther cave sites (Tremaine et al., 2011). Variations in the  

oxygen isotope value of ancient speleothem deposits are therefore expected to  reflect a 

change in bulk karst w ater oxygen isotope composition. Under modern conditions, this 

aquifer w a te r is sourced predominately from  w inter rainfall derived from  a North Atlantic 

Ocean source region. The strong am ount effect exhibited in modern rainfall is thought to  be 

th e  m ajor control over palaeo changes in rainfall oxygen isotope value and any changes in 

speleothem  carbonate value. Speleothems from Asiul cave are therefore  expected to 

preserve a palaeo rainfall am ount effect which can be used to identify changes in w in ter 

precipitation delivery to  the region. Due to  the homogeneity of modern 5180  values in karst
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w a te r above all the major speleothems in Asiul, it is hoped that speleothem  archives may 

produce covariant records of rainfall variation.

5.7.3 Carbonate Carbon Isotopes

The carbon isotopic composition of Asiul drip waters and C 02 concentrations are complex to  

in terpret, influenced by a range of within karst processes. Unlike oxygen isotopes, the  

carbon isotopic composition of instantly collected drip waters does not directly reflect the  

expected (equilibrium) value derived from soil air measurements. Drip waters appear to  be 

offset from  the calculated equilibrium value derived from  an average soil air composition by 

= 3 %o. This positive offset indicates either prior degassing of 12C w ithin the karst zone (with  

accompanied PCP) or the decoupling of karst w ater from  the soil air 513C reservoir, under 

closed system conditions and the significant introduction of a bedrock S13C component. This 

offset means that speleothem 513C values cannot be used directly to  interpret changes in 

vegetation or soil productivity as in other studies. Speleothem carbon isotopes may be more  

correctly used in conjunction w ith other proxies to  indicate periods of enhanced calcite- 

w a te r interaction within the karst during process such as PCP or ICD.

5.7.4 Trace elements

Trace e lem ent concentrations in drip waters exhibit minimal seasonality, suggesting 

speleothem s growing from these waters would incorporate a similar trace elem ent signal 

year round. Summer season peaks in Ca concentration drive enhanced speleothem  

deposition during this period but the homogeneity of drip waters would mean that fo r many 

trace elem ents carbonate deposition rates are not critical. However, seasonal variations in 

elem ents such as Sr and Mg in ratio to  Ca are often used as palaeo aridity indicators, or more  

simply indicators of calcite - w ater interactions within the karst. At the Asiul site ratios of Mg  

and Sr to  Ca are shown to relate to  enhanced calcite - w ater interactions, e ither PCP or ICD; 

unusually these processes are identified year round. M odern monitoring suggests increases 

in M g/C a or Sr/Ca ratios within speleothem carbonate may indicate enhanced aridity over 

palaeo timescales. However, the existence of calcite - w ater interactions year round and the  

slow growth rate o f speleothem deposits make it impossible to  resolve an annual cycle using 

carbonate M g or Sr/ Ca concentrations alone.

Annual drip monitoring of Y and Mn suggests these trace metals identify periods of peak 

w ater deficit; either linked to enhanced microbial decomposition of organic m atter or the  

release o f colloidally bound substances at low soil w ater pH values. Im portantly for climatic
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reconstruction, these trace metals may offer a valuable aridity indicator, which o ffer insight 

into both karst conditions and microbial activity within the overlying soil zone.

Trace metals within speleothem carbonate from this cave site offer a range o f useful 

palaeoenvironm ental proxies especially fo r identifying periods of peak w ater deficit. Trace 

elem ents will therefore be compared to  oxygen isotope values to  try and highlight im portant 

periods o f w etting  and drying in Northern Spain throughout the Holocene.
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6. STABLE ISOTOPE AND TRACE ELEMENT RECORDS FROM 
ASIUL CAVE SPELEOTHEMS

6.1 Introduction

Cave speleothem deposits are now one of the major sedimentary archives used to  

reconstruct past climatic conditions. Whilst speleothem growth dynamics can vary betw een  

cave sites, speleothems have the capacity to  identify event scale changes in climatic and 

environm ental systems (Wynn et al., 2014), a resolution rarely achieved by more traditional 

palaeoclim ate archives. Speleothems also offer a good option when trying to  identify late 

Holocene climatic changes from terrestrial environments, especially when human activity 

m ay have significantly altered records from lake sediments as can be the case in northern  

Iberia (M oreno et al., 2012).

The previous tw o  chapters of this thesis have dealt w ith the assessment of w ithin cave 

conditions, specifically to identify if Asiul cave is suitable fo r the preservation o f speleothem  

records which may contain a climatic signature and w hat the various proxies stored with  

speleothem  carbonate may tell us about past climatic conditions. W hilst this monitoring can 

only tru ly inform about modern karst, cave and carbonate growth conditions the conclusions 

drawn in the previous tw o chapters offer a starting point for subsequent proxy 

interpretation. Over longer, Holocene tim e periods proxies maybe re-in terpreted due to  

changes which can be identified within the karst hydrological system or have been identified  

by o ther w ork within the climate system. However, it is thought that initially the most robust 

m ethod of palaeoclimate reconstruction is one which uses known (m odern) relationships 

betw een speleothem proxies and climate. Two speleothems w ere therefore removed from  

Asiul fo r palaeoclimate analysis.

Speleothems ASR and ASM (Figures 3.5 and 3.7) from  Asiul Cave have been analysed for 

stable oxygen and carbon isotopes and a num ber of trace elements, all o f which can offer 

im portant inform ation regarding climatic change over a range of tem poral and spatial scales. 

Speleothem  ASR has the single longest stable isotope record from  the cave site, spanning 

12500 to  250 years BP and a trace elem ent record which extends from  8000 to  250 years BP; 

whilst the rapidly growing speleothem ASM produced a higher resolution, shorter stable 

isotope record from  7900 -  0 years BP and a trace elem ent record which extends from  6600  

to  50 years BP.
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6.2 Speleothem Chronologies

Chronologies have been developed for both speleothem deposits ASR and ASM using 

U ran iu m / Thorium decay dating. This technique is routinely used on carbonate deposits up 

to  the age of 500,000 years, w ith many samples only exhibiting minimal U and Th 

concentrations. This dating technique has rapidly become the standard technique for dating  

speleothem  deposits.

Dates and the associated errors produced using the U/Th dating m ethod are shown fo r both 

speleothem s (Table 6.1).

Name
Distance from  
core to p  (mm)

W eigh t

(mg)
U

(ppm)
232Th
(ppm)

230/232 
A ctiv ity  Ratio

Age
(ka)

Error
(ka)

ASR
ASR 3 64-3 5.5 109.6 0.07442 0.00162 4.0 1.70 0.32

ASR 9 43-9 7 90.5 0.06279 0.00060 8.6 1.97 0.16

ASR 8 43-8 22 84.1 0.19130 0.00078 35.3 4.06 0.10

ASR 7 43-7 28.5 88.5 0.06318 0.00017 113.4 7.84 0.15

ASR 6 43-6 41 106.1 0.08038 0.00024 119.9 9.20 0.24

ASR 5 43-5 62 88.6 0.08499 0.00024 139.5 9.65 0.18

ASR 4 43-4 80 144.1 0.07875 0.00014 225.1 9.93 0.15

ASR 3 43-3 103 165.5 0.07891 0.00017 203.0 10.95 0.21

ASR 2 43-2 124 88.9 0.07294 0.00023 143.4 10.90 0.22

ASR 1 4 3 -1 152 95.3 0.15020 0.00033 224.6 12.39 0.26

ASM
ASM 23 67-7 12.5 383.5 0.0928 0.00005 10.6 0.17 0.02

ASM 5 61-4 41.5 106.2 0.1024 0.00005 45.6 0.79 0.01

ASM 6 61-5 55.5 117.6 0.0763 0.00005 43.0 0.94 0.02

ASM 7 61-6 69.5 91.7 0.0571 0.00007 39.9 1.48 0.03

ASM 8 61-7 81.5 101.5 0.0670 0.00034 11.9 1.86 0.10

ASM 11 61-8 99.5 120.0 0.0638 0.00008 53.0 2.07 0.03

ASM 12 61-9 110.5 110.5 0.0791 0.00009 59.7 2.15 0.03

ASM 16 64-15 138 97.2 0.1080 0.00042 35.8 4.23 0.08

ASM 13 61-10 168.5 101.3 0.0566 0.00007 114.2 4.78 0.06

ASM 22 61-21 269.5 132.4 0.0376 0.00034 22.1 6.71 0.20

ASM 27 67-7 306 481.5 0.0536 0.00004 321.5 7.61 0.10

ASM 28 329 0.0623 0.00004 354.1 8.70 0.05

Table 6.1: U/Th sample inform ation, including position within the core and final age and 

error. These samples w ere used to  produce the tw o final speleothem age models (Figure 

4.
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For each spe leo them  depos it a series o f U /Th analyses w e re  unde rtaken . As p r io r  to  th is  

analysis th e  age o f th e  spe leo them s was unknow n, in itia l U /Th sam ples w e re  equa lly  spaced 

a long th e  spe leo them  length , to  produce an age m odel w ith  eq u id is ta n t sam ple spacing. For 

spe le o the m  ASR w here  a d is tin c t dark band cou ld be v isua lly  id e n tifie d  (Section 3.1.2.1), 

U /Th sam ples w e re  taken e ith e r side o f th is  te x tu ra l change, w ith  th e  aim  o f cha racte ris ing  

as c lose ly as possib le th e  te m p o ra l e x te n t o f th is  change in spe leo them  g ro w th  s tru c tu re . 

Using th e  U /Th dates a chrono logy  is the n  deve loped fo r  bo th  spe leo them  using th e  StalAge 

a lg o rith m  (Scholz and F loffm ann 2011); apa rt fro m  during  a s ign ifican t change in g ro w th  rate, 

w h e re  linea r f it t in g  was assum ed to  be m ore  accurate. StalAge is an au to m a te d  s ta tis tica l 

a lg o rith m , run in th e  open access s ta tis tica l package "R ". This age m odel is based upon a 

th re e  step process expla ined in de ta il by Scholz and Floffm ann (2011).

1) The po s itio n in g  o f know n U /Th ages (and errors) vs. d is tance fro m  th e  to p  o f th e  

spe leo them  sam ple (m m ) is calcu la ted.

2) M a jo r and m in o r ou tlie rs  are id e n tifie d , to  ensure th e  data set has no age inversions 

w h ich  w o u ld  a ffec t th e  m ode lling  (Figure 6.1). The un ce rta in ty  on id e n tifie d  ou tlie rs  

can be expanded a t th is  po in t by th e  user (Scholz and F loffm ann 2011), a lthough  

e rro r expansion was no t needed fo r  e ith e r th e  ASR o r ASM chrono log ies.

Age data screened for major outliers Screening for minor outliers
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Figure 6.1: StalAge m ode lling  to  screen fo r  ou tlie rs  and age reversals fro m  th e  raw  U/Th 

da ta and associated errors.
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Figure 6.2a and 6.2b: StalAge m ode lling  to  crea te  a spe leo them  chrono logy. The figu res 

sho w  bo th  th e  use o f a M on te -C a rlo  s im u la tion  to  f i t  s tra ig h t lines to  th e  data set and 

also th e  fin a l ch rono logy  (green line) w ith  95 %  e rro r lim its  (red lines).

3) The age m odel is then  created w ith  co rrespond ing 95 % con fidence  age lim its  using a 

M on te -C a rlo  s im u la tion  w h ich  fits  a series o f s tra igh t lines th ro u g h  th e  data set 

(F igure 6.2a and 6.2b).

Final age model with original errorsAge modelling

Once fin a l StalAge chrono log ies are developed these w e re  m anua lly  appra ised to  assess how  

th e  age m ode l m ay in fluence  data p resen ta tion . During periods o f cons tan t g ro w th  th e  

StalAge m ode l fits  th e  d iscre te  U /Th data po in ts and uses th e  e rro rs  associated w ith  these 

po in ts  to  crea te  an accurate and logical age m odel. H ow ever, du ring  periods o f ex trem e ly  

s lo w  g ro w th  th e  StalAge m odel o fte n  a rtific ia lly  extends rap id g ro w th  con d itions  in to  slow  

g ro w th  reg ions (Figure 6.3). A lthough  th is  extension m ay be va lid , w ith o u t a d d itio n a l U /Th 

da tin g  in these  regions (which was o fte n  no t possible) th is  g ro w th  ra te  ex tens ion  canno t be 

te s te d . W hen a g ro w th  ra te  extension occurs, th e  StalAge m ode l o fte n  causes data to  bunch 

to w a rd s  th e  second (youngest) U /Th date, g iv ing an un rea lis tic  spread o f geochem ica l data. 

For th is  reason and as no new  U/Th da ting  is possible du rin g  these periods, reg ions o f 

e x tre m e ly  s low  g ro w th  are m ode lled  using a s im p le  s tra ig h t line f it ,  ra th e r than  th e  StalAge 

in te rp re ta tio n  (Figure 6.3). This tech n iq ue  does no t suggest th e  StalAge m ode l is inaccura te  

o r  th a t  a break in g ro w th  has occurred , bu t w ith o u t va lida tion  w e do no t be lieve variab le  

g ro w th  rates should be assumed be tw een very  te m p o ra lly  d iffe re n t U /Th dates, du ring  

e x tre m e ly  s low  g ro w th  phases.
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Figure 6.3: StalAge m odel o u tp u t show ing  th e  know n dates and erro rs  (black dots) and 

th e  m od e lled  chrono logy (green line) w ith  95 % confidence lim its  (red lines). A c lear 

ex tens ion  o f  g ro w th  rate occurs beyond th e  last known U/Th age be fo re  s low  g ro w th  is 

m od e lled . The real ex te n t and tim in g  o f any s low dow n in g ro w th  canno t be know n , so 

w e  use a s tra ig h t line f i t  be tw een th e  know n U/Th ages du ring  periods o f s low  g ro w th .

The fin a l g ro w th  chrono log ies fo r  bo th  spe leo them  are show n be low  (Figure 6.4). 

