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Abstract 

 

There is developing interest in cave aerosols due to the increasing awareness of their impacts 

on the cave environment and speleothems. This study presents the first multidisciplinary 

investigation into cave aerosols and their potential contribution to speleothem geochemistry.  

 

Aerosols are shown to be sourced from a variety of external emission processes, and 

transported into cave networks. Both natural (marine sea-spray, terrestrial dust) and 

anthropogenic (e.g. vehicle emissions) aerosol emissions are detected throughout caves. 

Internal cave aerosol production by human disruption has also been shown to be of 

importance in caves open to the public. Aerosols produced from floor sediment suspension 

and release from clothing causes short term high amplitude aerosol suspension events.  

 

Cave aerosol transport, distribution and deposition are highly variable depending on cave 

situation.  Cave morphology, ventilation, and environmental conditions will influence how 

aerosols are distributed through cave networks. Aerosol deposition monitoring in Obir Cave, 

Austria has shown the significance of cave chamber size in aerosol transport, with large open 

chambers presenting higher levels of deposition.  

 

Modern monitoring of suspended aerosol concentrations, CO2 and temperature in Gough’s 

Cave, Cheddar Gorge have presented a strong relationship with cave ventilation processes. 

Temporal variations of aerosol levels have demonstrated the ability of aerosol monitoring to 

record seasonal ventilation shifts, beyond anthropogenic influences. Aerosol minima (based 
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on 24 hours) provide a representation of natural aerosol baseline conditions without diurnal 

anthropogenic influences. Aerosols have shown a quicker recovery to natural background 

levels when compared to CO2 and T, making aerosols a sensitive and effective monitoring 

tool. When used in combination with more established monitoring methods, suspended 

aerosol monitoring is a beneficial addition to cave environmental studies. 

 

Theoretical modelling and calculations based on modern aerosol monitoring have established 

that aerosol contributions are highly variable. In some instances, modern aerosol supply is 

sufficient to account for speleothem geochemistry concentrations entirely. Aerosol 

contributions are of greatest significance under slow growth or hiatus scenarios and high 

aerosol deposition scenarios. Geochemical and stratigraphical analysis of a flowstone core 

from Gibraltar has highlighted the importance of hiatus events for future aerosol studies. 

Hiatus events provide a unique opportunity to investigate the type and amount of aerosol 

deposition and accumulation. Marine aerosol contributions have been quantified in the 

Gibraltar flowstone core and account for 18.5% of speleothem Sr. Sr isotopic analysis has 

confirmed the significance of marine aerosol contributions. Flowstone analysis has also 

demonstrated the ability of speleothems to record shifts in the supply of highly radiogenic 

terrestrial dust.  

 

Bio-aerosol deposits and bacterial colonisation have been identified as a potential source of 

trace element bioaccumulation and flowstone coloration in Yarrangobilly Caves, Australia. 

Bio-aerosols have shown to be deposited throughout cave networks. Inorganic aerosol 

deposition may provide a nutrient supply to cave surfaces allowing for, and sustaining 

microbial colonisation.  
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Chapter 1. Introduction 

 

 

The aim of this thesis is to determine the extent and impact of aerosol deposition 

contributions to speleothem geochemistry. Aerosol transport, introduction, distribution and 

influences on the cave environment and speleothem formation are explored. This chapter is 

used to outline the purpose and content of this investigation. In addition to the material 

introduced here, each chapter included in this thesis presents a separate investigation with a 

case specific background. Here, aerosol and speleothem sciences are introduced to provide a 

background of the main themes used in this multidisciplinary study.  

 

This thesis presents the first combined study of aerosols and speleothem. Therefore, 

supplementary to the background content presented here a synthesis of aerosol-related 

literature is included in Chapter 2: aerosol introduction (Section 1), aerosol investigation 

methodologies (Section 2) and cave aerosol processes (Section 3).  

 

Aerosols are defined as “the suspension of fine solid or liquid particles within a gaseous 

medium”. Aerosols are introduced into the atmosphere through a range of emission processes, 

both natural and anthropogenic, and form as secondary aerosols. The identification of aerosol 

sources is critical in reconstructing emission processes.  
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1.1. Aerosol processes 

 

Aerosols, once suspended into the atmosphere through emission processes, will be carried 

with parcels of air. As these parcels of air travel through the troposphere a multitude of 

aerosol types are incorporated into the air mass.  The distance of aerosol transport is 

determined by the relationship between aerosol size and mass, and weather systems. Figure 

1.1 presents the atmospheric residence times of different aerosols based on their size. By 

determining aerosol types and their associated geographical sources wind trajectories can be 

reconstructed. If the source of aerosols preserved in speleothems can be recognised 

palaeowind directions and source emission processes can be reconstructed (e.g. Goede et al., 

1998).  

 

 

 

Figure 1.1: Principal sources and sinks of atmospheric particles and estimates of their mean 

residence times in the troposphere (Wallace & Hobbs, 2006). Aerosol size distributions for 

organic and inorganic aerosols are also shown in Figure 2.2. 
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The removal of aerosols from air masses occurs as a result of either dry deposition or wet 

deposition. Dry deposition is the process by which atmospheric trace chemicals are 

transferred by air motions to the surface of the Earth (Wesely & Hicks, 2000) and wet 

deposition involves aerosol association with precipitation. The main mechanisms of dry 

depositions are: Brownian diffusion, interception, impaction, sedimentation and rebound 

(Petroff et al., 2008). Few studies have explored aerosols in cave environments. Further 

details on atmospheric and intra-cave deposition processes can be found in Chapter 2 where 

cave aerosol literature is reviewed. This investigation considers aerosol contributions to 

speleothem geochemistry through direct aerosol deposition and over ground surface aerosol 

deposition which is subsequently transported and incorporated in speleothem.  

 

1.1.1. Aerosol sampling 

Surrogate sampling is utilised in this investigation to measure dry deposition of cave aerosols. 

There is no generally accepted method to directly measure or estimate dry deposition (Chu, 

2008). However, it has been established that a smooth horizontal surrogate surface provides a 

lower bound estimate of the dry deposition flux onto a horizontal surface (Sehmel, 1978; 

Holsen et al. 1992). Pumped samples through a filter medium are used to determine 

suspended concentrations of both atmospheric and cave aerosols (e.g. Harrison et al., 2003). 

Further details on the aerosol sampling techniques and methods employed in this investigation 

are shown in Chapter 2, Section 2.2 and in the supplementary material, Section S.1. 

 

1.1.2. Aerosol characterisation 

Aerosols can be characterised and categorised by size, shape and chemistry. Sizes are 

generally grouped to nucleation (~<0.1µm diameter), accumulation (0.1-1µm) and coarse 
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modes (~1µm) (Whitby & Cantrell, 1975). However, aerosol chemical signatures offer the 

best opportunity for the determination of aerosol types and for indentifying their source. 