S pe leo them  ASR has g row n s low ly  th ro u g h o u t th e  last 12,500 years w ith  one m a jo r 

s lo w d o w n  in g ro w th  ca. 5500 years BP. Spe leothem  ASM grow s con tin u o u s ly  th ro u g h  th e  

last 7900 years encom passing th e  slow  g ro w th  period  in spe leo them  ASR, th e re b y  p rov id ing  

n o t o n ly  an im p o rta n t rep lica tion  o f th e  youngest section o f ASR bu t also he lp ing  to  extend 

o u r high reso lu tion  oxygen iso tope  data set th ro u g h  4000 -  7900 years BP. The dashed 

sec tion  in th e  ASM record  is a linea r in te rp o la tio n  o f cons tan t g ro w th  ra th e r tha n  a g ro w th  

ra te  o ve r extension ind ica ted  by th e  StalAge m odel. The com b ined  oxygen iso tope  record 

fro m  these  tw o  spe leo them s th e re fo re  o ffe rs a com p le te , H olocene d u ra tio n  reco ns truc tio n  

o f  reg iona l c lim a te  and en v iro n m e n ta l change.
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Figure 6.4: Spe leothem  g ro w th  chrono log ies using bo th StalAge and lin ie r in te rp o la tio n  

techn iques.
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High re so lu tio n  U/Th da ting  o f spe leothem s fro m  Asiul cave enables tw o  separa te  sets o f 

spe le o the m  chem ica l proxies to  be considered based upon in de pen de n t ch rono log ies ; each 

o f  w h ich  is m ade fro m  at least 10 in dependen t U /Th analyses. These chrono log ies  are 

de ve loped  using a com b ina tion  o f th e  StalAge a lgo rithm  and linea r in te rp o la tio n  be tw een  

da ta  po in ts . This second techn ique  was used on ly  w here  a s low dow n o r break in g ro w th  has 

occu rred  and no ad d itiona l U /Th da ting  was possible. These chrono log ies are used to  presen t 

all o f  th e  fo llo w in g  spe leothem  e lem enta l data, a llow ing  fo r  d irec t cross com parison  

b e tw e e n  iso top ic  data and th e  very high reso lu tion  trace e lem en t data sets.

6.2 .1  Evidence for Continuous Speleothem Growth

As show n  in section 3.1.2.1 spe leothem  ASR has a s ign ifican t te x tu ra l and c o lo u r change, 

w h ich  co-insides w ith  ex trem e ly  s low  g ro w th  o r a hiatus in spe leo them  d e ve lo p m e n t du ring  

th e  m id  Holocene; spe leothem  ASM shows no such te x tu ra l change and rap id m id  Holocene 

g ro w th . To id e n tify  if  ASR accurate ly  recorded any pa laeoc lim ate  signal du rin g  th is  pe riod  

chem ica l proxies fro m  bo th spe leothem s are com pared, using th e  in d e pen de n t chrono log ies  

p resen ted  in Section 6.2. The proxies used include a series o f trace  e lem ents  (P, M n, Y and 

Zn) w h ich  are transp o rted  to  spe leothem  g ro w th  sites a ttached to  co llo ida l partic les du ring  

hyd ro log ica l flush events (Borsato e t al., 2007). For each spe leo them  a stack has been m ade 

fro m  th e  norm alised (Borsato et al., 2007) concen tra tions o f e lem ents  to  a llow  d irec t 

com parison  be tw een th e  tw o  spe leothem s (Figure 6.5).

30

ASR
25

- -  ASM
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5700 5900550053005100490047004500

Year BP

Figure 6.5: Stacked norm alised trace e lem e n t (Zn, P, M n and Y) con cen tra tion s  on a 25 

yea r t im e  spacing fo r  spe leothem  ASR (black line) and ASM (red line). W h ils t d iffe rences  in 

th e  a m p litu d e  o f trace  e lem en t change can be observed, th e  t im in g  o f e lem e n ta l peaks 

appears s im ila r th ro u g h o u t th e  records (arrows), ind ica ting  th a t spe le o the m  ASR was 

reco rd in g  changes in trace e lem ents sourced w ith in  th e  veg e ta tio n  zone and tra n s p o rte d  

via a hydro log ica l m echanism  in to  the  cave in th e  same m anne r as ASM.
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Figure 6.5 shows that even with a ±2 00  year error, the ASR speleothem chronology 

accurately replicates periods of maximum trace elem ent incorporation from  speleothem  

ASM, based on the ASM StalAge chronology with a lower ±6 0  year dating error. As P, Zn, Y 

and M n are known to be hydrologically delivered to  speleothem growth sites (Borsato et al., 

2007) the similarity in the trace elem ent stacks suggests that speleothem ASR grew, albeit 

very slowly during the mid Holocene and accurately replicated the record o f the much faster 

growing ASM sample. ASR is therefore used as a source of palaeoclimate inform ation fo r this 

period in the rem ainder of the thesis.

However, due to  the slow growth rate of speleothem ASR, the low er resolution stable 

isotope records from  this speleothem, lack the detail of those from  ASM. There is also a 

possibility th at 5180  and 513C of ASR are more influenced by slow carbonate deposition rates 

and dry cave conditions than trace elements. The stable isotope records from  ASR must 

th ere fore  be treated w ith caution during the mid Holocene.
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6.3 Oxygen Isotope Profiles

The tw o  chronologies presented in Section 6.2 are used to develop the stable isotope 

profiles for speleothems ASR and ASM (Figure 6.6). Sample spacing was 100 pm fo r the 156 

mm long ASR sample; whilst the ASM record which grew more rapidly was sampled at 300  

pm fo r the first 195 mm and then at 500 pm resolution for the remaining 121.5 mm. The 

lowest resolution sections of either speleothem equate to  one sample every 55 years and at 

highest resolution one sample every 2 years. W hen combined, the tw o  oxygen isotope 

profiles comprise over 2150 oxygen isotope analyses.

Three distinct phases of oxygen isotope change can be observed in the speleothem  records 

(Figure 6.6), being especially evident in ASR. Firstly, from  the Younger Dryas (YD) to  8700  

years BP; this phase is denoted by decreasing oxygen isotope values, w ith lowest values (-6.2 

%o) occurring at 8500 years BP. The second growth phase (7000 to 4800 BP) is denoted by a 

rapid and unprecedented transition to  higher values (-4.3 %o) and much slower growth rates 

in ASR. This period can be clearly identified in speleothem ASR by both a change in colour 

and crystal morphology. Under such slow growth, only a low resolution oxygen isotope 

record can be developed. Therefore, during this mid Flolocene period, the faster growing 

speleothem  ASM offers a higher resolution record of palaeorainfall change than speleothem  

ASR, as explained in Section 6.2.1. Whilst ASM also exhibits an increase in isotopic values 

during this second development stage, from an isotopic low around 6000 years BP, the mid 

Flolocene oxygen isotope records from the tw o speleothems do not show a high level of 

replication. This is possibly due to the observed change in speleothem  ASR's growth  

dynamics and crystal structure. The third growth phase shows ASR and ASM records 

continuing from 4800 BP until the ASR record ends at 250 years BP, periods of possible 

isotopic co-variation are highlighted in Figure 6.6 (black dashed lines). The very top  of 

speleothem  ASR is thought to have been damaged during collection, removing the top 250  

years of carbonate deposition. This damage explains why this speleothem  which is known to  

actively deposit calcite under modern conditions does not replicate the ASM record fo r the  

last 250 years.
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6 .3 .1  T im eseries Analysis o f Oxygen Isotope Records

T im e  series analys is  o f  th e  ASR 0  iso to p e  reco rd  was u n d e rta k e n  a t Lancaste r U n iv e rs ity  by 

Dr. W lo d e k  Tych using a m u lt i fre q u e n c y  D ynam ic  H a rm on ic  Regression (DHR) m o d e l and th e  

M ATLAB C apta ins to o lb o x  (T ay lo r e t al., 2007 ); fu r th e r  in fo rm a tio n  a b o u t th is  te c h n iq u e  is 

p re s e n te d  by Y oung e t al., (1999) and Tych e t al., (2002). The ASR oxygen is o to p e  re co rd  

e x h ib its  tw o  d is tin c t m ille n n ia l scale cycles, sup e rim p o se d  upon  a de c rea s ing  and th e n  

in c re a s in g  tre n d  c o m p o n e n t (F igure 6 .7 ). The f irs t  cycle o rig in a te s  d u r in g  th e  YD p e rio d  and 

e x te n d s , w ith  decreas ing  d o m in a n ce  in to  th e  ea rly  H o locene  (12 .5  -  10 ka), w ith  an 

a m p litu d e  o f  1350 years. The d o m in a n c e  o f  th e  second cycle ( fre q u e n c y  o f  1575 years) 

ap p e a rs  d u r in g  th e  la te  - m id  H o locene  t ra n s it io n  and ex te n d s  to  m o d e rn  day (F igure  6 .8 ). In 

c o m b in a t io n  the se  tw o  m od e ls  exp la in  th re e  q u a rte rs  o f  th e  da ta  va rian ce  o v e r th e  ac tive  

p e rio d s  (YD, ea rly  and la te  H o locene ); w h ils t  any s ing le  cycle m o d e l o n ly  exp la ins  up to  50 % 

o f  th e  o b se rve d  da ta  variance .

Dual period model R 2= 0 .55383 Seasonal component norm: 202.4335

lull model 
data
tre n d  c o m p o n e n t

-4.6

-5.2

-5.4 -
O

CO

' c c  * 5 . 6  -

- 6.2

-6.4 10000 12000 1400080006000

Years
40002000

Figure  6.7 : The ASR oxygen iso to p e  reco rd  (green circ les) a lon gs id e  cycles w h ic h  have 

been  id e n tif ie d  using a m u lti fre q u e n c y  DHR m od e l. For ASR th is  m o d e l is co m p ris e d  o f 

tw o  cyc les w h ic h  best describe  th is  da ta sho w n  as a b lue line . The DHR m o d e l describes  

th re e  q u a rte rs  o f  th e  va riance  obse rved  w ith in  th e  da ta  se t. The o v e ra rc h in g  t re n d  o f  

th is  da ta  is described  by th e  red line . M o d e llin g  was n o t a t te m p te d  d u r in g  th e  m id  

H o lo ce n e  because o f  th e  large iso to p ic  excu rs ion  ca. 5.5 ka w h ic h  un ba la n ce d  th e  da ta  

se t.
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F igure 6.8 : A m p litu d e  vs. t im e  p lo t o f  th e  ASR oxygen is o to p e  re co rd . The tw o  p a rt m o d e l 

w h ic h  bes t describes th e  iso to p e  da ta  se t is d isp layed  as tw o  d is tin c t cyc lica l c o m p o n e n ts  

on e  w ith  a 1350 ye a r fre q u e n c y  (b lue  line ), th e  o th e r  w ith  a 1575 ye a r fre q u e n c y  (green 

line ). The d o m in a n c e  o f  th e  1350 ye a r cycle is rep laced  a ro u n d  95 00  yea rs  BP, w ith  th e  

lo n g e r 1575 y e a r cycle p re d o m in a tin g  u n til th e  m o d e rn  day. A ga in , m o d e llin g  was n o t 

a t te m p te d  d u r in g  th e  m id  H o locene  because o f  th e  la rge is o to p ic  e xcu rs io n  ca. 5 .5 ka.

The id e n tif ic a t io n  o f  tw o  d is tin c t, re p e a tin g  and in te ra c tin g  m ille n n ia l scale cycles w ith in  th e  

ASR s p e le o th e m  da ta  se t suggests th e  oxygen iso to pe  p ro file s  o f  the se  s p e le o th e m s  are 

g o v e rn e d  by a re c u rr in g  e n v iro n m e n ta l p h e n o m e n o n  e x te rn a l to  th e  cave e n v iro n m e n t;  th is  

th e o ry  is d iscussed in m o re  d e ta il in C h ap te r 7.

The p re v io u s  sec tio n  has d e m o n s tra te d  th a t  th e  ASR s p e le o th e m  oxygen  iso to p e  reco rd  

spans th e  H o locene  and th a t  w ith in  th is  reco rd  cycles o f  oxygen  is o to p e  v a r ia t io n  are 

o b s e rv e d  w ith  tw o  d is tin c t p e rio d ic itie s , one  o f  1350 years d u rin g  th e  YD t im e  p e rio d  -  la te  

H o lo ce n e  tra n s it io n  and one  o f  1575 years fro m  th e  ea rly  H o loce ne  to  m o d e rn  day 

(e x c lu d in g  a sec tio n  b e tw e e n  7800  - 4 0 00  years). D u ring  th e  m id  H o loce ne  w h e n  a s lo w d o w n  

in g ro w th  in th e  lo n g e r ASR s p e le o th e m  reco rd  p re ve n ts  any h igh re s o lu tio n  c lim a te  

re c o n s tru c tio n , sp e le o th e m  ASM o ffe rs  a m o re  ra p id ly  d e p o s itin g , c o m p le te  re co rd  w h ic h  

can be used to  in te rp re t  th is  p e rio d . W h a t m ay have caused such a d iffe re n c e  in s p e le o th e m  

d e p o s it io n  ra tes  b e tw e e n  ASR and ASM d u rin g  th e  m id  H o locene  is u n k n o w n . H o w e ve r, th is  

p e r io d  is ch a ra c te rise d  by h ig h e r s p e le o th e m  6 180 , w h ich  in d ica te s  s ig n if ic a n t a r id ity  as seen 

e ls e w h e re  in n o r th e rn  Spain (S to ll e t al., 2013), it  is th e re fo re  poss ib le  th a t  h igh leve ls  o f  

ka rs t d ry in g  caused th e  re -ro u tin g  o f  a q u ife r  w a te r  aw ay fro m  s p e le o th e m  ASR, causing a 

re d u c t io n  in d r ip  ra tes and e x tre m e ly  s lo w  s p e le o th e m  d e p o s itio n  d u r in g  th is  p e rio d .
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6.4 Carbon Isotope Profiles

S peleo them  carbon isotopic analysis was undertaken in conjunction w ith  th e  analysis o f 

oxygen isotopes, th e re fo re  th e  sampling resolution and frequency o f carbon isotopes are the  

sam e as described fo r oxygen isotope profiles. Figure 6.9 presents th e  carbon isotope  

profiles from  speleothem s ASR and ASM and highlights th e  d iffe ren t periods discussed 

below .

These carbon isotope profiles overlap throughout the last 7 9 00  years and w hilst they  

d em o n stra te  little  high resolution co-variance, sim ilar trends can be distinguished. During  

th e  earliest part o f the record only displayed in ASR (12 .5  -  8 .0  ka), carbon isotopes show  

gradually  decreasing values until a low  at approxim ately 8 ka. A lthough som e fluctuation  is 

observed in th e  early Holocene, values rem ain relatively stable only varying from  the  

observed trend  by ±0 .5  % o. The mid Holocene is characterised (as w ith  th e  oxygen isotopes) 

by a re turn  to  much higher isotopic values in both speleothem  samples. From 5 .8  to  4 .4  ka 

carbon isotope values w ithin ASR increase by 3.3 %o and in ASM by 2.5  % o. This transition  to  

higher values co-insides w ith  th e  dark band in ASR. A rapid and dram atic return  to  low er 

isotopic values is recorded in ASR at th e  end o f this grow th  period w here  isotopic values fall 

by 3 .9  %o in ASR. This fall in isotopic values appears to  be replicated in ASM w here  values fall 

fro m  -7 .6 5  to  -10 .4 8  % o during this period. The late Holocene in both samples is 

characterised by a gradual transition tow ards high isotopic values, w ith  significant, but not 

co-varying carbon isotope fluctuations observed in both samples.