Inorganic and organic chemistry is used throughout this investigation to reveal insights into 

processes involving aerosol transport, distribution, deposition and incorporation into 

speleothem.  

 

Inorganic analysis 

Inorganic analysis can provide insights into aerosol types and is a well established and 

developed method for the characterisation and source identification of atmospheric aerosols 

(Harrison et al., 2003). Listed below is a summary of an investigation by Viana et al. (2008) 

that showed that studies throughout Europe agree on the identification of four main aerosol 

source types: 

 Vehicular source – C, Fe, Ba, Zn, Cu, Pb 

 Crustal Source – Al, Si, Ca, Fe (Lawrence & Neff (2009) also includes Mg and K) 

 Marine source – Na, Cl, Mg 

 Mixed industrial/ fuel-oil combustion – V, Ni, SO4
2-

 

 Secondary aerosol - SO4
2-

, NO3
-
, NH4

+ 
 

 

Crustal and marine sources and their changes in palaeoenvironments are of primary 

significance to this investigation.  Marine aerosols are produced by the bursting of small air 

bubbles in the foam of breaking waves or “white caps” (Wedyan, 2008). The quantification of 

marine aerosols to speleothem geochemistry has not been previously directly investigated. 

Therefore, Chloride cave drip water concentrations are used in Chapter 3 to determine 

speleothem marine aerosol concentrations in Gibraltar.  
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Terrestrial dust aerosols occur when fine material is lifted from the ground when surface wind 

velocity exceeds a certain threshold wind speed, which is dependent on surface roughness, 

grain size and moisture levels (Engelstaedter et al., 2006). Figure 1.2 presents an example of a 

terrestrial dust transport event which has the potential to influence speleothem geochemistry 

in Gibraltar, the site of investigation in Chapter 4. 

 

 

Figure 1.2: Saharan dust plume, wind entrained as a result of the anticyclone system visible. 

The image was captured by the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) 

(SeaWiFS/Ocean Colour Team) (NASA, 2014). 

 

Isotopic measurements can be used to further constrain the source of aerosols to specific 

continental sources (Chapter 3). Strontium isotope compositions preserve a direct record of 

the 
87

Sr/
86

Sr record composition of cave water and therefore reflect the either direct aerosol 
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deposition to the speleothem or surface deposits. Sr isotope analysis in speleothem studies 

have been used to reconstruct aerosol source supply to cave locations and changing source 

region environments (Goede et al., 1998; Ayalon et al., 1999; Frumkin & Stein, 2004; Li et 

al., 2005; Zhou et al., 2009b). The lack of knowledge regarding the extent of terrestrial and 

marine aerosol incorporation, either through direct aerosol deposition or by external 

deposition and solution transport led to the theoretical modelling in Chapter 2. Additionally, 

speleothem marine and terrestrial aerosol incorporation aspects are investigated in Chapter 3.  

 

Organic analysis 

Polycyclic aromatic hydrocarbons (PAH) are the main component of organic analysis used in 

aerosol monitoring throughout this investigation. PAHs are widely spread organic compounds 

generated from the incomplete combustion of organic material (Terzi & Samara, 2005). PAHs 

are ubiquitous pollutants (Kehrwald et al., 2010a) of global significance since they can be 

transported over global distances by wind systems (Gabrieli et al., 2010). PAHs can therefore 

provide a record of changing combustion through time. Previous studies have produced PAH 

records from soils (Zou et al., 2010), surface sediments (Perrette et al., 2008), riverine and 

marine sediments (Boonyatumanonds et al., 2006), snow (Sharma & McBean., 2002), ice 

cores (Kawamura et al., 1994) and speleothems (Perrette et al., 2008). PAH concentrations of 

speleothem are investigated further in Chapter 5. Additional organic molecular markers can 

be used for the identification and reconstruction of fire events (reviewed in - Conedera et al., 

2009). Methoxyphenols and levoglucosan have been suggested as potential forest fire 

biomarkers identifiers (Simpson et al., 2004). Charcoal is a signature of biomass burning 

worldwide and its presence in the sedimentary record can shed light on both temporal and 

spatial characteristics of palaeofire regimes (Buckman et al., 2009). Further details of organic 
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aerosol background and analytical methods are presented in the following chapters. The use 

of organic aerosol fire proxies in speleothem to investigate forest fire occurrence has not yet 

been achieved. However, organic analysis of levoglucosan and methoxyphenols is 

successfully utilised for the detection of palaeofires in flowstone samples in Chapter 5.  

 

1.2. Flowstones 

 

Calcareous speleothems are crystalline deposits of calcium carbonate (CaCO3) formed in 

karstic caves as a result of precipitation from dilute aqueous solutions entering the cave 

(Schwarcz, 2007). Speleothems are valuable archives of terrestrial climatic conditions, 

offering numerous advantages over other terrestrial climate proxy recorders such as lake 

sediments and peat cores (McDermott, 2004). The nomenclatural definition of speleothem 

includes all cave carbonate forms, including: stalagmites, stalactites and flowstones. In this 

investigation the analysis of speleothem is limited to selected flowstones. Flowstones are 

more continuous carbonate deposits that accrete beneath thin sheets of water on cave walls 

and floors (Fairchild & Baker, 2012). Flowstones were selected for investigation in Chapters 

4 and 5 of this thesis as they presented several advantages over stalagmites. Due to the nature 

of flowstone growth they often form in much greater quantities when compared to 

stalagmites, offering a far more abundant source for analysis. This is especially of significant 

importance when large samples are required for destructive analysis, such as the organic 

analysis used in Chapter 5. Additionally, flowstones often present variable growth rates and 

complex stratigraphy, this is seen as a disadvantage for palaeoclimate studies. However, 

changing growth rates and calcite forms offers greater insight into aerosol contribution under 

different environmental and growth processes, properties considered beneficial to this study.   
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1.2.1. Flowstone formation  

Figure 1.3 presents the chemical processes involved in the precipitation of flowstone calcite. 

Flowstones generally precipitate at the base of flowing rivulets or streams of water, and 

therefore represent higher mean discharges (during periods of growth) than dripwater supply 

to stalagmites (Fairchild & Baker, 2012). Tooth & Fairchild (2003) present models for 

differing flow pathway types which may control karst water evolution. The models investigate 

the differing flow rates of conduit, fracture and matrix flows and their palaeohydrological 

signals at Crag Cave, Ireland.  