Carbon isotope records from  Asiul cave speleothem s indicate sim ilar isotopic trends w ith o u t 

replicating high resolution changes in isotopic values. The only period o f obvious consistency  

in th e  high resolution records occurs at ca. 4 7 0 0  BP, w here both records indicate a rapid fall 

in isotopic values. In ASR this phase is associated w ith  an abrupt end to  th e  dark coloured  

calcite w hich is characterised by low grow th rates and distinct crystal fabrics. No such 

d ram atic  reduction in grow th rate or textural change is observed in ASM . Co-variation o f  

carbon isotope trends at the end o f the dark band in ASR indicates th a t although obvious  

physical g row th  changes can be observed w ithin this speleothem , th e  ASR record appears to  

accurately record changes in the chem istry o f incoming drip w aters, allow ing fo r a 

rep lication  o f th e  ASM record.
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6.5 Trace Element Profiles

Relationships between trace elem ent species from each speleothem are assessed to  identify 

periods o f considerable elem ental change or co-variation; w ith  the aim of highlighting 

periods of the Holocene w here trace elements may be of use as palaeoenvironm ental 

indicators (Fairchild and Treble 2009). Trace elements which are strongly coupled in Asiul 

cave waters are also presented, to  test the stability of modern karst w ater trace elem ent 

relationships. Finally, elements which may be expected to  co-vary during variable  

environm ental or karst hydrological conditions, for example M g/Sr and 813C are compared to  

assess periods of karst w ater deficit (M cM illan et al., 2005, Borsato et al., 2007).

Due to  the complexities of trace elem ent relationships, samples ASR and ASM will be 

considered independently fo r this initial stage of trace elem ent analysis. Speleothem  

samples w ere analysed for elements Mg, Sr, Ba, U, P, Zn, Al, V, M n, Fe, Co, Y and Ce; 

although only Sr, Mg, Ba, U and P will be considered in this section. Carbon isotopes and 

trace elem ents appear to  show some co-variation, and are therefore presented together 

(Figures 6.10 and 6.12).

6.5.1 Speleothem ASR

Speleothem  ASR has trace elem ent data between 8000 - 250 years BP and a 613C record 

which spans 12500 - 250 years BP. Obvious co-variations exist between different elements 

throughout this period. Figure 6.10 shows raw 613C and major trace elem ent data sets during 

th e  last 8000 years of the Holocene.

To enable an effective statistical comparison between 613C and trace elem ent data sets, a 

single sample spacing (chronology) is required. An Excel macro program is used to  identify 

trace elem ent concentrations, 613C and 6 180  values at a set 25 year sampling resolution, 

meaning direct correlation comparisons can be undertaken between the trace elem ent and 

isotope data sets at this resolution.

Magnesium values appear to  show high levels of replication of the ASR 613C record w ith peak 

concentrations during the mid Holocene (4800 BP) either related to the variable growth  

dynamics o f ASR or due to a climate related process such as enhanced PCP, a result of 

dryness w ithin the karst zone (Figure 6.10). Fluctuating Mg concentrations during the late 

Holocene often correspond to changes in the 613C record. Strontium concentrations appear 

variable but high (20-40 ppm) during the early -  mid Holocene transition (8000 -  5500 BP), 

at which point a sharp reduction in average Sr concentration can be observed. From 5500 BP
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to  250 BP Sr concentrations vary between 7 and 22 ppm indicating a significant reduction in 

Sr incorporation into speleothem carbonate in the latter part of the Holocene, occurring at 

the same tim e as the change in speleothem ASR texture and colour. The large reduction in Sr 

(and Ba and U) concentration ca. 800 BP is related to  a reduction in Ca concentration in the  

sample. As all o ther elem ent concentrations are calculated in relation to Ca this reduction  

becomes apparent in elements with relatively low initial concentrations (Figure 6.10).

Barium exhibits a very similar architecture as Sr during the late Holocene but has a relatively  

stable concentration between 1 and 6 ppm throughout the record, indicating th at Ba 

incorporation was not influenced by any growth or climate based changes which occurred 

during the mid Holocene. Uranium concentrations remain low throughout the speleothem  

record w ith  a district low during the mid Holocene (6000 -  4000 BP), low U levels during this 

period make the speleothem too difficult to date during this period, leading to  problems 

identifying continuous mid Holocene growth using the StalAge chronology. Phosphorus 

concentrations are relatively stable for the early and late Holocene w ith m ajor increases in P 

incorporation only occurring during the mid Holocene (Figure 6.10). The change in P during 

this period may indicate a change in the vegetation and climate system above the cave site, 

this is discussed in more detail in Section 7. Although these elements may hold im portant 

inform ation about Holocene climate change when assessed in isolation (Treble et al., 2003), 

it is also im portant to  assess the strength of inter elem ent relationships, which can be used 

to  produce more conclusive evidence of m ajor changes to the climate or karst hydrological 

systems (M cM illan  et al., 2005).

To establish the strength of variable inter-elem ent relationships on a tem poral scale, a 

running correlation is perform ed between the 25 year spaced data sets. This moving 

correlation gives an r value (Pearson correlation) for the relationship betw een any tw o  

elem ents over a moving 400 year tim e slice. Figures 6.11a and b show the results o f a 

running (Excel CORREL) Pearson correlation between data sets.
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Figure 6.10: Speleothem ASR trace elem ent and 613C data fo r the tim e period 0 -  8000  

years BP.
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Analysis in Chapter 4 identified relationships between 813C and Sr, M g as well as M n w ith Y in 

cave drip waters feeding speleothem ASR, often driven by changes in karst hydrology. By 

implication, it may be expected that these relationships should be transferred into the  

speleothem  calcite (M cM illan et al., 2005). Figure 6.11a therefore tests for periods of co

variation between these elements within speleothem carbonate; whilst Figure 6.11b  

compares additional trace elem ent relationships observed within the speleothem but not in 

modern drip waters. Relationships within carbonate which are not observed within drip 

w aters may be driven by speleothem growth dynamics (Treble et al., 2003) and the  

preferential uptake of specific elements into the crystal lattice. These 'grow th' effects are 

considered in more detail in Chapter 7, when they offer evidence for climatic or 

environm ental change.

Correlations displayed in Figure 6.11a demonstrate that elem ental relationships which are 

observed to  be annually stable in modern cave drip waters are actually variable when  

preserved within the speleothem record, on a Holocene timescale. Elemental relationships 

regularly change between statistically significant positive and negative r values (Pearson 

corrilation); meaning that whilst modern monitoring gives us a good understanding of the  

modern karst and cave hydrogeochemical system, this system is open to change over longer 

tim e  periods. It must also be considered that elemental relationships observed in drip waters  

may not be directly transferred to speleothem carbonate, due to elem ental partitioning co

efficients (Huang and Fairchild 2001), changes in speleothem growth rate, tem perature  

variations (Roberts et al., 1998) and the incorporation of other elem ents (Fairchild and 

Treble 2009, Boch et al., 2011). Figure 6.11b displays additional trace elem ent relationships 

which are observed exclusively in speleothem carbonate, giving a full picture of trace  

elem ent dynamics in speleothem ASR.
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Figure 6.11a: Running elemental relationships observed in cave drip waters and tested for 

in speleothem ASR carbonate (Spearman correlation). Statistical significance levels are 

shown with blue lines representing a 95% confidence level; calculated using a spearman 

tw o tailed z table, where n-2 = 17 (95% confidence = r o f 0.456 and 99% confidence = r of 

0.528). Grey boxes indicate periods of the Holocene where several sets of elements are 

shown to statistically co-vary; possibly indicating significant changes to the karst 

hydrogeochemical system, driven by climatic change.



Years BP

1000 2000 3000 4000 5000 6000 7000 8000
1

Sr vs. Ba0.5

0

-0.5

1
P vs. U

0.5

0

-0.5

1
U vs. Y

0.5

0

-0.5

■1
1

0.5

0

-0.5
 M g  vs. Ba

Figure 6.11b: Running elemental relationships observed in speleothem ASR carbonate. 

Statistical significance levels (spearman correlation) are the same as Figure 6.10a and 

displayed are by blue lines. Grey boxes indicate periods of the Flolocene w here several 

sets of elements are shown to statistically co-vary or in the case of Sr and Ba show no co

variation which is abnormal in comparison with the rest of the Holocene Sr/ Ba sequence.
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Figures 6.10a and 6.10b are used to identify periods of significant elem ental co-variation or 

change. For speleothem ASR trace elem ent co-variation analysis highlights ca. 6000 -  4600  

and 900  - 500 BP as periods w here numerous elements show statistically significant co

variations and in some cases rapid changes between elem ental relationships. The strong 

elem ental co-variations observed during these periods will be compared w ith changes in 

elem ental concentration in speleothem  ASM, to  assess if these relationships are site 

(speleothem ) specific or a larger scale hydrogeochemical reaction to  some climatic or 

environm ental change. Time periods w here both speleothems indicate significant trace  

elem ent co-variation will be assessed in more detail alongside oxygen isotope records, to  try  

and characterise possible forcing mechanisms for elem ental change and to help characterise 

palaeoenvironm ental changes in northern Spain (Chapter 7).

6.5.2 Speleothem ASM

Speleothem  ASM has trace elem ent data between 6600 and 50 years BP and a 613C and S180  

record which spans 7900 - 0 years BP. Elemental and isotopic co-variations exist throughout 

this period. Figure 6.12 shows raw 613C, 5lsO and major trace elem ent data sets during the  

6600 year trace elem ent record from  this speleothem.

Unlike speleothem ASR, Magnesium concentrations in speleothem ASM show little obvious 

replication of the speleothem 613C record, indicating that over long tim e periods different 

components of the karst and climate system influence these proxies at this speleothem drip 

site. Peak concentrations are recorded 5500 and 2000 BP possibly indicating enhanced karst 

aridity at these times. Barium and Strontium concentrations show similar architecture 

throughout much of the ASM record (this is assessed further in Figure 6.13). Both elements  

show a rise toward higher concentrations at 800 BP and spikes in concentration at 5500 BP. 

Uranium concentrations are similar to those found in speleothem ASR and show a similar 

level of variance, remaining relatively stable up to  0.2 ppm. Phosphorus concentrations 

remain relatively stable at 20 ppm apart from discrete spikes which occur frequently at 5500, 

800 and 100 BP, reaching peak concentrations of over 140 ppm.

Figure 6.13 uses the same smoothing and Excel CORREL trend techniques as presented 

previously (section 6.5.1) to display the inter-elem ent relationships and periods of significant 

co-variation fo r speleothem ASM. As less drip w ater data is available for speleothem ASM, 

Figure 6.13 only shows inter-elem ent relationships observed within speleothem carbonate, 

which may be a function of drip w ater elemental relationships or speleothem growth  

dynamics (Fairchild and Treble 2009).
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As w ith  speleothem  ASR, trace elem ent and isotope relationships in speleothem ASM are 

used to identify periods of the middle and late Holocene w here co-variation between  

elem ents are statistically significant. Trace elem ent co-variations in speleothem ASM identify 

5500 -  5100 BP, 3500 - 3100 BP and 850 - 450 BP as periods o f significant elem ental co

variation. These periods are then compared closely w ith both speleothem 6 180  records; 

allowing Holocene scale climate records from these speleothem  to  be broken down into 

shorter tim e  slices, for more detailed palaeoclimate reconstruction.

The only elem ental relationship which remains stable in both speleothem  deposits during 

most o f th e  Holocene is th at of Sr and Ba. W ithin speleothems ASH (Figure 6.11b) and ASM 

(Figure 6.13), Sr and Ba exhibit a strong positive co-variation throughout th e  Holocene. This 

stability in the Sr/Ba relationship has been previously attributed to  spelertheim growth rate  

dynamics (Treble et al., 2003, Fairchild and Treble 2009). Foir tbiis ireasom,,tbe b reakdow n in 

this Sr/Ba relationship observed in ASR from  6000 -  5100 wiillll a t o  be dismissed iiim Chapter 7, 

to  try and establish why this normally stable, growth rate imdiicalrnig rektikMiship may 

becom e de-coupled during this specific point of the Holocene.

Speleothems ASR and ASM w ere analysed for statistically siigmilicamf oo-wairiiatiions urn trace 

elem ent and stable isotope data. Using a standard sample spacing o f  25 'years and a running 

analysis tim e w indow  of 400 years, variable elem ental relationships through tim e  could be 

deconvolved. Significant elem ental co-variations are observed at d ifferent tim es throughout 

both speleothem  records; however most elements (excluding Sr/Ba) do not display stable 

(e ither positive or negative) relationships. These variable relationships indicate th at whilst 

m odern drip w ater monitoring is essential fo r understanding current hydrogeochemical 

processes, the processes controlling trace elem ent incorporation into speleothem  carbonate 

are susceptive to  changing environmental conditions and speleothem  growth dynamics 

(Fairchild and Treble 2009). Speleothem palaeoclimate proxies must therefore be 

interpreted based upon both known, modern controls over elem ental or isotopic 

composition but also as part o f a w ider understanding of climatic evolution at any given 

tim e. To b etter understand the controls over any single chemical proxy the following section 

compares all the speleothem proxy data from Asiul cave for the Holocene, w ith the aim of 

characterising more generally when changes to  the climate or karst system may have taken  

place. Section 7 develops this by considering other climate archives from northern Spain and 

southern Europe allowing for a re-interpretation of Asiul cave proxies w here appropriate and 

in the light of previously published work on the controls over chemical proxies in 

speleothems.
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6.6 A High Resolution Assessment of Climate Change during
Five Discrete Periods of the Holocene

The following section presents in more detail periods of the Holocene where significant 

changes in oxygen and carbon isotope as well as trace element records have been identified, 

using the analytical techniques presented previously in this chapter. A closer assessment of 

these sections aims to characterise climatic and environmental changes which have shaped 

Northern Iberia through the Holocene.

The time periods presented in the following section are the Younger Dryas period (12.9 -  

11.5 ka), the YD period to Early Holocene transition (11.5 -  8 ka), the Mid-Holocene (7.0 -  

4.6 ka), the Medieval Climate Anomaly (1260 -  760 BP) and the Little Ice Age (510 -  250 BP). 

These periods are identified on the oxygen isotope records from Asiul (Figure 6.14).
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Figure 6.14: Asiul cave speleothem oxygen isotope profiles. Major Holocene events are 

shaded in grey, including the Younger Dryas (YD) The Medieval warm period (MWP) and 

the Little Ice Age (LIA).
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6.6 .1  The Younger Dryas (12.9 - 1 1 .5  ka)

The Younger Dryas period is encapsulated in the oldest section of the ASR speleothem

record. Although major climate and environmental changes are known to  have occurred in 

northern Iberia during the YD, speleothem ASR grows continuously throughout this period 

(Figure 6.15). The oxygen isotope profile indicates a period of high isotopic values

characterised by two peaks at 12.3 and 12.1 ka. After the final peak, isotopic values begin to 

decrease until 11.5 ka. A similar reduction in carbon isotope value is also observed during the 

YD with the highest isotopic values at 12.5 ka and the lowest values at 11.5 ka. No trace 

element data is available from either speleothem fo r this period of the Holocene so 

discussions in Chapter 7.2.1 focus on the stable isotope records from speleothem ASR only.
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Figure 6.15: Speleothem ASR oxygen and carbon isotope profiles during the Younger 

Dryas.
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6.6 .2  YD to Early Holocene Transition (11.5 -  8.0 ka)

The Asiul speleothem record offers a regionally unique high resolution assessment of 

climatic and environmental change during the transition into the early Holocene (Chapter 

7.2.2). This period is one of great global significance as it marks the end of our most recent 

glacial to  interglacial transition. Asiul speleothem records during this period are limited to 

the ASR stable isotope records. Oxygen isotopes show periods of higher (11.0 and 9.5 ka) and 

lower (11.5, 10.25 and 8.5 ka) isotopic values, part of the distinctive isotopic cycling 

discussed previously (Figure 6.16). Carbon isotopic values however, exhibit a trend of 

gradually decreasing values throughout this period reaching minimum levels at 8.6 ka.
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Figure 6.16: Speleothem ASR oxygen and carbon isotope profiles during the Younger 

Dryas to early Holocene transition.
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6.6 .3  M id  Holocene A rid ity (7.0 -  4 .8  ka)

The mid Holocene is one of the most interesting sections of the Asiul speleothem  record, 

w ith significant changes identified in both speleothem trace elem ent and stable isotope 

archives. During this period speleothem ASR exhibits extrem ely slow carbonate deposition 

rates and significant physical changes in the speleothem. Interpretations regarding 

environm ental conditions at this tim e may not therefore be as reliable as the rest of the ASR 

oxygen isotope record, so other proxies and speleothems are considered. Trace elem ent 

concentrations are presented alongside oxygen and carbon isotope records from  both 

speleothems (Figure 6.17).

A rapid increase in stable isotopes can be observed in speleothem ASR from  7 ka w ith values 

remaining high (S180  max = -4.19 % o , 513C max = -6.52 % o )  until 4 .8  ka. These increases in 

stable isotope values, especially the carbon profile are mimicked by the M g/Ca record from  

this speleothem deposit from 5.8 ka (Figure 6.17) and by 0  and C isotope records in 

speleothem  ASM from -5 .5  ka. A fter 4.8 ka stable isotope values from both speleothem (and 

M g/Ca in ASR) fall rapidly within only 200 years, reaching lower values by 4.6  ka. This 

extrem ely rapid reduction in isotopic and Mg/Ca values coincides with the end of the dark 

colouration in speleothem ASR. W hilst the ASR record is characterised by physiological 

changes during this period which may reflect a significant change in carbonate deposition 

dynamics, the strong isotopic co-variation between ASR and ASM (which shows no change in 

growth physiology) indicates that speleothem ASR still accurately incorporated elem ental 

proxies during the mid Holocene; adding confidence to our w ider interpretation of this 

record (Chapter 7).

Alongside changes in stable isotopes, is a significant phase of trace elem ent change in both 

speleothems. From 5.5 to 5.3 ka in speleothem ASM and for a shorter period ca. 5.4 ka in 

speleothem  ASR numerous trace elements concentrations rise, including U, P, Zn and M n. 

This period coincides with a slight dip in Mg/Ca ratio and a plateau in 0  and C isotope 

records from  ASR. Simultaneous trace elem ent changes in both speleothem ASR and ASM 

indicates a change to the hydrogeochemical or environmental system operating throughout 

the cave site and once again indicates that speleothem ASR grew sufficiently during this 

period to  accurately record changes in environmental proxies; regardless of speleothem  

growth dynamics.
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Figure 6.17: Normalised following the protocol of Borsato et al., (2007); 6180, 613C (note 

reverse axis) and trace element data from speleothems ASR and ASM during the period 

7 .0 -4 .5  ka.
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6-6-4 M edieval C lim ate Anom aly and Little Ice Age

The Medieval Climate Anomaly and the Little Ice Age are two of the most well documented 

climatic periods of the late Holocene and are shown to be of interest in the Asiul speleothem 

archives. Stable oxygen isotope records from Asiul speleothem are presented in Figure 6.18 

and again alongside trace element records in Figure 6.19.
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Figure 6.18: Stable oxygen isotope records from speleothems ASR and ASM during the 

last 2000 years of the Holocene. Grey boxes indicate the traditionally agreed tim ing of 

the MCA and LIA throughout Europe. The small dashed box indicates a period where 

isotopic values show a significant reduction, possibly reflecting the true tim ing of the LIA 

or Maunder Minimum in northern Iberia.

Whilst the MCA and LIA are known to be significant periods of climatic change throughout 

Europe, these periods are regularly characterised by a lack of temporal homogeneity across 

proxy archives and both phases are relatively short lived; occurring w ithin only a few 

hundred years in many records. This lack of wide scale agreement as to the tim ing and 

consequence of the MCA and LIA coupled with a dating error of ±200 years fo r the ASR 

chronology and ±60 years for that of ASM means that palaeoclimate reconstruction of the 

MCA and LIA push the boundaries of what is possible using Asiul cave stable isotope 

archives, especially for inter-speleothem comparison. However, Figure 6.18 presents the
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Asiul stable isotope archives and shows, using grey boxes an approxim ate tim ing and 

duration for the MCA and LIA.

6.6.4.1 M edieval Climate Anomaly (1250 - 760 BP)

Rather than recording a major climate event during the traditional MCA, speleothem 6180  

values in the ASM and ASR speleothem records define this as a transitional period, toward  

gradually low er isotopic values. The ASR oxygen isotope record indicates that the MCA  

period begins w ith higher isotopic values, w here ASM suggests that peak values may have 

occurred =200 years earlier (Figure 6.18). Peak oxygen isotope values appear to  correspond 

w ithin dating error to a significant change in several trace elements, which occurs toward the  

end of the MCA, between 1400 and 1200 BP (Figure 6.19). This period is characterised by 

decreasing P and U in speleothem ASR and increases in Ba, Sr and M g/Ca.

A fter the end of the traditional MCA Asiul trace elem ent archives indicate a secondary 

environm ental change before the onset of the LIA (Figure 6.19). During this period ( -8 0 0  -  

600 BP) the ASR record is characterised by decreases in Sr, Ba and U and an increase in P and 

M g/C a, whilst all elements appear to  rise in speleothem ASM. The only elem ent to co-vary in 

both speleothems during this period is P, which increases from comparatively low values at 

825 years BP to peak concentrations in both speleothems 200 years later (ca. 650 BP).

6 .6 A .2  The Little Ice Age (510 - 250  BP)

The LIA period is characterised in both the Asiul oxygen isotope records by increasing 

isotopic values, peaking approximately 250 years BP. Slightly prior to  this isotopic peak is a 

marked, short lived ( -1 5 0  yr) reduction observed only in the higher resolution ASM isotope 

curve, indicated by the dashed grey box in Figure 6.18. This rapid and significant reduction in 

oxygen isotope values and a concurrent but less convincing peak in U concentrations (Figure 

6.19) may accurately reflect the timing and extent of the LIA or M aunder M inim um  in 

northern Spain; reflected by a period of rapid isotopic reduction superimposed upon a 

gradually increasing isotopic curve. It is possible that the lower resolution, slower growing 

ASR record does not capture this marked return to lower isotopic values.
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trace element archives are also identified.
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Section 6.5 has presented stable isotope and trace elem ent profiles from tw o  speleothems  

from  Asiul Cave for im portant tim e slices of the Holocene. These tim e intervals w ere selected 

due to  significant changes to  either speleothem isotopic or trace elem ent profiles; w ith the  

aim of better characterising climate and environmental change in northern Iberia during the  

Holocene. The following chapter acts as a discussion for the data sets presented here; first 

considering the identified Holocene tim e intervals and comparing these to  previously 

identified regional climatic variations and then considering the speleothem oxygen isotope 

records as archives of hemispheric scale variations in moisture delivery.
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7. ASIUL CAVE SPELEOTHEMS: ARCHIVES OF LOCAL
AND GLOBAL CLIMATE CHANGES THROUGHOUT THE 
HOLOCENE

7.1 Introduction

Asiul speleothem deposits have been shown (Chapter 6) to record high resolution changes in 

carbonate chemical composition, throughout the Holocene period. The observed changes in 

speleothem  chemistry are a direct result of fluctuations within the climate, karst or cave 

systems and can therefore act as proxies for these systems. However, any palaeoclimate 

interpretation from these speleothem deposits requires a modern day understanding of 

carbonate chemical proxies. This introductory section briefly reviews our modern  

understanding of the Asiul cave system (Chapters 4 and 5) to  enable the accurate 

interpretation of ancient speleothem chemistry.

7 .1 .1  Oxygen Isotopes

Cave and climate monitoring in M atienzo identifies a specific set o f controls over the oxygen 

isotope composition of modern cave drip waters and therefore modern speleothem  

deposits. During 2011, 80 % of rainfall originated from the North Atlantic Ocean, clearly 

identifying this region as an almost unidirectional, seasonally invariant source of moisture for 

M atienzo. Changes in the oxygen isotopic composition of rainfall are shown instead to  be 

driven by a strong regional "amount" effect. This effect is caused by intense rainfall events 

which originate from the upper atmosphere, where w ater vapour undergoes numerous 

cycles o f condensation and evaporation (Dansgaard 1964). These processes cause the  

isotopic makeup o f this w ater to  fractionate, becoming increasingly negative in value with  

continued rainfall. During intense storms, w ater sourced in the upper atm osphere gives 

resultant rainfall a more negative isotopic signature (Dansgaard 1964, Lachniet 2009). 

Seasonal monitoring identifies w inter rainfall as the dom inant source of karst and cave w ater  

recharge, due to  high evapotranspiration rates and lower rainfall volumes during the  

sum m er. Karst waters above Asiul Cave are therefore thought to  accurately encapsulate a

w in te r rainfall oxygen isotope signature, which varies dependent upon the am ount of

rainfall.

Flow routing within the karst system above Asiul has been shown to  cause w ater mixing over 

an annual scale, meaning speleothem drip waters reflect a bulk w in ter isotopic signature fo r  

th e  preceding year; independent of the tim e of drip w ater collection. Carbonate deposition
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appears to  occur w ith a degree of disequilibrium that is constant w ith other cave sites, 

meaning speleothems from  this cave site are thought to  accurately reflect the oxygen 

isotope value of the drip waters from which they form . Speleothem oxygen isotope records 

from  Asiul cave are therefore interpreted as showing variations in the precipitation am ount 

effect (Figure 4.5) in w ater that penetrates into the karst system, manly comprised o f w in ter 

rainfall (Figure 4.2), this rainfall is in turn driven by changes in the North Atlantic Ocean.

Under this regime, increases in speleothem 5180  are associated w ith reductions in rainfall 

intensity and drier conditions, whilst lower 8lsO values indicate enhanced w in ter rainfall and 

w e tte r conditions.

7.1.2 Trace Elements

M odern drip w ater trace elem ent data indicates tw o interesting processes occurring at the  

cave site. Firstly, the impact of calcite - w ater interaction, which causes strong co-variations 

betw een M g/Ca and Sr/Ca (Sinclair 2011). Periods of w ater deficit are reflected as an 

increase in Sr and Mg in ratio to Ca. This intensification of Mg and Sr is expected during 

periods o f reduced w ater flow  where processes of calcite -  w ater interaction cause the  

preferential uptake of Ca into precipitates, leaving Sr and Mg enriched in the drip waters 

collected in the cave environment (Fairchild et al., 2006b). W here drip w ater enrichments in 

M g/C a and Sr/Ca are preserved in speleothem deposits, these relationships can be used as a 

tracer fo r c a lc ite -w a te r  interactions and karst dryness, throughout the Holocene (Sinclair et 

al., 2012). Secondly, more minor elements including Y and Mn are known to peak in Asiul 

cave drip waters during the summer season. Measured enrichments in these elements 

during periods of monthly w ater deficit indicate that at this site, occasional sum m er rainfall 

events must flow  directly through into the cave; transporting M n and Y to  speleothem drip 

sites. M n and Y have previously been identified as proxies of a productive soil zone and 

enhanced breakdown of soil organic m atter during the summ er (Baldini et al., 2012), and 

may therefore offer just such a proxy in Asiul speleothem archives.

7.1.3 Carbon Isotopes

Unlike the stable oxygen isotope records which are a direct proxy of external climate change, 

modern drip w ater carbon isotope data indicates a within karst driver for changes in the  

isotopic composition of waters reaching the speleothem drip site. Speleothem drip waters  

reflect a carbon isotopic value which has been modified from  its source in the soil zone, 

w here it is influenced by vegetation and soil respiration. M odern cave drip waters however,
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appear depleted in 12C from  expected equilibrium partitioning values (Clarke and Fritz 1997). 

Cave drip waters enriched in 13C indicate either, closed system karst dissolution (M cD erm ott

2004), w ithin karst PCP or lower cave air pC02 conditions which causes rapid C 02 degassing. 

Although none of these processes could be definitively characterised as the cause of 

apparent 13C enrichm ent in cave drip waters, trace elem ent data indicates calcite -  w ater  

interaction (possibly PCP) within the karst. PCP concentrates 13C in solution and may 

therefore be the cause of high 813C values measured in Asiul drip waters. For this reason, 

speleothem  S13C values are thought to  reflect variable rates of PCP and therefore karst 

dryness, and only offer a secondary record of changes in vegetation makeup or productivity.

The following discussion of palaeoclimate and environmental change in northern Iberia 

focuses on discrete tim e intervals during the Holocene. These intervals are identified in 

Chapter 6 as periods of the Holocene within which significant variations in stable isotope or 

trace elem ent records can be identified. The Asiul speleothem records are discussed in 

relation to other local and regional climate archives to  build a high resolution picture of 

climatic variation and environmental evolution. The Asiul Cave records are shown to  

considerably add to our current knowledge of northern Iberian climate change through the  

Holocene.

In addition to  understanding local changes during the Holocene, the Asiul speleothem  

oxygen isotope archives have the capacity to  aid our interpretation of global climate systems 

and th e ir forcing mechanisms. Close coupling of the ASR speleothem oxygen isotope archive 

and records of North Atlantic Ocean tem perature (Bond et al., 1997, Bond et al., 2001) is 

identified and linked through an atmospheric mechanism. These speleothem records offer 

comprehensive evidence of Holocene scale linkages between global atm ospheric and 

oceanic systems and add to  a growing body of literature which aims to explain millennial 

scale shifts in the global climate system.
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7.2 Holocene Palaeoenvironmental Reconstruction

This section considers stable isotope and trace elem ent data from Asiul speleothems as 

proxies of climatic and environmental change throughout discrete tim e periods during the  

Holocene. This assessment of local climate change is im portant both to understand and 

in terpret the wealth of archaeological archives which are found in the Cantabrian region of 

northern Spain (Straus 2011). Understanding regional environmental and climatic change 

may help to  unravel when and why large cultural upheavals took place in this region.