 

Speleothems are composed of calcite formed by slow degassing of CO2 from supersaturated 

groundwater (Richards & Dorale, 2003), the variability of which strongly influences 

flowstone growth rates (Baker & Smart, 2005). The rate of drip water degassing is often 

predominantly controlled by cave air pCO2 (Spötl et al., 2005; Johnson et al., 2006; Banner et 

al., 2007; Baldini et al., 2008; Mattey et al., 2008; 2010). Cave air pCO2 is controlled by the 

exchange of high pCO2 cave air with ‘fresh’ low pCO2 external air, known as cave ventilation 

or cave breathing (Mattey et al., 2008; 2010; Kowalczk & Froelich, 2010; Cuezva et al., 

2011; Frisia et al., 2011; Fairchild & Baker 2012). Consequently, an understanding of how 

caves ventilate with the external atmosphere is critical in reconstructing past environmental 

scenarios from speleothem. Few studies have been conducted to study the relationship 

between cave air circulation and cave aerosol transport (Smith et al., 2013, Chapter 2 - 

Dredge et al., 2013). This research gap is addressed in Chapter 2 and in further detail in 

Chapter 3, which explores how cave ventilation processes relate to cave aerosols in Gough’s 

Cave, Cheddar Gorge.  
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Due to the nature of their growth, flowstones can often show small-scale topography 

reflecting the ponding of surface water (Fairchild & Baker, 2012) consisting of stepped gours 

bordered by rimstones (Hammer et al., 2010). Flowstone growth morphology controls will 

influence the collection of aerosol deposits and must be considered when evaluating aerosol 

contributions. Calcite formation types can offer significant insights into precipitation and 

environmental processes (Frisia et al., 2000; 2010). Changing calcite form and colour are 

explored in Chapters 4 and 5 respectively. Flowstone growth features result in changing 

precipitation processes creating a more complex record, both stratigraphically and 

geochemically. Consequently, flowstones are often viewed as an inferior speleothem source 

for investigation.  

 

In addition to growth-related processes, pre-precipitation processes can influence flowstone 

geochemistry. Calcite precipitation may occur before precipitation at the flowstone sampling 

site; this is known as Prior Calcite Precipitation (PCP). PCP causes changes in flowstone 

geochemistry separate from external environmental derived change, and often results in 

enhanced trace element concentrations in calcite (Fairchild et al., 2000). Karst dissolution and 

discharge residence times can also influence the chemistry of cave drip waters and resultant 

calcite chemistry; further details and example studies are shown in Table 1.1. PCP and 

dissolution processes are identified and quantified using indices derived from trace element 

analysis in Chapter 4, section 4.4.2. 
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Figure 1.3: Speleothem formation processes. Illustration of processes relating to the formation 

of speleothem and flowstones: rainfall, percolation, dissolution, degassing and precipitation. 
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1.2.2. Flowstone geochronology 

Uranium–thorium (
238

U-
230

Th) is a radiometric dating technique commonly used to determine 

the age of carbonate materials such as speleothem and coral (Richards & Dorale, 2003; Zhao 

et al., 2009a). Chapter 2 models the relationship between speleothem growth and aerosol 

incorporation rates, quantifying potential aerosol contributions to speleothem geochemistry at 

different growth rates. 

 

Speleothem are ideal materials for precise U-series dating, yielding ages in calendar years, 

removing radiocarbon calibration problems associated with most other continental records 

(McDermott, 2004). However, the increased stratigraphic intricacies associated with 

flowstone growth requires high resolution dating of high precision to identify changing 

growth rates and constrain hiatus events (which may be short lived). Furthermore, the higher 

discharge rates associated with flowstone growth often results in increased colloidal material 

transport and calcite incorporation containing increased levels of detrital Th (
230

Th). U-series 

dating requires a correction for the initial Th using 
232

Th as an indicator for 
230

Th content, 

which introduces increased errors into the dating process (correction methods reviewed in 

Hellstrom, 2006).  

 

1.2.3. Flowstone (speleothem) palaeoenvironmental proxies 

It is possible to reconstruct past environments once a sample age model has been established. 

A range of geochemical palaeoenvironmental proxies are recruited in speleothem studies to 

provide insights into specific environmental processes. A summary of proxies, associated 

environmental conditions, method limitations and previous studies are presented in Table 1.1. 

A range of proxies are used in order to reconstruct past environments in Chapters 4 and 5. 
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Proxy 

Environmental 

Condition/ 

Process 

Limitations/Conditions Studies 

δ18O 

  

 

δ18O of rainfall 

Carbonate must be precipitated under equilibrium conditions to reconstruct 

conditions. Resolution dependent on discharge path. Generally mean annual 

rainfall.  

Fleitmann et al., 2004; McDermott et 

al., 1999; McDermott et al., 2011 

Ventilation 

controlled isotopic 

fractionation.  

Under low cave pCO2 conditions, rapid degassing can result in fractionation. 

May present seasonality in δ18O associated with seasonal ventilation. 

Mattey et al., 2008; 2010; Johnson et 

al., 2006. 

Amount effect 
Lower δ18O values associated with wetter years due to significant 

precipitation. 

Bar–Matthews et al. 1996; Treble et 

al., 2005. 

Rayleigh 

fractionation 

Fractionation effects occurring as a consequence of increasing latitude, 

altitude (decreasing temperatures) and distance from source resulting in 

lowering of δ18O.  

McDermott et al., 2011 

(overlaps with palaeotemperature 

work) 

Palaeo-temperature 

There have been several attempts to calibrate speleothem δ18O to provide a 

temperature record. However, due to the complexity of the isotopic system 

this has proved difficult.  

Gascoyne et al., 1983; Lauritzen & 

Lundberg, 1999; McDermott et al., 

1999 

Surface evaporative 

processes  

Evaporation results in δ18O enrichment through the preferential removal of 

the light 16O isotope.  

Bar-Matthews et al., 1996; 

Denniston et al., 1999 

Monsoon strength. Palaeo-precipitation and summer monsoon strength, lighter δ18O indicating Fleitmann et al., 2003, 2004; Wang 
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stronger summer monsoon and higher rainfall. et al., 2001; Cheng et al., 2009b; 

Zhang et al., 2008 

Glacial/inter-glacial 

transitions. 

Millenial scale climatic variation can manifest in a variety of ways, dependent 

on geographical location. Changing ice volume, thermohaline cycles and 

atmospheric circulations can all influence the distribution and environmental 

fractionation of oxygen isotopes.  

 

Bar-Matthews et al., 2000; 

Genty et al., 2003; 2006; Wainer et 

al., 2009; Williams et al., 2005; 

Cheng et al., 2009a. 

δ13C 

Millennial variations 

in C3/C4 vegetation. 

 

The distinction could only be made in very slow (completely degassed) drips 

due to the subtle nature of influence. Local processes tend to dominate. 

Dorale et al., 1992; Bar-Matthews et 

al., 1997;  McDermott,  2004 

Microbial activity 

and vegetation 

respiration 

Changes in biological respiration in the soil profile results in changing soil CO2 

and carbon isotopic compositions.  
Hodge et al., 2008; Genty et al., 2003 

Drip water degassing  

As with δ18O degassing is controlled by cave pCO2 or drip hydrodynamics (e.g. 

kinetic, impact and thin film fractionation). 

Increased degassing rates results in greater fractionation of carbon isotopes 

through preferential loss of the lighter 12C isotope. 

Hendy, 1971; Dulinski and Rozanski, 

1990; Baker et al., 1997; Spötl et al., 

2005; Mühlinghaus et al., 2009; 

Frisia et al., 2011; Lambert & 

Aharon, 2011 

87Sr/86Sr 
Aeolian dust-

Seawater-host rock 

Aeolian dust, host rock and seawater present differing 87Sr/86Sr signatures 

which must be recorded and demonstrate detectable variation to provide 

Bar-Matthews et al., 1999; Frumkin 

and Stein, 2004; Zhou et al., 2009 
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mixing information on source process variations. 

 

Effective rainfall: 

host rock-aeolian 

influence 

Disparate aeolian and carbonate 87Sr/86Sr signatures are required. 

Complexities arise with carbonate 87Sr/86Sr signatures which are similar to 

other sources e.g. carbonate dust and limestone bedrock.  

Ayalon et al., 1999 

Ground water 

modelling 

Varying carbonate compositions presenting differing 87Sr/86Sr signatures can 

offer insight into change discharge pathways. 
Banner et al., 1996 

Palaeowind: Source 

identification 

Changing dust sources can indicate changing palaeowinds. Issues of source 

identification and distinction are common. 
Goede et al., 1998 

Trace 

elements 

Review A review of trace elements in speleothem. Fairchild & Treble, 2009 

Residence times - 

dolomite dissolution  

Sufficient separation in Mg compositions between dolomite dissolution and 

other Mg elevating processes must exist. PCP and changing discharge 

pathways can also result in elevated Mg; therefore process discrimination 

analysis is required.  

Treble et al., 2003; Johnson et al., 

2006 

Temperature   

Partitioning of Mg between water and calcite is temperature dependent. 

Difficulties in calibration occur due to geochemical, hydrological and 

crystallographic processes resulting in alterations of trace element 

concentrations beyond temperature effects. 

Oomori et al., 1987; Mucci, 1987; 

Burton & Walter, 1991; Mucci & 

Morse, 1990; Huang & Fairchild, 

2001  

Growth rate 
Sr is known to incorporate at greater growth rates as a result of increased 

crystallographic defect sites for occupancy and substitution with Ca. 

Gabitov & Watson, 2006; Gabitov et 

al., 2014 

Seasonal vegetation P and U may be related because of the stability of uranyl phosphate, and Treble et al., 2003; 
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decay reflect the climatic effects on the rate of bioproduction of P. Relationship is 

regional and dependent on soil profile conditions. 

U is known to be strongly associated with organic matter, such as fulvic and 

humic acids, and inorganic colloids. 

 

 

 

 Richards & Dorale, 2003 

 

Detrital influence 

Th provides an indication of colloids, humic acid transport. Detrital influences 

and Th transport have been studied predominantly due to its influence on the 

U-series dating method. 

Richards & Dorale, 2003 

PCP  

Prior calcite precipitation removes Ca from the drip water solution resulting in 

the increase of Tr/Ca in the residual solution.  

 

 

 

PCP can be used as an indicator for rainfall through the comparison of Mg and 

δ13C. 

Fairchild et al., 2000; McMillan et al. 

2005; Baldini et al., 2006; Karmann 

et al., 2007;Treble et al., 2008; 

Mattey et al., 2008; Van Beynen et 

al., 2008. 

Hellstrom  & McCulloch, 2000 

Natural organic 

matter fluxes 

Metals are known to bind to organic matter with high fluxes of metals 

associating with high infiltration flow events.  

Borsato et al, 2007; Hartland et al., 

2011;2012 

 

Table 1.1: A summary table displaying commonly utilised speleothem geochemical environmental proxies. A range of processes or 

environmental conditions which are represented by each proxy are listed and selected relevant studies from the literature cited. 
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1.3. Previous flowstone studies 

 

Flowstones have been used in a multitude of palaeoclimatic and archaeological investigations. 

A range of flowstone studies presented in the literature are outlined within this section.  

 

1.3.1. Flowstone palaeoclimate reconstructions 

Flowstones are used for the purpose of palaeoclimatic reconstructions due to their occurrence, 

age range and growth formation. The widespread distribution and variability in sample types 

often make flowstones a highly valuable speleothem palaeoclimatic resource.  

 

A 7 cm thick flowstone sequence from Lapphullet Cave, Norway was analysed by Lauritzen 

et al. (1990) to reconstruct past climate. Dating showed a growth interval of 350 - 730 ka, 

with stable isotope analysis suggesting deposition during warm periods. Pollen assemblages 

were also used in this study to reconstruct vegetation changes. Andrews et al. (2007) used 

flowstone deposits and coralline algae as evidence for the timing of vadose zone ground water 

deposition and marine conditions respectively. Contaminant Th was an issue with some 

flowstone samples. However, samples were sufficiently constrained to determine sub-orbital 

sea-level change in early MIS 5e (Andrews et al., 2007). Meyer et al. (2009) investigated two 

flowstone samples Wilder Mann Cave and Wildmahd Cave in the northern Austrian Alps. 

Two samples ~2.0 and ~1.7 Ma in age presented seasonally biased regular lamination. 

Significantly, flowstone samples were U-rich allowing for U-Pb dating. Wainer et al. (2011; 

2013) studied a flowstone core from Villars Cave, France to reconstruct millennial climatic 

instability. The entire core is 114.2 cm long and 7.5 cm wide and presents varying porosity 

with columnar fabrics and covers the last 180 ka. Meyer et al. (2012) studied a flowstone 
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deposit from Entrische Kirche Cave, Austria. Millenial scale temperature fluctuations were 

identified. Ages were obtained but the detrital content of the flowstone made U-Th dating 

difficult. Frisia et al. (1993) utilised the variable characteristic of flowstone to investigate the 

morphology, crystallography and geochemistry of a flowstone calcite in a core from Grotta di 

Cunturines, Italy. A range of different facies types were identified with layered morphology 

of varying thicknesses. This study aims to utilise the variable characteristics of flowstones to 

specifically investigate aerosol chemistry additions and improve the use of palaeoclimate 

proxies in speleothem. Chapters 4 and 5 explore the palaeoclimatic significance of aerosol 

contributions from marine and terrestrial, and forest fire sources respectively.  