W here  possible, data sets from  both speleothems (ASR and ASM) are considered fo r each 

tim e  period. Cross speleothem analysis is undertaken for a num ber of reasons: firstly, to  

identify if changes to the isotopic and trace elem ent systems are speleothem specific or 

homogenous throughout the karst; secondly to robustly characterise the hydrogeochemical 

system in the cave and karst at any given tim e period and thirdly, to  interpret the  

environm ental conditions which may have driven changes in the trace elem ent and stable 

isotope systems. The tim e intervals which will be considered in the following sections are the  

Younger Dryas period (12.9 -  11.5 ka), the YD period to Early Holocene transition (11.5 -  8 

ka), th e  Mid-Holocene (7.0 -  4.6 ka), the Medieval Climate Anomaly (1260 -  760 BP) and the  

Little Ice Age ( 5 1 0 -2 5 0  BP).

7 .2 .1  The Younger Dryas Period (12.9 - 1 1 .5  ka)

Throughout the Northern Hemisphere the YD event represents the most dram atic return to  

cold conditions experienced since deglaciation began, at the end of the last glacial maximum  

(LGM = 21 ka) (McManus et al., 2004, Anderson et al., 2007). This period of rapid cooling is 

thought to  have been driven by a massive influx of cold fresh w ater into the North Atlantic 

Ocean, which interrupted ocean and atmospheric circulation patterns (Alley 2000, Broecker 

et al., 2010). Many proxy records from Europe show reductions in rainfall, occurring 

simultaneously w ith decreases in tem perature; a direct result of atmospheric restructuring 

(Anderson et al., 2007). In northern Spain, rainfall records are often contradictory (Carrion et 

al., 2010). Some records indicate significant cooling and drying (M oreno et al., 2010, M oreno  

et al., 2011a, Yanes et al., 2012), whilst others show the YD as a relatively cold but humid 

period (Straus 2011); w hat does remain clear from all records is that the YD was 

characterised by significant changes in vegetation type (Allen et al., 1996, Sobrino et al.,

2005). Abrupt decreases in arboreal pollen percentages are observed as forest cover 

declined throughout northern Spain and a return to open shrubland communities was 

comm on (Garcia et al., 2002, Straus 2011).
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Unlike many other regional records, speleothem ASR enables a high resolution appraisal of 

moisture delivery and karst aquifer conditions throughout the YD period (Figure 6.14). 

Oxygen isotopes show tw o episodes of peak dryness at 12.3 and 12.1 ka, reflecting serious 

regional aridity; the only section of the Asiul record which indicates higher levels o f aridity is 

th e  mid Holocene. Oxygen isotope values during these periods are best considered as a 

representing a minimum level of dryness, as extreme cold conditions may have acted to  

drive oxygen values to  more negative values, partially obscuring the am ount effect. 

However, arid conditions rapidly subside and rainfall levels increase throughout the  

rem ainder o f the YD period, w ith relatively high levels of w inter rainfall by 11.5 ka. Carbon 

isotopic values demonstrate a sharp reduction in 813C values from 12.5 ka, reaching a peak 

low at approximately 11.5 ka (Figure 6.14). This decrease in carbon isotopic values indicates 

a reduction of calcite -  w ater interaction within the karst overlying Asiul, suggestive of 

w e tte r karst conditions and a reduction in karst air space; correlating well w ith oxygen 

isotope records of enhanced moisture delivery toward the end of the YD period.

Asiul speleothem records therefore indicate that rather than being characterised as a single 

m ajor event, the YD is best viewed as a transitional period; from initial dryness at the  

beginning of the speleothem record to relatively humid conditions by 11.5 ka. Increases in 

effective w in ter rainfall am ount may have been driven by a gradual, southerly shift in the  

Atlantic W esterly Jet, which is believed to have occurred during the YD period; enhancing 

southern European rainfall delivery (Magny and Begeot 2004).

Alongside climatic change, m ajor cultural upheavals w ere occurring in the region around the  

tim ing o f the YD period. The transition from Magdalenian to  Azilian cultural complexes is 

thought to  have occurred towards the end of the Allerpd warm period (=14 - 1 3  ka) (Straus 

and Morales 2012). This cultural change is characterised by a decline in lithic and osseous 

artefacts, thought to  be linked to a reduced dependence on hunting game and the start of 

very simple cultivation activities (Barbaza 2011, Straus 2011). Climatic change during the YD 

appears to  have had little impact upon these newly dominant Azilian cultures, and no 

evidence of a return to Magdalenian (cultural complex which dominated during the last 

glacial) belief systems is found in the region (Barbaza 2011, Bicho et al., 2011). 

Archaeological evidence therefore indicates that human populations w ere robust enough to  

endure the YD in northern Iberia; probably because the YD did not, at least in this region, 

represent a m ajor reversal to  glacial like conditions and therefore a significant problem for 

th e  continued development of human populations (Straus 2011, Bicho et al., 2011).
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7 .2 .2  YD to  Early Holocene Transition (11.5 -  8 .0 ka)

One of the most im portant sections of the Holocene is the return to favourable (warm and 

w et) conditions after the YD (M oreno et al 2011a). In northern Spain, this period is marked 

by a return to  dominance of pre YD vegetation species, including the increase of deciduous 

forests (Allen et al., 1996, Magny et al., 2002, Anton et al., 2006, Kaal et al., 2011). However, 

records o f lake level rise from NE Spain offer contradictory evidence for the timing of 

increases in moisture delivery. Several lake cores indicate a rapid increase in moisture 

availability originating at the term ination o f the YD (Perez-Obiol and Julia 1994, Gonzalez- 

Samperiz et al., 2006, Davis and Stevenson 2007), whilst cores from  Lake Estanya point 

towards a delayed atmospheric response, w here lake levels remain low until 9.4 ka 

(M orellon et al., 2009). These inconsistencies can be attributed to  differences in local basin 

dynamics and the influence of summ er tem peratures (M orellon et al., 2009). The low 

resolution and often inconsistent records of moisture availability from lake cores means that 

th e  production of high resolution, reliable proxy records is fundam ental for understanding 

centennial and even millennial scale changes to  moisture delivery during this period. For this 

reason cave speleothem archives are becoming ever more popular, especially from northern  

Spain w here these archives are numerous.

Speleothem growth rate records from across northern Spain have identified this period (9 - 6 

ka), as the Holocene's speleothem growth optimum (Stoll et al., 2013). Increases in 

speleothem  growth rate indicate climatic amelioration, associated in this case w ith an 

increase in moisture delivery. Rainfall increases w ere at times so severe that cave archives 

from  Cueva M ajor are interrupted during this period due to extrem e flood events within the  

cave (Martinez-Pillado et al., 2014). Although the early Holocene is identified as a period of 

enhanced humidity by these speleothem records, only a limited understanding as to the  

exact tim ing and relative scale of this change can be drawn from records of speleothem  

growth rate.

W here other regional records are at times patchy or inconsistent (Perez-Obiol and Julia 1994, 

Gonzalez-Samperiz et al., 2006, Morellon et al., 2009, Stoll et al., 2013), the Asiul cave record 

offers a high resolution archive of w inter moisture delivery to northern Spain during the  

entire YD to  early Holocene transition (Figure 6.15).

The Asiul speleothem record indicates a return to higher oxygen and carbon isotope values 

afte r the end of the YD (11 ka), indicating a significant reduction in moisture availability; 

possibly linked to the delayed onset (ca. 9.4 ka) of humid conditions identified by M orellon
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et al., (2009) in Lake Estanya. The high resolution Asiul speleothem sequence indicates that 

drier early Holocene conditions occur as tw o discrete events, the first at 11 and the second 

9.5  ka (also seen by Jalut et al., 2000) split by a return to w et conditions at 10.25 ka. These 

reductions in moisture delivery represent part o f the millennial cycle of moisture availability 

preserved within this record and it is possible that other regional records lack the resolution 

to  accurately portray drying as tw o discrete events.

These tw o periods of drying observed in the Asiul speleothem are not always recorded in 

o ther regional archives of moisture availability; most of which indicate increases in rainfall in 

th e  early Holocene (Gonzalez-Samperiz et al., 2008, Perez-Obiol et al., 2010, Hobig et al.,

2012). W hilst drying events are observed in the high resolution Asiul record, the overall 

trend  fo r this period is one of decreasing oxygen and carbon isotopic values. Reductions in 

speleothem  5180  from -4.75 (11 ka) to  -6.27 %o (8.5 ka) occur w ithin 2500 years, representing  

one o f the most dramatic increases in moisture availability throughout the Asiul record. 

Carbon isotopic values are also seen to decrease steadily throughout this period, indicating 

an increase in aquifer w ater storage and possible enhancements in vegetation productivity. 

Stable isotope values identify 8.5 ka as the wettest section of the Holocene, agreeing with  

local in lake levels and speleothem growth archives (Morellon et al., 2009, Stoll et al., 2013).

One significant absence from the Asiul speleothem archive during the early Holocene is any 

evidence of a major return to dry conditions around 8.2 ka. The "8.2 ka event" represents a 

significant Holocene climate event throughout Europe (Alley et al., 1997), linked to  a large 

outburst of cold fresh w ater into the North Atlantic Ocean, in a similar manner to  the YD 

(Barber et al., 1999). Evidence of the 8.2 ka event is once again contradictory within northern  

Spanish proxy records, mainly due to the often broken nature of regional pollen records or 

poor proxy chronologies at this tim e (Allen et al., 1996, Sobrino et al., 2005, M orellon et al., 

2009). One coherent record of the 8.2 ka event in this region is that from Kaite Cave, this 

speleothem  archive indicates a significant reduction in isotopic values during this event 

(Dominguez-Villar et al., 2009). Whilst the rest of the 5180  record from Kaite Cave is 

interpreted in the same manner as the Asiul isotope record, an archive of precipitation  

am ount; Dominguez-Villar et al., (2009) re-interpret the record around 8.2 ka, suggesting 

th a t low speleothem 5180  values are a result of significant reductions in North Atlantic Ocean 

w a te r isotope values, a result of fresh w ater entering the North Atlantic Ocean. This re

interpretation is undertaken due to relatively low speleothem (LV5) growth rates during the

8.2 ka event and significant reductions in speleothem 5lsO. Dominguez-Villar et al., rule out 

o ther factors which may influence the 5lsO of speleothem carbonate at this tim e, including
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th e  effects of seasonality and changes to the moisture source, leaving only a change in the  

isotopic composition of the North Atlantic as a control over the isotopic composition of 

ra inw ater and therefore speleothem carbonate. Changes in this record indicate that large 

scale variations in the isotopic composition of ocean w ater can overprint sm aller scale 

changes in rainfall isotope composition due to the am ount effect, although the am ount 

effect is thought to still have influenced the 8180  of rainfall during the 8.2 ka event, 

producing the high frequency variability seen in the record (Dominguez-Villar et al., 2009).

The Asiul speleothem record indicates no such reduction in speleothem isotope composition; 

instead the record indicates a cyclical shift in oxygen isotopes toward slightly drier (less 

negative isotope valeus) conditions between 8.5 and 7.3 ka. This positive shift fits w ith  

existing oxygen isotope cycles in the speleothem and does not reflect any major 

"anomalous" 8.2 ka event. It is however, possible that the Asiul speleothem (ASR), records a 

change in the isotopic composition of North Atlantic source waters which is som ewhat 

masked by a transition to dryer conditions at the same tim e. W here the Dominguez-Villar et 

al., (2009) archive used laminar thickness as a proxy for the amount of rainfall during the 8.2 

ka event (allowing for an independent check on rainfall amount) the Asiul moisture record 

can only be assed using the carbonate 5180  value. Under extremely dry conditions such as 

those experienced during the 8.2 ka event (Domingeuz-Villar et al., 2009) it would be 

expected th at the Asiul speleothem would record less negative isotope values. If however, 

th ere  was a synchronous reduction in North Atlantic Ocean w ater S180  this would cause a 

transition to  more negative isotope values in Matienzo rainfall. These tw o processes may 

counteract each other in the Asiul record to produce a muted or almost non-existent 8.2 ka 

event. To confirm this theory however, an independent archive of rainfall am ount would be 

required fo r the Asiul site, which is not currently available.

7 .2 .3  The M id  Holocene (7.0 -  4 .8  ka)

The mid Holocene is the first tim e period of the Holocene w here both Asiul speleothem  

records can be compared, to  produce a combined archive of climatic and environm ental 

change via a range of proxies. This overlap in the records is fundam ental, especially as this 

period o f the Holocene is characterised in speleothem ASR by a change in speleothem colour 

and a reduction in growth rate (Chapters 3 and 6). The mid Holocene is discussed in term s of 

th ree  separate events or trend components.
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7.2.3.1 M id  Holocene Aridity (ca. 5 .5 ka)

M any studies have identified the early - mid Holocene as a period of Climatic Optim um  

(normally associated with hot and humid conditions), not just in Spain but throughout 

Europe and Northern Africa (Magny et al., 2003, Lopez-Merino et al., 2010, M artinez-Pillado  

et al., 2014). This period of climatic amelioration led to the stabilisation o f arboreal and 

mesophytic vegetation communities in northern Spain (Carrion 2002, Carrion et al., 2007) 

and is marked by important changes in human populations. Agricultural practices and forest 

clearances (normally using fire) have been observed from ~7300 years BP and cultivated  

cereal pollen appears around 6700 years BP (Lopez-Merino et al., 2010). It is thought that 

improved climatic conditions during the early — mid Holocene may have triggered the uptake 

of agricultural practices; practices which continued through climatic deteriorations during 

th e  rem ainder of the mid Holocene (Lopez-Merino et al., 2010, Kaal et al., 2011).

As the mid Holocene progressed, intense aridification is recorded in regional lake records, 

(Valero-Garces et al., 2000, Gonzalez-Samperiz et al., 2008) and cave speleothems (Stoll et 

al., 2013, Martinez-Pillado et al., 2014) although the exact timing of aridity is often  

contradictory between records. Global climatic optimum conditions are also thought to  end 

during the mid Holocene ca. 6000 years BP. Changes to atmospheric circulation (M ojtahid et 

al., 2013) and a decline in Northern Hemisphere insolation at this tim e contributed to the  

end o f the tropical period in North Africa (Gasse 2000, Barker et al., 2001, Gasse 2001). This 

phase is linked to a northward migration in westerly trade winds, glacial advances in 

Scandinavia and positive NAO style conditions, which cause significant reductions in 

moisture availability in southern Europe (Mayewski et al., 2004, Davis and Stevenson 2007, 

M ojtahid  et al., 2013).

In contrast to  other climate archives which indicate a rapid change toward dry conditions 

during the mid Holocene, from 6 ka onward (Mayewski et al., 2004, Perez-Sanz et al., 2013); 

the ASR speleothem oxygen isotope record identifies this transition to enhanced aridity as a 

relatively gradual process, starting in northern Iberia at 7 ka and peaking at 4 .8 ka (similar to  

M oreno  et al., 2011a). However, oxygen isotope records from ASM and carbon isotope and 

M g/C a records from ASR indicate that this transition to  drier conditions occurred later 

betw een 6 and 5.5 ka, but still reached peak values at 4.8 ka. Speleothem records are 

th ere fore  slightly contradictory, possibly related to the extreme change in speleothem ASR 

growth rate. During this period of the Holocene the more rapidly growing speleothem ASM
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may prove more reliable. It therefore appears that the change tow ard m ore arid conditions 

in northern Spain occurred at the end of the mid-Holocene climate optim um  at ~6 ka.

Coupled to records of decreasing rainfall from ~6 ka in both speleothems, are significant 

reductions in speleothem ASR Sr concentrations (Figure 7.1) and a change in the normally 

stable Sr/Ba relationship.
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Figure 7.1: ASR Holocene Sr concentration record, showing a significant reduction in Sr 

concentrations during the mid Flolocene period and a short lived recovery in Sr ca. 5300  

BP.

As discussed in Chapter 6, the close coupling of Sr and Ba in Asiul speleothems is thought to  

indicate a growth rate control over these elements (Treble et al., 2003, Fairchild and Treble  

2009). However, other studies have used speleothem Sr concentration as a proxy for drying 

(via PCP) (Fairchild et al., 2000) and under certain conditions as a proxy for vegetation and 

soil productivity (Hellstrom and McColloch 2000, van Beynen et al., 2008). Strong de

coupling of the Sr and Ba relationship in ASR at 5800 BP is thought to be driven by such a 

change in the overlying vegetation system.

Sr records from speleothem ASR indicate a rapid decrease in Sr concentration which may 

indicate a reduction in vegetation productivity from 5700 BP; a result of deteriorating  

environm ental conditions linked to  concurrent reductions in moisture availability. During this 

decrease in Sr concentration (5700 -  5100 BP) a brief return to  higher concentrations is 

observed ca. 5300 BP, indicating a recovery in vegetation growth for a relatively short lived
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period. A fter this recovery, Sr concentrations continue to decrease, establishing a new base 

level (= 20 ppm) and relationship with Ba at 5100 BP.

7 .2 3 .2  5.5 — 5.3 ka — A Short Lived Return to W et Conditions

The second significant event recorded in speleothem trace elem ent records during the mid 

Holocene is a peak in P, Zn, Mn and U concentrations in both speleothems at approximately  

5400 BP, coinciding with the peak like recovery of Sr concentrations discussed previously 

(Figure 6.16). This phase is short lived in the slow growing ASR sample but ASM indicates a 

300 year period (5500 -  5200 BP) of enhanced trace elem ent uptake during the mid 

Holocene.

Increases in P, Sr and Zn all indicate an escalation of organic colloidal transport into the cave 

system. Enhanced colloid transport indicates an improvement in vegetation growth 

conditions and the enhanced breakdown of organic m atter through microbial cycling in the  

soil, and an increase in the effective mobilisation and transport of organic colloids by the  

hydrological regime (Treble et al., 2003, Borsato et al., 2007, Fairchild et al., 2010, Hartland 

et al., 2011, Baldini et al., 2012, Hartland et al., 2012). Both production and mobilisation of 

colloids requires an increase in moisture delivery to  promote vegetation and soil productivity 

as well as effective colloidal flushing (Borsato et al., 2007). Whilst no definite increase in 

w in ter rainfall am ount is indicated by either speleothem 8l80  record, speleothem ASR's 

oxygen, carbon and Mg/Ca records all appear to  plateau or decrease slightly just after 5400  

years BP (Figure 6.16). The lack of clear evidence for a return to w et conditions in the stable 

oxygen records may be due to  the courser resolution of sampling, in relation to  the trace 

elem ent analysis. However, a combination of stable isotope and trace elem ent records 

during this period offers strong evidence for a short lived, but significant return to  less arid 

conditions; increasing karst aquifer storage and vegetation productivity between 5.5 and 5.3 

ka.

7.2 .3 .3 An End o f M id  Holocene Aridity a t 4.8  ka

At the end of this mid Holocene period is an extremely rapid decrease in stable isotope and 

M g/C a records from both speleothem archives (Figure 6.16). This reduction in stable isotopic 

and M g/Ca values indicates a rapid increase in moisture availability within 200 years, and a 

greater retention of karst aquifer waters, indicated by a reduction of 513C values indicative of 

w ithin karst calcite-water interactions. This rapid change in moisture availability is possibly 

related to a concurrent change in atmospheric moisture delivery patterns, resulting from  a
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positive to negative NAO transition, recorded by Olsen et al., (2012). This 200 year phase 

represents the most dramatic change in isotopic values recorded in the ASR speleothem 

record and coincides with a change in speleothem ASR's colour and growth rate.

7-2-4 Medieval Climate Anomaly and Little Ice Age

The medieval climate anomaly (MCA) and little ice age (LIA) are well-documented global 

climatic events. The MCA is importantly the most recent period of pre-industrial climatic 

warming and as such offers an ideal time period for comparison with modern global climate 

change (Trouet et al., 2009, Diaz et al., 2011). The LIA is one of the most major returns to 

cold conditions observed during the Holocene.

7.2.4.1 The M edieval Climate Anomaly (1250 - 760 BP)

Lake records from NE Iberia show a general trend towards wetter conditions from 1200 

years BP. These records however, display a major interruption of this wetting trend between 

1000 -  750 BP, linked to intense aridification and the MCA (Morellon et al., 2009, Morellon 

et al., 2012). Recent work by Trouet et al., (2009) and Mojtahid et al., (2013) suggests that 

reductions in moisture seen in palaeoclimate archives from throughout Iberia and southern 

Europe (Gil Garcia et al., 2007, Martin-Puertas et al., 2008, Moreno et al., 2011b, Morellon et 

al., 2012, Perez-Sanz et al., 2013) are driven by stable positive NAO conditions, which 

dominated during the MCA.

Although a generally arid MCA characterises many proxy records from eastern and southern 

Iberia; Moreno et al., (2012) present shallow marine cores from the west coast (Ria de Vigo 

and Ria de Muros), which indicate enhanced moisture delivery (Libreiro et al., 2006, Lopez- 

Merino et al., 2010). These records of enhanced MCA moisture availability coincide with 

peripheral lake records from the NE of Iberia, which indicate the period between 880 -  730 

years BP as wet, with no obvious return to aridity as previously suggested (Riera et al., 2004, 

Morellon et al., 2008). This conflict in palaeoclimatic evidence highlights the requirement for 

the production of more high resolution proxy records, ideally those which have not been 

influenced by human activity.

In Asiul speleothems, the MCA is associated with gradually decreasing 6l80  values; defining 

this as a transitional period, which represents a gradual return to wetter conditions in a 

similar manner to records from Moreno et al., (2012). The ASR speleothem indicates that the 

MCA begins (1250 BP) with heightened aridity, where speleothem ASM suggests that peak 

aridity occurred approximately 200 years earlier (Figures 6.17 and 6.18). The offset between
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the two speleothem records may be a result of chronological error based upon a 200 year 

dating uncertainty in the ASR data set. Both speleothem however, present low oxygen 

isotope values associated with peak wetness between 800 -  600 BP, at the end of the MCA. 

This period is also one of significant change in the speleothem trace element records.

7.2.4.2 W et conditions during the M edieval Climate Anomaly 800  -  600 BP

At the end of the traditional MCA speleothems ASR and ASM exhibits significant P increases 

(Figure 6.18), occurring concurrently to heightened rainfall amounts indicated in the oxygen 

isotope records. Phosphorus was not measured within Asiul cave drip waters, but previous 

studies have identified P as a potentially important palaeoclimate indicator (Fairchild et al., 

2001, Treble et al., 2003, Borsato et al., 2007, Baldini et al., 2012). Unlike many elements 

which are sourced within the karst zone, P concentration is controlled by changes in the soil 

nutrient cycle (Treble et al., 2003, Baldini et al., 2012) and the efficiency of organic colloid 

transport (Borsato et al., 2007, Hartland and Fairchild 2012); therefore offering a detailed 

proxy for vegetation change.

The fact that increases in P are observed in both speleothem records between 800 and 600 

years BP indicates that a single forcing mechanism controls P concentration during this time 

period. For P to be actively released from the soil zone, vegetation decay and effective 

organic colloid transport are both required (Borsato et al., 2007, Baldini et al., 2012), 

resulting in a positive covariation between P and moisture availability (Treble et al., 2003). 

Increased P in both Asiul records therefore indicates higher rainfall levels, enhanced 

vegetation productivity and the leaching of organic colloids from the soil zone (Baldini et al.,

2012). Speleothem P records indicate that between 800 and 600 BP the Matienzo valley 

experienced high levels of vegetation productivity and wetter conditions, in agreement with 

the Sl80  archive.

Whilst the Asiul records agree with some Iberian data sets (Riera et al., 2004, Morellon et al., 

2008), there is obvious disparity with many others (Morellon et al., 2012, Perez-Sanz et al.,

2013), indicating that distinctly different moisture regimes were operating throughout Iberia 

during the MCA. Moreno et al., (2012) hypothesises that the northern and western coasts of 

Spain may receive enhanced moisture delivery under positive NAO conditions, such as those 

believed to dominate during the MCA (Trouet et al., 2009). Under positive NAO phase central 

and southern Iberia receive reductions in moisture availability; explaining spatial differences 

between moisture archives. As will be discussed in subsequent sections, the Asiul 

speleothem records dispute this idea for the majority of the Holocene sequence. It is
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however, possible that a weak or fluctuating NAO conditions would enhance moisture 

delivery to northern regions of Iberia and leave central and southern areas with a higher 

moisture deficit. Further atmospheric modelling and the production of more well dated high 

resolution proxy records may be the only way to resolve exactly how climate varied 

throughout Iberia during the MCA.

7 .2 A .3  The Little Ice Age (510  - 250  BP)

In a similar manner to the MCA the LIA record preserved in the Asiul speleothems does not 

appear to completely agree with all other local records. Many local and European archives 

indicate that stable wet conditions characterise the LIA in southern Europe, driven by either 

a negative phase NAO or a reduction in Atlantic overturning (Dezileau et al., 2011, 

Palastanga et al., 2011, Moreno et al., 2012).

In contrast, the Asiul records suggest a transition to enhanced aridity, originating from a 

humid peak between the MCA and LIA at approximately 800 years BP. Asiul speleothem 

records of the LIA agree closely with records from southern Spain and the Mediterranean, 

which indicate peak humidity before the LIA (750 -  600 years BP); although the cause of 

enhanced moisture delivery remains unclear (Lamb 1977, Gil et al., 2006). From 650 years BP 

drying is observed in southern Spanish and Mediterranean records (Lamb et al., 1999, 

Martin-Puertas et al., 2008), as well as those from Asiul.

During the transition toward arid conditions at the height of the LIA, the higher resolution 

ASM speleothem record indicates a significant return to wet conditions (480 -360 years BP), 

seen slightly later (350 years BP) in southern Spain by Martin-Puertas et al., (2008). It may be 

that this short lived dramatic change in atmospheric conditions truly reflects the extent of 

the "wet" LIA or indeed the Maunder Minimum (ca. 360 BP) in northern Iberia, possibly 

driven by a rapid fluctuation in dominant NAO phase (Shindell et al., 2001).

Using data presented in Chapter 6 stable isotope and trace element records from Asiul 

speleothems have been reviewed over discrete Holocene time intervals and compared to 

other existing climate archives. These records identify periods of palaeomoisture and 

vegetation change, both of which are fundamental in regulating environmental and human 

evolution in the region. Whilst during the early Holocene, Asiul speleothems replicate and 

often improve upon existing archives of climatic change, records from the late Holocene 

appear at times to be slightly decoupled from other local climate archives. This decoupling 

either indicates spatially variable moisture delivery in N. Iberia during the late Holocene or is
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more likely a function of the speleothem dating error and the difficulty of high resolution 

analysis of short lived events such as the MCA and LIA. Regardless, the Asiul speleothem 

records represent an important addition to our understanding of Iberian climate and 

environmental change; constraining Holocene climatic variation at a higher resolution than 

has previously been achieved.

The following section of discussion will focus on the mechanisms which force changes in 

moisture delivery to northern Spain and will consider in detail the cyclical nature of Asiul 

speleothem oxygen isotope records. These archives show a strong interconnection with 

existing oceanic and atmospheric records and preserve a now well-established =1500 year 

Holocene climate cycle (Bond et al., 1997). Asiul speleothem archives are finally used to help 

establish how oceanic and atmospheric records can become so closely interconnected, 

offering a possible atmospheric forcing mechanism for changes in North Atlantic Ocean 

temperatures throughout the Holocene.
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7*3 Speleothem Records of Holocene Rainfall Intensity

Whilst Asiul speleothem archives have presented unique insights into regional 

environmental and climatic change, their long duration oxygen isotope records (Figure 6.5) 

also offer an opportunity to assess the role of global climate systems in controlling moisture 

delivery to southern Europe. As discussed in previous sections, Asiul speleothems preserve 

archives of winter rainfall amount through the incorporation of an oxygen isotope signature 

from cave drip waters (Chapter 4).

Speleothem 6180  exhibits a series of distinct palaeo winter rainfall minima and maxima, 

which exhibit millennial scale cycles and are strongly coupled to records of North Atlantic 

Ocean temperature (Bond et al., 1997, Bond et al., 2001) (Figure 7.2).

During the YD - Flolocene transition, speleothem oxygen isotope minima and maxima occur 

with a cycle length of 1350 years; the length of this cycle extends during the early Flolocene, 

remaining at 1575 years until the modern day (Figure 6.7); within dating error of frequencies 

observed by Clemens (2005), 1190 and 1667 years. Closely coupled ocean and atmospheric 

cycles, show that millennial scale variations in northern Iberian moisture delivery and North 

Atlantic Ocean temperatures must be paced by the same components of the global climate 

system. To understand how an ocean temperature record from the North Atlantic and an 

atmospheric record of moisture delivery in northern Iberia become coupled, the modern 

controls over Iberian winter rainfall are considered.
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Figure 7.2: Asiul speleothem oxygen isotope profiles alongside records of North Atlantic 

drift ice index (IRD %) from Bond et al., (1997). Numbers refer to "Bond Events" and 

speleothem ASR and the Bond record show peaks which are within dating error of the 

speleothem samples, ASR ±200 years, ASM dating error is = ±60 years.
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7.3.1 Modern Day Controls on Winter Storm Activity

Under modern conditions, the frequency and intensity of winter storms over northern Iberia 

is driven by the latitudinal position of westerly storm tracks, which bring moisture from the 

North Atlantic Ocean to continental Europe (Hurrell et al., 2001). The positioning of these 

westerly storm tracks are in turn determined by an atmospheric pressure dipole, which 

exists between Tropical (centred on the Azores) and Polar Regions (centred over Iceland). 