 

1.3.2. Flowstone archaeological importance 

Flowstones are often used because of their occurrence in archaeologically significant cave 

locations. While much work has focused on dating stalagmites, in many archaeological and 

palaeontological settings flowstones are beneficial as they can provide age constraints for the 

material associated with them (Pickering, 2012). 

 

A 30 cm thick floor flowstone deposit was dated and combined with sedimentological 

stratigraphic analysis to determine the ages of archaeological artifacts at Grotte du Lazaret, 

France by Falguères et al. (1992). The flowstone ages fell between 130 and 70 Ka BP 

indicating the timing of tool use transition. Hopley et al. (2007a; 2007b) utilise flowstones 

due to their geographical significance in determining the onset of bipedalism, homo evolution 

and the appearance of African Homo erectus. Flowstone deposits contained within a 

sedimentary sequence were investigated to reconstruct African palaeoenvironments in Buffalo 

Cave, South Africa by Hopley et al. (2007a). A large 2.4m thick flowstone deposit was 



Chapter 1 

19 

identified at a depth of 14.09m, with shallower more localised deposits also being detected. 

Stable isotope results showed a 2.0-1.5 Ma record of continuous climatic and vegetation 

change. Hopley et al. (2007b) investigated two continuous sequences of flowstone from the 

Makapansgat Valley, South Africa. The flowstones formed part of a collapsed cone. Stable 

isotope analysis was combined with a time series to determine two vegetational shifts toward 

increased savannah grasses between the late Miocene/early Pliocene and at 1.7 Ma. U-Pb 

dating of a flowstone from South Africa by Pickering et al. (2011) shows ages of 2.3 Ma, 1.8 

Ma and 1.7 Ma. The timing of flowstone growth has been used correlate environmental 

conditions between different caves and develop the understanding of the human evolutionary 

history.  

 

These studies demonstrate the usefulness of flowstones samples for both palaeoenvironmental 

and archaeological studies. This study focuses on developing the ability to utilise flowstone 

speleothems in palaeoenvironmental reconstruction efforts.  
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1.4. Thesis aims and objectives 

 

The aim of this work is to determine the extent and impact of aerosol deposition contributions 

to speleothem geochemistry. In order to achieve this, several research objectives were 

formulated.  

1. To understand the transport, distribution and deposition within cave networks 

2. Define and quantify the contribution of aerosols to speleothem geochemistry 

3. Explore and identify aerosol contributions to speleothem samples in different cave 

environments 

 

1.6. Thesis structure 

 

 Due to the multidisciplinary nature of this investigation, each chapter is presented as a 

separate case study. Every chapter has an individual introduction, which outlines the themes 

of importance for each specific study. The content of each chapter is summarised here: 

 

Chapter 2: Cave aerosols: distribution and contribution to speleothem geochemistry.  

This chapter provides a synthesis of the impacts of cave aerosols on the cave 

environment and speleothem. Processes of cave aerosol introduction, transport, 

deposition, distribution and incorporation are explored and reviewed from existing 

literature. The contribution of cave aerosol deposition to speleothem geochemistry is 

modelled and evaluated using a mass balance framework. This collaborative project 

was published as an invited review in Quaternary Science Review (Dredge et al., 

2013) and is presented in published form in the supplementary material, section S.18. 
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Chapter 3: Processes affecting aerosol concentrations in Gough’s Cave, Cheddar Gorge, UK. 

This investigation builds on the findings of Chapter 1 and focuses on the relationship 

between the cave environment, specifically cave ventilation and suspended cave 

aerosol loads. Results are presented from seasonal term monitoring of CO2, 

temperature and suspended aerosols in Gough’s Cave, Cheddar Gorge. This chapter 

has been published in Cave and Karst Sciences (Dredge et al., 2014) and the final 

manuscript is presented in the supplementary material, section S.18. 

 

Chapter 4: Flowstones as palaeoenvironmental archives: 500 ka flowstone record from New 

St Michaels Cave, Gibraltar.  

This study focuses on the geochemical analysis of a flowstone core from New St 

Michaels Cave, Gibraltar. A suite of palaeoclimate proxies are utilised to investigate 

changing environmental conditions in Gibraltar over the last 500,000 years. The effect 

of local processes such as prior calcite precipitation and changing hydrology are 

evaluated and quantified. Seawater contributions are quantified and their changing 

behaviour studied through time. Additionally, terrestrial aerosol dust signatures are 

identified. Palaeoenvironmental change is established and qualitatively described by 

changing hydrological conditions from ‘wet’ to ‘dry’.  
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Chapter 5: Speleothem as a recorder of forest fires: Testing Yarrangobilly flowstones for fire 

aerosol incorporation and preservation.  

The premise that black coloration in Yarrangobilly flowstone samples are a result of 

forest fire aerosol deposition is investigated in this study. Organic and inorganic 

geochemistry analysis of two flowstone samples is used to determine environmental 

and formation conditions which associate with red, black and white flowstone 

coloration. The likelihood that forest fires aerosols resulting in coloration is evaluated 

and new theories for coloration are introduced, including alternative aerosol 

contribution hypotheses.  
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CHAPTER 2 
 

 

Cave aerosols: distribution and 

contribution to speleothem geochemistry 

 

 

 

 

 

Aerosol, temperature and CO2 monitoring in Gough’s Cave  
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Chapter 2. Cave aerosols: distribution and contribution to speleothem 

geochemistry 

 

This chapter has been published in the journal of Quaternary Science Reviews (Dredge et al., 

2013).  

 

1. Introduction 

 

A new sector of interest is developing within cave science regarding the influence of aerosols 

on the cave environment and the potential palaeoenvironmental record, which may be 

preserved within cave precipitates as a result of aerosol incorporation. This paper provides the 

first attempt to synthesise the issues concerning cave aerosols, with particular focus on the 

situations in which aerosols will provide a significant contribution to speleothem chemistry. 

Examples will be taken from several cave sites including Obir Cave, Austria, where we test 

the proposition of Fairchild et al. (2010) that aerosols may have contributed significantly to 

speleothem trace element concentrations. Specific processes affecting the transport and 

deposition of cave aerosols will be highlighted through the presentation of monitoring data at 

several sites. Results draw attention to the relative importance of aerosols in different 

environmental and speleothem growth scenarios, with aerosols generally being of minor 

influence during normal speleothem growth, but potentially providing a major contribution to 

bulk chemistry at hiatuses.  
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Aerosols are generally defined as the suspension of fine solid or liquid particles within a 

gaseous medium (Hinds, 1999) (often being the earth’s atmosphere). Aerosols become 

suspended into the earth’s atmosphere during a multitude of processes both natural (e.g. 

volcanic eruptions, windblown sands, forest fires) and anthropogenic (e.g. biomass burning, 

vehicle emissions, constructions); examples of emissions to the external atmosphere are 

displayed in Figure 2.1. The quantity and type of aerosols emitted are dependent on the 

process type and intensity. Aerosols can be grouped and identified based on a range of 

properties, both physical (e.g. colour, morphology, size) and chemical (e.g. inorganic, 

organic, isotopic). 

 

Atmospheric aerosols enter cave networks due to external transportation processes, travel 

within caves as a result of cave ventilation, and are either deposited or transported with cave 

air and eventually removed from the cave system. The removal of aerosols from air occurs as 

a result of either wet or dry deposition. Dry deposition is the process by which atmospheric 

trace constituents are transferred by air motions to the surface of the Earth (Wesely & Hicks, 

2000). The main processes by which dry deposition occurs are outlined below (Petroff et al., 

2008): 

 Brownian diffusion – The random movement and collision of particles can cause 

deposition; this process affects very fine particles typically smaller than 0.1µm 

 Interception - Particles entrained in a stream flow are retained by an obstacle when 

their path passes within one particle radius of the object 

 Impaction - An aerosol with significant inertia transported by the flow towards an 

obstacle cannot follow the flow deviation in the vicinity of the obstacle causing 

particle collision with the obstacle and remaining on the surface 



Chapter 2 

26 

 Sedimentation – particle fall-out due to gravitation 

Wet deposition is the removal of material from the atmosphere by hydrometeors as a result of 

condensation and precipitation. Wet deposition can also be referred to as precipitation 

scavenging, rainout (typically used for in-cloud processes), and washout (typically used for 

below-cloud processes) (Loosmore & Cederwall, 2004). 

 

The dry depositional efficiency is expressed as a deposition velocity, vd, where; 

 

vd = F/C 

 

Where, F is the particle flux to the surface, and C the airborne concentration at a reference 

height.  Because deposition involves several mechanisms, as outlined above, vd is a complex 

function of particle size, with the highest values for very small (< 0.1 µm diameter) and large 

(> 1 µm) particles.  In the range 0.1-1 µm where much of the mass of atmospheric aerosol 

resides, values of vd are very small.  For very large particles, typically > 10 µm diameter, vd 

becomes almost equal to the gravitational settling velocity, but for smaller particles is 

substantially greater (Seinfeld & Pandis, 1998). 
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Figure 2.1: Illustration of tropospheric aerosols that are likely to be emitted in large enough 

quantities to be incorporated and detectable within speleothems. Aerosols produced within the 

cave environment also have the potential to become incorporated in detectable quantities.  

 

Aerosols, once suspended into the atmosphere through emission processes, will be carried 

with parcels of air and mixed with other aerosol types, which may have properties 

characteristic of their emission and geographical source. Hence, it may be possible to 

determine palaeoenvironmental conditions through the incorporation of aerosols within 

speleothem. Sr isotope studies have demonstrated the ability to utilise aerosols to identify the 

geological source region of terrestrial dust by comparing them to the Sr isotopic ratio of dust 

surface deposits (Li et al., 2005; Yang et al., 2009; Masson et al., 2010), of waters (Jin et al., 

2011) and in speleothem (Goede et al., 1998; Verheyden et al., 2000; Frumkin et al., 2004; 

Zhou et al., 2009b) although the mode of transmission of the chemical signal is normally 
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proposed to be via dripwater. Studies have been successful in the identification of fire events 

and source regions through constraining region-specific vegetation burning events in ice and 

sediments (Laird et al., 2000; Wang et al., 2005; Zhou et al., 2007; Kehrwald et al., 2010a & 

2010b; Wang et al., 2010) with a range of organic proxies (reviewed in - Simoneit, 2002). 

Different types of vegetation have known associated organic components which are released 

during burning events; the region of burning and therefore the direction of transport can 

therefore, in some cases be deciphered. Similar fire-proxy work may be applicable to use with 

speleothems. 

 

For modern studies, air mass travel paths can be tracked and modelled. Atmospheric transport 

and dispersion modelling using HYSPLIT and other programs allows air mass trajectory 

estimation of past air movements, or projections to produce forecast trajectories 

(http://ready.arl.noaa.gov/HYSPLIT.php). These simulations are based on recorded or 

predicted meteorological conditions for past and future modelling respectively. Air mass 

trajectories provide an insight into the likely long-range aerosol source locations and thus aid 

in the identification of aerosol emission processes.  

 

Interest in cave aerosols has developed due to the increasing awareness of aerosol impacts on 

the cave environment. Cave preservation and the potential degradation of the cave 

environment resulting from cave aerosol deposition and associated mitigation practices are 

growing issues among cave management organisations especially regarding the conservation 

of show caves (e.g. Ohms, 2003). Degradation can occur from external pollutants or from 

visitor disturbances to the natural cave environment. The effects of anthropogenic dust on 

caves may be subtle, but threaten the long term preservation of cave environments. 

http://ready.arl.noaa.gov/HYSPLIT.php
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Christoforou et al. (1996a; 1996b) identified spoiling of statues within Buddist cave temples 

as a result of aerosol deposits. In some instances aerosol issues are remediated through 

improved cave conservation practices. For instance, Altamira cave was closed to visitors due 

to anthropogenic fine particle resuspension from cave floor sediments, provoking 

microparticle detachment (releasing bacterial and fungal spores), among other factors. 

Installation of a thermally insulated access door reduced the entry of airborne particles, the 

condensation rate in the entrance area, and the metabolic activity of the main visible microbial 

colonies (Saiz-Jimenez et al., 2011). Soiling of the cave environment has occurred as a result 

of coal industry pollutants and airborne dust from regional dust storms (Christoforou et al., 

1994).  A similar issue of cave degradation as a result of aerosol deposits from coal mining 

activities has also been investigated by Salmon et al. (1994; 1995). Black pollutant deposits 

causing degradation in other caves has been attributed to deposits from vehicle exhaust (Jeong 

et al., 2003) and a combination of car exhaust and biomass burning emissions (Chang et al., 

2008). Michie (1999) partially attributed the slow degradation of cave aesthetic values to cave 

visitors transporting, releasing and causing re-suspension of aerosols within the cave.  

 

The presence of cave aerosols is controlled by a combination of internal aerosol production 

and the incorporation of transported externally sourced aerosols. Cave ventilation and 

morphology will strongly influence how aerosols are transported and deposited within the 

cave environment. The quantity and effect of cave aerosols on speleothem geochemistry has 

rarely been explicitly considered so far and is expected to be a combined result of the 

processes explored. By investigating and gaining an improved understanding of how aerosols 

are transported, distributed, deposited and ultimately incorporated into forming speleothem 

we will potentially be able to identify aerosol signatures within the speleothem 
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palaeoenvironmental record. This investigation will identify the key situations and processes 

under which aerosol deposition and speleothem incorporation results in significant 

identifiable contributions to speleothem geochemistry.  