This pressure differential is known as the North Atlantic Oscillation (NAO), which can be 

described as being in positive or negative phase (Figure 7.3a and b) (Hurrell 2003, Hurrell and 

Deser 2009).

Positive phases occur during periods of high pressure over the Azores and low pressure 

centred over Iceland; westerly winds are driven northwards, creating warm wet winters in 

the north of Europe and dry cold winters in the south (Figure 7.3a). In contrast, negative 

phases occur when weak pressure systems develop over each dipole; westerly winds weaken 

and move south, resulting in southern Europe receiving a greater number of winter storms 

(Figure 7.3b).
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Figure 7.3a and b: Positioning of westerly, moisture bearing air masses over Europe 
during positive and negative phases NAO conditions.

Although the NAO controls modern rainfall delivery throughout Europe, this dipole is 

annually sensitive and can change phase on monthly scales. Records such as those from Asiul 

cannot resolve these sub-annual variations in the isotopic signature of rainfall, mainly due to 

water homogenisation within the karst but also because of slow growth rates found in 

speleothem deposits from this cave. Even though sub-annual changes in the NAO cannot be 

resolved, millennial scale cycles in speleothem oxygen isotopes must be derived from a 

change in the atmospheric system, which delivers Iberia's moisture. The following section 

presents several climate records, including that from Asiul and explains cycles in these 

archives as a product of a fluctuating, millennial scale NAO cycle.

7.3.2 A Holocene Record of the North Atlantic Oscillation

Oxygen isotope cycles in Asiul speleothems indicate that atmospheric conditions over 

northern Iberia are controlled by a millennial scale cycle. Persistent NAO style atmospheric 

phases have previously been observed over millennial scales during the Holocene (Olsen et 

al., 2012, Fletcher et al., 2013, Mojtahid et al., 2013); meaning annual fluctuations currently 

observed in the modern NAO may in fact be a high resolution harmonic, superimposed upon 

a longer millennial cycle. It is this long duration NAO cycle, which drives the positioning of
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westerly storm bearing winds (Olsen et al., 2012) and causes the system to develop a 

predominately negative or positive phase; ultimately controlling moisture delivery 

throughout Europe (Fletcher et al., 2013). Figure 7.4 presents the Asiul speleothem record 

alongside other long duration Holocene scale archives, which preserve climate changes 

believed to be related to a Holocene NAO style system (Fletcher et al., 2013).

Figure 7.4 demonstrates, through the coalition of numerous proxy records, the ability of 

NAO style atmospheric restructuring to influence climate throughout Europe (Fletcher et al., 

2013). These proxies have been combined by Fletcher et al., (2013) showing archives of NAO 

controlled climatic change. Within northern dipole regions, positive NAO conditions (7.4 

graph f) drive enhanced rainfall, a northerly transport of Atlantic W ater inflow and increases 

in ice rafted debris (IRD) in the North Atlantic (7.4 grey boxes in graphs e, d and b); whilst in 

southern dipole regions, positive NAO conditions are related to forest decline and enhanced 

aridification in the Mediterranean as well as drier conditions at the Asiul cave site (7.4 grey 

boxes in graphs g, h and a).

Whilst the NAO is shown to have varying regional impacts dependent upon the location of 

the proxy records; Figure 7.4 also shows a strong millennial scale NAO cycle, manifest in all 

the proxy records during the mid - late Holocene ( 8 - 0  ka). However, all records of the NAO 

(except that of Asiul) fail to identify this millennial cycle during the early Holocene and the 

YD time period (12.5 -  8 ka). The Asiul speleothem archive therefore extends our record of 

the NAO record back into the YD period (12.5 ka). Whilst doing so the Asiul record also 

shows how changing NAO style atmospheric conditions are strongly coupled with changes in 

IRD and therefore the SST temperature of the North Atlantic Ocean (Figure 7.4).
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Figure 7.4: (a) Asiul cave ASR oxygen isotope record, (b) Stacked Bond et al.; (1997) IRD 

record, (c) NAO indices from the Bay of Biscay (Mojtahid et al., 2013). (d) Concentrations 

of coccolith species G e p h y r o c a p s a  m u e l l e r a e  in marine core MD95-2011 (Giraudeau et 

al., 2010). (e) Winter precipitation reconstruction, %  of present value in Norway (Bjune et 

al., 2005). (f) Inferred 1750 year oscillation of westerly wind flow from the MD95-2043 
pollen record, (g) MD95-2043 temperate and Mediterranean forest record, (h) Western 

Mediterranean aridification events (Fletcher et al., 2013).
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The Asiul speleothem oxygen isotope records appear to be driven by changes in the NAO. 

Under positive phase conditions northern Iberia and the Mediterranean experiences 

enhanced aridity, associated with a northerly migration in westerly moisture bearing air 

masses; whilst regions in the north of Europe are dominated by enhanced storm activity. 

Under negative conditions, southern Europe experiences enhanced rainfall, reflected as 

decreases in oxygen isotopes in the Asiul records. The following sections will focus on using 

the Asiul oxygen isotope records to try and establish firstly, why there is such a strong 

coupling of the NAO and North Atlantic Ocean temperatures over Holocene time scales; and 

secondly to establish why the Asiul record is able to extend archives of the NAO into the YD 

when other archives fail to do so.
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Ocean -  Atmosphere Coupling on Millennial Timescales

The strong millennial scale coupling of the Asiul NAO moisture record and the North Atlantic 

Ocean temperature records of Bond et al., (1997), indicates a possible cause and effect 

relationship between the atmosphere and ocean systems. Interactions between these two 

major components of the climate system are however, complex and in many cases poorly 

understood. For that reason it is possible to see two distinct pathways for tight coupling 

between the ocean and atmospheric systems. Firstly, an ocean temperature control over 

moisture availability, NAO phase and therefore prevailing storm direction (Czaja and 

Frankignoul 2002, Rosqvist et al., 2007, Sorrel et al., 2012). Secondly an atmospheric control 

over ocean circulation patterns and therefore ocean temperatures (Curry and McCartney 

2001, Marshall et al., 2001, Giraudeau et al., 2004, Giraudeau et al., 2010, Fletcher et al.,

2013). Using the Asiul speleothem NAO record and the North Atlantic IRD records of Bond et 

al., (1997) we attempt to offer an explanation as to why there appears to be a strong ocean -  

atmosphere interconnection throughout most of the Holocene.

7.4.1 A Possible Oceanic Control

Oceanic control over atmospheric systems is driven by changes in ocean surface 

temperature, salinity (Thornalley et al., 2009) and modes of circulation (Sorrel et al., 2012). 

However, the exact mechanisms by which a change in SST would drive NAO style 

atmospheric restructuring are still unclear on Holocene timescales. Currently, the majority of 

studies focus on annual to multi-decadal NAO /  SST analysis, within the instrumental 

timeframe (Rodwell et al., 1999, Czaja and Frankingnoul 2002, Peng et al., 2003). General 

circulation models (GCM's) identify local precipitation, evaporation, wind stress and 

atmospheric-heating processes to be the major factors which may link sea surface and 

atmospheric conditions (Rodwell et al., 1999). Under modern conditions Czaja and 

Frankingnoul (2002) suggest the development of a North Atlantic Ocean SST tri-pole may be 

linked to positive NAO conditions, whilst negative NAO phases are possibly triggered by 

tropical SST warming (20°S - 20°N) (Czaja and Frankingnoul 2002).

However, if on Holocene timescales the NAO is controlled by changes in the North Atlantic 

Ocean (specifically temperature) then we would expect to observe two components within 

the Asiul NAO moisture record. Firstly, the preservation of the ~1500 year cycle in ocean 

temperature record by Bond et al., (1997); which is observed in Asiul speleothems. The 

second component should show evidence of significant fresh water outbursts into the North 

Atlantic, which are known to have changed oceanic temperature and should therefore cause
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a change in moisture delivery, recorded in the Asiul speleothem oxygen isotope record. Asiul 

speleothems fail to record any evidence of significant climatic or atmospheric change 

(outside of that expected from millennial cycles in moisture delivery) during the Holocene 

freshwater outburst events, including the YD and 8.2 ka climate events (Mayewski et al., 

2004).

The fact that Asiul speleothems do not identify any Holocene fresh water outburst events 

indicates that the record is not primarily influenced by oceanic conditions, but instead is 

controlled independently by atmospheric circulation patterns, under NAO style conditions. 

This finding implies that millennial cycles in the NAO may control both the Asiul speleothem 

record and changes in IRD in the western Nordic Sea (Bond et al., 1997). The following 

section explores a mechanism which can explain an NAO driven atmospheric control over 

ocean circulation, and therefore explain the strong coupling of the atmospheric Asiul record 

and the ocean temperature records of Bond et al., (1997).

7.4.2 An Atmospheric Control

Recent work undertaken by Giraudeau et al., (2010) in the northern North Atlantic, suggests 

increases in northern storm activity (Sorrel et al., 2012) and drift ice in the western parts of 

the Nordic Sea are driven by positive style NAO atmospheric conditions (Jennings et al., 

2002, Moros et al., 2004, Dylmer et al., 2013). Intense westerly winds over the northern 

North Atlantic act to increase the depth of the ocean mixed layer and strengthen the Sub- 

Polar Gyre (SPG), causing a southward shift in the Sub-Polar Front (SF) and a strengthening of 

the North Atlantic Current (NAC) (Moros et al., 2004, Solignac et al., 2006, Sarafanov et al., 

2010, Staines-Urias et al., 2013). An increase in northerly Atlantic Water (AW) flow in 

response to changing SPG and SF positioning, forces a concurrent convective outflow 

(southerly) of ice-baring polar waters into the Greenland and western Nordic Seas and a 

general cooling of the eastern North Atlantic (Moros et al., 2004, Giraudeau et al., 2010, 

Staines-Urias et al., 2013).

The Asiul speleothem record offers an excellent NAO dipole record to those presented by 

Giraudeau et al., (2010) (Figure 7.5). Under positive phase NAO conditions, heightened AW 

flow, storm conditions and drift ice are observed in the western Nordic Sea and northern 

North Atlantic Ocean (O'Brien et al., 1995, Bond et al., 1997, Moros et al., 2004, Bjune et al., 

2005, Turney et al., 2005) where the Asiul speleothem records show increased aridity, similar 

to other Mediterranean (Fletcher et al., 2013), southern European and North African records 

(Lamb et al., 1999, Bout-Roumazeilles et al., 2007). Unlike many other Holocene archives,
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Asiul speleothems directly record changes in westerly wind positioning (NAO phase), and 

therefore become closely coupled with changes in oceanic SST conditions, which are driven 

by the same atmospheric process (Turney et al., 2005).

Such a top down" NAO style atmospheric control over North Atlantic SSTs would firstly 

explain the strong coupling of these systems throughout the Holocene and secondly why 

Asiul speleothems record no evidence melt water outburst events from Lake Agassiz (Clarke 

et al., 2001, Teller et al., 2002, Dormoy et al., 2009). Whilst outburst events influence North 

Atlantic Ocean circulation and in some regions atmospheric circulation, the Asiul records 

indicate that they should be considered as a product of general Holocene climate warming; 

semi-independent from Holocene climate cycles which are controlled by NAO style 

atmospheric conditions.

This represents a significant finding. Numerous previous records have identified each of, ora  

combination of solar (Bond et al., 2001), oceanic (deMenocal et al., 2000, Thornalley et al., 

2009, Sorrel et al., 2012) and atmospheric (Shindell et al., 2001, Hu et al., 2003) changes, as 

the driving force for Holocene climate cycles. However, until the production of the Asiul 

record it has been almost impossible to distinguish whether the global oceans or atmosphere 

drives this -1 5 0 0  year Holocene climate cycle (Hu et al., 2003). The Asiul speleothem directly 

identify large, millennial scale cyclical changes in the atmosphere, as the driving force behind 

Holocene climate cycles in both oceanic and atmospheric proxies. The Asiul record indicates 

that cyclical changes in the latitudinal positioning of westerly moisture bearing air masses 

occurs with distinct periodicities of 1350 and 1575 years through the Holocene (Fletcher et 

al., 2013). The strong secondary relationship the speleothem record exhibits with ocean 

cooling indicates that atmospheric cycles, have dictated the timing of North Atlantic Ocean 

cooling events (Giraudeau et al., 2010).
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Figure 7.5: Comparison of the ASR speleothem oxygen isotope record (c) with North 

Atlantic Ocean and atmosphere proxy records, (a) Sea salt sodium flux over central 

Greenland (O'Brian et al., 2005). (b) Smoothed and detrended flow record of AW into the 

Nordic Seas (Giraudeau et al., 2010). Decoupling of North Atlantic ice core and ocean 

core records can be observed before 8 ka due to the existence of the Laurentide Ice shelf 

(dashed vertical black line).
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7*4*3 Extending the NAO Record through the Holocene

Whilst existing archives of the NAO exhibit millennial scale cycles throughout the mid to late 

Holocene (Giraudeau et al., 2010, Fletcher et al., 2013), none of these records extend into 

the early Holocene or YD periods (Giraudeau et al., 2010). This absence in existing records 

has been interpreted to represent a complete absence of any millennial scale NAO-style 

signal before 8 ka (Figure 7.5). Figure 7.5 shows the timing of NAO development in two 

northern climate records which are both linked to the NAO. Under positive NAO phases 

enhanced westerly wind flow over the Nordic Sea and Greenland acts to simultaneously 

enhance rainfall levels (Figure 7.5 graph a) and cause an increase in Atlantic water inflow 

(due to wind stress on the ocean surface) (Figure 7.5 graph b). These two climate records 

exhibit a millennial cyclicity in the NAO from approximately 8 ka to the modern day; 

however, before 8 ka no such coupling in these records exist (Figure 7.5 dashed line), 

indicating that NAO style conditions did not develop in extreme northern regions until 8 ka.

The lack of NAO development before 8 ka has been attributed to the existence of the 

Laurentide ice sheet which caused a southward shift in the westerly atmospheric jet stream 

(Carlson et al., 2008) and interrupted the positioning of westerly storm tracks over Europe 

(Giraudeau et al., 2010, Fletcher et al., 2013). However, such a southerly shift in the jet 

stream may actually mean that proxy records from the current northern NAO dipoles are not 

ideally positioned to record the NAO during the YD period to early Holocene transition 

(Giraudeau et al., 2010).

The Asiul speleothem record which is situated in a mid-latitude location appears not to be as 

influenced by the existence of the Laurentide Ice shelf, continuing to record changes in both 

NAO style atmospheric conditions and associated oceanic cooling. Both northerly (Giraudeau 

et al., 2010) and southerly (Fletcher et al., 2013) palaeo NAO records indicate that the 

approx. 1500 year cycle only developed after the breakup of the Laurentide Ice shelf; with a 

shorter 900 year (possibly solar) cycle leading changes in moisture during the early Holocene. 