 

This chapter will be structured as follows: Previous aerosol investigations, associated methods 

and the methods utilised for monitoring work presented in this paper will be discussed 

(Section 2.2). The latter are divided into sampling, extraction and analytical methods. Next, 

aerosol sources, processes, distribution and deposition mechanisms are explored (Section 2.3). 

In the results section (Section 2.4), specific aerosol processes will be highlighted with 

preliminary data from cave monitoring. Finally, aerosol contributions to speleothem 

geochemistry will be evaluated through the comparison of known deposition fluxes to drip 

water and speleothem geochemistry in Obir cave, Austria in section 2.5.  
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2.2. Methods 

 

A plethora of aerosol properties can be analysed to investigate specific processes. Some of the 

key properties and associated processes are summarised in Table 2.1. 

 

Cave aerosol property Reason for investigation 

Suspended concentration Aerosol transport and distribution 

Deposition flux Aerosol distribution (especially to speleothem 

surface) 

Inorganic chemistry Source identification, potential chemical 

addition to speleothem, transport. 

Organic chemistry and /or associated 

microorgansims 

Source identification (especially processes 

associated with biomass burning), transport, 

airborne bacteria and fungi identification 

Aerosol size Transport, distribution 

Aerosol morphology Transport, source identification (lesser extent 

than chemistry) 

 

Table 2.1: Aerosol properties and the processes which can be explored as a result of their 

investigation. 

 

An extensive range of methods exist for the sampling, monitoring and analysis of cave 

aerosols, each specific to the information required and depending on the application. Due to 

the logistics of working in the cave environment, cave aerosol investigations will often 

require passive or self-powered portable equipment for aerosol sampling and in-situ analysis. 
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2.2.1. Sampling  

Dry deposition sampling 

There is no generally accepted method to directly measure or estimate dry deposition (Chu, 

2008). However, it has been established that a smooth horizontal surrogate surface provides a 

lower bound estimate of the dry deposition flux onto a horizontal surface (Sehmel, 1978; 

Holsen et al., 1992). Dry deposition is determined through the capture of aerosol deposition to 

a known surface area. Surrogate surface sampling does not require power and designs can be 

portable, making this method highly suitable for cave monitoring studies.  

 

There is a range of apparatus currently being used for surrogate surface sampling. The most 

basic of surrogate surfaces is often constructed of a smooth plate surface to collect deposition. 

Flat horizontal surfaces are generally used; however, in locations where there is a high 

ventilation rate it may be applicable to use an aerodynamic collection surface as in Zuffell et 

al. (1998). The issue of aerosol retention and aerosols being dislodged in the cave 

environment is not of critical importance as the high humidity of the cave ensures that strong 

forces of adhesion retain particulates to the surrogate surface (Michie, 1997). Nevertheless, 

the shape of the collection surface and factors such as surface roughness will have an impact 

on the retention of aerosols onto the surface and should therefore be considered.  Different 

surfaces have been used dependent on the aerosol under investigation. Smooth surfaces 

provide an interface which can be cleaned making it ideal for elemental chemistry analysis: 

polyvinyl chloride (Lim et al., 2006; Chu, 2008, Zhang et al., 2011) and glass slides (Salmon 

et al., 1995) have been used. Surfaces can be covered with Apiezon grease (Kim et al., 2000; 

Lim et al., 2006) providing increased collection and retention relative to a smooth surface 

alone. However, this method is not suitable for elemental analysis due to potential 
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contamination of the grease, but may be utilised for morphological studies. Specific cation-

exchange membranes (Lyman et al., 2007) can be used for element specific studies. 

 

Relative to a smooth surface a filter provides increased surface roughness which improves the 

aerosol retention of a surrogate surface. As a general observation, an increase of downward 

aerosol flux is observed with increasing collector surface roughness (Vawda et al., 1990), a 

property which has been utilised in surrogate sampling studies (Bytnerowicz et al., 1987; 

Zuffel et al., 1998). However, although surface roughness is increased, the extraction 

efficiency from filter media may be compromised compared to smooth surface collection. 

Quartz fibre filters provide the advantage to withstand high temperatures and are therefore 

useful in organic studies (filter combustion cleaning method outlined in following chapter 

method sections). Membrane filters, made from polycarbonate and PTFE (Teflon), are better 

suited to trace element analysis studies, but can obtain an electrostatic build-up resulting in 

altered sample collection, or sample loss (Wieprecht et al., 2004).  

 

In a comparative study, Wai et al. (2010) sampled the dry deposition of crustal particles onto 

surrogate surfaces of glass and polystyrene as well as Petri dishes filled with de-ionised water. 

The study demonstrated that in general, the water surface can collect more material (ten times 

or more of acidic and alkaline species), while glass collects similar or lesser amounts of 

various species than polystyrene. Water as a collection device in the cave environment has the 

benefit of being analogous to an actively growing speleothem surface in that both involve 

aerosol deposition to a wet surface. However, logistically this technique is more complex due 

to the transportation of the waters to and from the cave site, with much greater risks of sample 

loss and contamination through handling and spillage. 
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The positioning of surrogate surfaces within the cave network appears to be relatively robust 

in its sensitivity. The exposure of the surrogate surface is relatively unimportant: Michie 

(1997) found that even when sheltered by a covered surface (28 mm above) dust deposition is 

only reduced by 50%. However, in the external environment, retention has been shown to be 

influenced by atmospheric precipitation (Lyman et al., 2007). Therefore, care should be taken 

about the placement of surrogate surfaces in relation to active drip sites. 

 

In this study the surrogate surface method for sampling was selected to provide a sample of 

aerosols which will most closely represent the quantity and type of aerosols that may become 

incorporated into speleothem growth. Petri dishes (see supplementary material section S.1, 

Figure S.1) provide a convenient means as the collection surface can be readily capped and 

then sealed with parafilm reducing the potential of contamination during transportation once 

cleaned, and after sampling. Specific preparation and extraction procedures are required for 

the collection and analysis of the different aerosol species. In this study 

Polytetrafluoroethylene (PTFE) filters were used as a surrogate surface collection medium in 

samples where the inorganic aerosol component was to be analysed. PTFE filters provide 

reduced blank levels in comparison to other filter media available, and provide a rough 

collection surface. Detailed sampling methods can be found in the supplementary material 

section S.1. 

 

Suspended aerosol sampling 

Where access to cave networks and time is available, active sampling provides an alternative 

to surrogate surfaces. Active sampling is conducted by pumping a known volume of air 

through a filter medium. The filter medium used will be dependent on the type of aerosol 
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under investigation. The use of active sampling is advantageous over surrogate surfaces due 

to its ability to produce quantitative aerosol concentration levels at higher temporal resolution. 