However, the Asiul record only records a 200 year difference between the timing of NAO 

driven cycles in precipitation delivery between the early and late Holocene, suggesting a 

relatively stable control over moisture availability.

The lack of evidence for NAO forcing during the early Holocene in current day NAO dipole 

proxies and the stable NAO signal in the Asiul speleothem record, indicates a significant 

latitudinal contraction in the NAO during the early Holocene and YD (Figure 7.6).
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The Asiul speleothem record therefore demonstrates the first complete YD to modern day 

record of NAO style atmospheric conditions and the resultant coupling with oceanic 

temperature. These speleothem archives extend our understanding of both ocean cooling 

processes and NAO style atmospheric conditions into the YD; unaffected by deglaciation 

processes which interfere with proxy records in modern day NAO dipole regions.

EARLY HOLOCENE NAO

GREENLAND

Current Westerly 

wind tracks
NAO+

Possible position of early 

Holocene wind tracks
EUROPE

NAO-

NORTH
ATLANTIC

AFRICA
OCEAN

Figure 7.6: Possible positioning of westerly winds under positive and negative NAO style 

conditions during the YD and early Holocene (black arrows), in comparison with current 

positioning for NAO storm track trajectories (grey arrows). The Asiul Cave site records an 

accurate southern dipole record of NAO conditions under both styles of NAO positioning.

Asiul speleothem archives preserve a Holocene to YD duration record of NAO conditions. 

Positive NAO phases cause an increase in storminess in the northern north Atlantic, which in 

turn forces a change in oceanic circulation patterns and enhances the delivery of IRD to the 

western Nordic Sea (Giraudeau et al., 2010). The Asiul dipole archive records positive NAO 

conditions as an increase in aridity. Under negative NAO conditions westerly storm tracks 

migrate southwards, enhancing moisture delivery to northern Iberia. The Asiul NAO record 

extends beyond existing archives of the NAO into the YD, possibly related to a latitudinal 

contraction of NAO style atmospheric conditions away from current dipole regions, driven by 

the existence of the Laurentide ice shelf (Giraudeau et al., 2010). Asiul speleothems 

therefore offer a hemispherically important archive, of both the NAO and oceanic circulation

from the YD to the modern day.
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7.5 Summary

Asiul speleothem deposits, through the analysis of stable isotopes and trace elements have 

been shown to accurately preserve variations in winter moisture delivery to northern Iberia 

throughout the Holocene. Precipitation for this region is sourced from the North Atlantic 

Ocean and is known under modern conditions to be strongly controlled by hemispheric scale 

atmospheric processes, namely the NAO. Asiul speleothem deposits offer perhaps the best 

long duration, high resolution and accurately dated archive of changes in moisture delivery 

to this region. Speleothem oxygen isotopes exhibit two distinct millennial scale cycles (1350 

and 1575 years) of moisture delivery, approximately reflecting other Holocene archives of 

the NAO.

Where other proxies, sourced from modern day NAO dipole regions suggest the NAO to be a 

phenomena existing only since the breakup of the Laurentide ice shelf; Asiul speleothems 

indicate that NAO style atmospheric cycles have persisted from the YD to modern day. 

Records sourced from modern day NAO dipole regions may have been affected by the 

existence of the Laurentide Ice shelf, which is known to have caused westerly winds to 

contract southward, retarding the formation of a European-wide NAO style atmospheric 

system. It is possible that a latitudinal contraction of the NAO occurred during the early 

Holocene, and that the NAO only regulated moisture delivery in the mid-latitudes. The 

discovery of a stable early Holocene atmospheric system operating at a frequency of ~ 1350 

years in the Asiul records is regionally important as it indicates that a version of the NAO 

operated throughout Holocene and YD.

Whilst the Asiul speleothem record accurately reflects changes in atmospheric systems and 

moisture delivery regimes to northern Iberia, it also exhibits a strong coupling with North 

Atlantic ice rafting events. This coupling indicates a close atmosphere — ocean relationship 

throughout the Holocene. The lack of evidence for major, ocean sourced climatic events (YD, 

8.2) in the Asiul record indicates that atmospheric processes operate independently from the 

ocean system. Atmosphere - ocean coupling preserved in the Asiul record, therefore 

suggests that NAO style atmospheric conditions have at least partly controlled the timing of 

North Atlantic Ocean cooling events for the duration of the Holocene. Further work is still 

required to extend this archive further, with the aim of understanding atmospheric systems 

during the last de-glacial transition and possibly establishing a timing for the onset of NAO 

control over European climate.
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Whilst preserving archives of major Holocene climate systems, Asiul speleothems have also 

been shown to offer high resolution local environmental and climate archives through the 

analysis of a range of chemical proxies. During the early Holocene, Asiul speleothem archives 

help to improve upon our understanding of regional climate dynamics, corresponding well to 

other local records. During the late Holocene, Asiul records become slightly de-coupled from  

other local palaeoclimate archives, possibly related to errors associated with U/Th dating of 

younger carbonate samples. Regardless of these discrepancies, the Asiul records offer a 

complete Holocene archive of climate and vegetation change which helps to build upon and 

improve existing climate records. In combination, these archives begin to give a clear picture 

of environmental and climatic change in northern Iberia throughout the last 12.5 ka and can 

help to shed light upon the conditions within which human populations developed.
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8.0 PROJECT IMPACTS AND SUGGESTIONS FOR
FURTHER RESEARCH

This final section will act as a conclusion for the thesis; highlighting the major findings from 

cave monitoring and palaeoclimate reconstruction undertaken in Asiul Cave. Within each of 

the major project areas suggestions for further research will be laid out. The inclusion of this 

section aims to spark interest in new research projects surrounding specifically, the Matienzo 

karst depression but also the wider Cantabrian region, which has been shown to house 

globally significant climate records.

8.0.1 The Matienzo Depression

Before the initiation of this project the Matienzo valley had only received a minimal amount 

of research interest, predominantly from geomorphologists and archaeologists. Whilst it was 

widely known that the valley housed thousands of cave systems of varying ages, the 

potential use of this region for cave monitoring studies had to a large extent been 

overlooked. The initiation of climate and cave monitoring in 2010 as part of this project has 

hopefully marked a new era for scientific research within the valley.

Monitoring in Matienzo during the last 4 years has highlighted the importance of climate 

seasonality in this region, both for the preservation of speleothem deposits but also for the 

wider evolution of valley ecology. Like the majority of the northern Iberian coastline, rainfall 

has been shown to be sourced predominately from the North Atlantic Ocean and the 

amount of winter rainfall determined by the modern day North Atlantic Oscillation. More 

locally, calculations of water excess have shown that winter rainfall is critical for the 

recharging of karst aquifers, which are depended upon as a major water source for modern 

day agricultural practices.

Whilst external climate monitoring in Matienzo shows broad similarities with more costal 

research sites, including that of Santander; the valley is known to have a very specific 

microclimate. It is the detailed understanding of this microclimate that is essential to future 

palaeoclimate reconstructions from this region, especially those that aim to characterise the 

most recent periods of our climate history. It is therefore hoped that climate monitoring in 

Matienzo will continue, to help characterise this regionally unique valley and the dynamics of 

its climate.
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8.0.2 Asiul Cave

High-resolution cave monitoring in Asiul has expanded our knowledge of this important cave, 

helped to interpret palaeoclimatic records from speleothem deposits and develop our 

understanding with regards to processes ubiquitous throughout cave sites.

Whilst atmospheric dynamics in Asiul are strongly controlled by seasonal variations in 

external air temperature, seasonal cave ventilation is not obviously recorded within cave air 

CO2 and d13C records. This disparity between traditional techniques for identifying cave 

ventilation is one area that requires further research at this site. Ideally this work would 

continue to develop high resolution temperature and C02 records alongside a multi-annual 

cave air d13C record, to try and more accurately characterise atmospheric end members. As 

the most negative C02 end members currently identified within cave air samples reach 

values as low as -60 %o, it is therefore possible that ground air has a methane component. A 

program of cave and soil air sampling for methane would therefore help to fully characterise 

the cave atmospheric system over a range of temporal scales.

Regardless of the complex atmospherics that are apparent in Asiul, speleothem growth can 

be observed throughout this cave. In-cave carbonate growth experiments indicate that 

speleothem development occurs relatively rapidly after nucleation. Further, high resolution 

(sub-annual) carbonate collection with pre-weighed glass slides may help to define the rate 

and timing of peak speleothem deposition. If expanded to other speleothem drip sites, 

modern carbonate growth experiments may help to identify ideal speleothems for further 

palaeoclimate reconstructions.

8.0 .2 .1  Controls over Drip W ater EC

One of the most significant findings from the cave monitoring program in Asiul was the 

identification of a high resolution cave air pC02 control over drip water EC at event scales. 

Previously, our understanding of drip water EC indicated that karst water values controlled 

drip water EC and that once water entered the cave chamber EC values remained relatively 

stable. However, high resolution monitoring using a previously untested (within caves) CTD 

Diver probe shows a strong EC and cave air pC02 relationship; where changes in cave air 

pC02 are shown to be the only control necessary to explain changes in measured drip water

EC.
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Whist this cave air pC02 -  EC relationship remained stable, increases in cave air pC02 are 

shown to be controlled by two seasonally variant, drip rate related processes. Under winter 

conditions heightened karst water percolation and an increase in drip water degassing 

causes an increase in cave air pC02 and a delayed increase in measured EC values. Whilst 

during the summer, the flushing of high pC02 soil and karst air in front of percolating water 

causes a concurrent rise in cave air pC02 and drip water EC, before any change in drip rate is 

observed. Whilst in Asiul, such a high resolution coupling may offer little control over the 

chemical makeup or growth of speleothem deposits over Holocene timescales, this 

relationship may be fundamental for understanding speleothem chemistry when assessing 

monthly or event scale carbonate deposition. These findings from Asiul highlight the 

important role that continuous, high resolution monitoring has to play in future cave 

research, both at this site and others.

8.0.3 Holocene Climate Change in Iberia

Speleothem deposits from Asiul cave span the entire Holocene period from the end of the 

YD at 12.5 ka to the modern day. On a regional scale, oxygen isotope archives offer a 

uniquely high resolution record of moisture delivery throughout the Holocene, whilst trace 

element records offer an unprecedented local archive of environmental change. During the 

majority of the Holocene the Asiul speleothem archive agrees closely with other 

palaeoenvironmental records from northern Iberia, often improving upon the current 

resolution of palaeoclimate reconstruction.

However, during specific sections of the Holocene including the 8.2 ka event, the Medieval 

Climate Anomaly and the Little Ice Age there are important disparities between the Asiul 

records and other northern Iberian archives. Although this is not uncommon, with conflict 

between climate records being observed throughout northern Iberia, it is important that all 

climate records are where possible duplicated. Future speleothem extraction from the caves 

of Matienzo may therefore wish to focus attention upon these specific time periods, to 

produce very high resolution proxy records that may begin to explain why we observe a level 

of conflict between regional archives.

Alongside the production of further high resolution Holocene age records, caves within 

Matienzo offer a fantastic opportunity to source much older speleothem deposits. Future 

analysis may wish to focus on extracting speleothem that developed during two important 

periods of human evolution in Iberia. The first, approximately 50 thousand years BP is 

characterised by Neanderthal population extinction; whilst the second period of interest is
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the last glacial maximum (LGM). Speleothem climate records from these time periods could 

work alongside current and future archaeological archives to help explain driving forces 

behind human population change and cultural evolution.

8-0-4 An Extended Record of the North Atlantic Oscillation

Oxygen isotope records from Asiul show significant replication throughout the Holocene, 

lending confidence in our modern interpretation of these archives as palaeo-rainfall amount 

indicators. These speleothem suggest that significant periods of wetting and drying have 

been experienced in this region during the last 12.5 ka, leading to changes in vegetation 

productivity and therefore possible changes in human subsistence. Variations in long term  

moisture availability in northern Iberia is dependent on the direction and intensity of 

westerly storm baring winds from the North Atlantic Ocean, which is in turn controlled by 

the NAO.

Palaeorecords from Asiul cave have shown this NAO system to operate over millennial 

timescales, strongly influencing Holocene winter moisture availability. Unlike many existing 

archives, which indicate the emergence of the NAO at approximately 8 ka, the Asiul record 

indicates that this atmospheric system had already developed by the middle of the VD; 

possibly becoming established prior to this. Our extension of the NAO record using 

speleothems from Asiul may only have been possible due to the central European location of 

the Matienzo valley and its extreme sensitivity to changes in the NAO. Currently most other 

archives of the NAO are sourced from modern dipole regions, which are thought to have 

been influenced by the existence of the Laurentide Ice shelf up until 8 ka. Records from Asiul 

therefore indicate that although NAO style conditions existed through the YD and early 

Holocene there was a possible latitudinal contraction of dipole regions, toward the centre of 

Europe. A major area of future interest would be to extend the Asiul cave records, searching 

for an NAO signal to try and establish when this atmospheric system began to dominate 

European winter climate and how it may have been influenced by periods of climate 

variation, related to glacial conditions.

8.0.5 Millennial Climate Cycles and Their Origins

Whilst Asiul oxygen isotope records act to extend currently existing archives of the NAO they 

also exhibit a strong relationship with cycles of ocean temperature variability, first identified 

by Bond et al., (1997). The connection of atmospherically driven records from Asiul Cave and 

ocean sediment records from the North Atlantic indicates a significant ocean -  atmosphere
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coupling, on millennial scales. One possible explanation developed using the Asiul records 

and an excellent northern dipole record of ocean circulation presented by Giraudeau et al., 

(2010) is an NAO derived, atmospheric control over oceanic circulation patterns. Such a 

control leads to a strong coupling of positive phase NAO and enhanced levels of ice rafted 

debris in ocean sediments. Using the records of Bond et al (1997) and those developed from 

Asiul we can observe this millennial coupling of atmospherics and ocean circulation 

throughout the Holocene.

However, whilst Bond et al., (1997) and numerous others have identified a 1500 ±500 year 

cycle, the Asiul records indicate that millennial variability in the North Atlantic region is more 

precisely controlled by two distinct cycles. The first has a period of 1350 years and is

observed in the YD and early Holocene and the second a period of 1575 years, which

continues to the modern day. The existence of such strong and repeating cycles within 

numerous northern hemisphere archives requires future research both to establish a forcing 

mechanism for these cycles and to understand how they may control future climate change 

in the light of modern anthropogenic influences. We hope that the two distinct cycles

identified in Asiul may help to better characterise Holocene climate change, aiding in our

search for a comprehensive explanation of millennial climate cycles.

8.0.6 Summary

This project has focused upon two distinct areas of scientific scrutiny, cave monitoring and 

palaeoclimate reconstruction. We hope that the project, through this thesis and future 

publications will further our understanding of both areas of research and that conclusions 

drawn here will spark a new interest in research within the Cantabrian region.
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