Total atmospheric aerosol concentrations or specific aerosol species concentrations can be 

determined. This method of capture offers analytical versatility since post capture aerosols 

can be weighed, observed and analysed dependent on the investigation type.  

 

Increased pumping rates provide better aerosol collection and shorter durations offer 

improved temporal resolution. Generally pumped samples are run for 24-48 hours at 1 to 30 L 

min
-1

 in the cave environment (Sanchez-Moral et al., 1999; Alföldy et al., 2000; Alföldy et 

al., 2001; Yang, 2006; Faimon et al., 2006) as well as in confined situations (Nava et al., 

2010) and often in the external environment too (e.g. Allen et al., 2001; Harrison et al., 2003). 

For this study, pumps were run at 3 L min
-1

 for 24 hours duration. A dual pump setup (see 

supplementary material section S.1, Figure S.2) was chosen for simultaneous sampling onto 

two filter media for the collection of both inorganic and organic aerosols. Diffusion driers 

were tested in order to remove the effects of cave air relative humidity on pumping. However, 

the pumps reached their targeted pumping volumes successfully without driers and due to the 

potential aerosol loss, contamination and logistics of working with driers, they were not used 

beyond testing. 

 

Suspended aerosol particle counters offer essentially instantaneous aerosol concentration 

values. Particle counters measure directly providing high resolution temporal data. A range of 

portable battery-powered particle counters exist, which can be used for temporal monitoring 

of aerosol concentrations in cave systems and are suitable for detailed spatial monitoring. 

Masses of both suspended and deposited aerosol can also be determined through weighing of 
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collected aerosols (Harrison et al., 2003). Optical measurements can provide an indication of 

masses, by counting (Christoforou et al., 1994; Salmon et al., 1995) or by optical 

densitometry which measures surface obscuration (Michie, 1999). Condensation particle 

counters (CPC) can be used for continuous particle concentration data (Harrison et al., 2003; 

Iskra et al., 2010). In addition to total suspended load detection, mass size distributions can be 

determined using particle sizers (usually impactor-based devices). This has been successful 

both in the cave environment (Michie, 1999; Sanchez-Moral et al., 1999, Kertész et al., 2000; 

Kertész et al., 2002; Iskra et al., 2010) and in the external atmosphere (Allen et al., 2001; 

Jones & Harrison, 2005). Particle sizes reflect how aerosols become entrained and transported 

in the atmosphere; they are therefore a useful tool for the investigation of aerosol transport 

within the cave environment. Figure 2.2 displays the size ranges for the aerosols types used in 

this investigation. 

 

Figure 2.2: Aerosol size distributions, both inorganic (Seinfeld and Pandis, 1998) and organic 

(Jones & Harrison, 2004) compared with size classes of Whitby & Cantrell (1975). 
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out at Altamira Cave (Spain). This device has a 0.1 CFM (2.83 L/min) flow rate and counts 

up to bin sizes from 0.3 to 25 μm, logging up to 6 particle sizes simultaneously with a 

minimum sampling interval of one minute. 

 

Filter preparation in this study was the same for both pumped and surrogate surface sampling. 

PTFE filters and glass Petri dishes were cleaned for a minimum of 24 hours in 2% HNO3 then 

triple-rinsed with DDIW. The surrogate surface equipment was prepared in a clean laboratory 

environment to minimise blank values. 

 

2.2.2. Extraction and analysis 

Protocols for material extraction from filters and chemical analysis of deposited aerosols vary 

greatly and are dependent on elements under investigation and sampling methods, but all 

techniques are constructed with the intention of reduced sample contamination throughout the 

procedure. Extraction methods will only be summarised, detailed methods of extraction and 

analysis are presented in the supplementary material. 

 

Inorganic 

One of the most established and widely used methods (Janssen et al., 1997; Harrison et al., 

2003) of air sample extraction from a filter medium is the reverse aqua regia digestion method 

developed in Harper et al. (1983). Various method combinations exist, but the majority 

involve ultransonication and acid extraction with nitric acid (or DDIW for ionic species) as 

key components (Allen et al., 2001; Lim, 2006; Chu, 2008; Wai et al., 2010). More intensive 

digestion can also be used with a combination of HNO3, HF and HClO4 (e.g. Chang et al. 

2008). In order to replicate a similar extraction to speleothem analysis a 2% HNO3 and 120 
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minutes ultrasonication with heat was the chosen extraction method for this investigation. 

DDIW and 120 mins ultrasonication was used for major ion species extraction (since 98% of 

sulfate, nitrate, and ammonium can be extracted with 120 minutes of ultrasonication (Chu, 

2008)).  

 

A range of techniques can be used for constraining inorganic properties. X-ray diffraction 

(XRD) can be used to determine the mineralogy of aerosols in confined and cave 

environments (Sanchez-Moral et al., 1999; Salmon et al., 1995; Nava et al., 2010).  Typically 

inorganic compositions are determined by the following analytical techniques: Inductively 

Coupled Plasma Atomic Emission Spectrometry (ICP-AES) (Chang et al., 2008), Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) (Allen et al., 2001; Harrison et al., 2003; 

Chang et al., 2008), Neutron Activation Analysis (NAA) (Salmon et al., 1995), Graphite 

Furnace Atomic Absorption Spectrometry (GF-AAS) and Ion Chromatography (Harrison et 

al., 2003; Nava et al., 2010). Inorganic aerosol chemistry in this investigation was obtained 

through ICP-AES analysis at Royal Holloway University of London. A suite of elements were 

analysed, total deposition in this paper refers to a total deposition of elements: Al, Fe, Mg, 

Na, K, Ti, P, Mn, Ba, Ni, Sr, V and Zn. Elements that demonstrate key processes will be 

displayed, as well as elements of importance to speleothems such as Mg and Sr. 

 

Scanning electron microscopy allows for the identification of individual particle 

morphologies. Additional benefits are offered when microscopy and aerosol morphological 

identification is often carried out in combination with specific aerosol inorganic analysis. 

Scanning Electron Microscope (SEM) coupled with Energy Dispersive Spectroscopy (EDS) 

provides information on aerosol size, morphology and chemistry for individual particles 
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simultaneously (Sanchez-Moral et al., 1999; Nava et al., 2010). Particle-induced X-ray 

emission (PIXE) allows for the identification of individual particulate chemistry as well as 

bulk analysis and has been used in several studies to determine chemistry of a select fraction 

of cave aerosols (Kertész et al., 2000; Kertész et al., 2002; Alföldy et al., 2001; Nava et al., 

2010). Similar results have been achieved with electron probe microanalysis (EPMA) on 

single cave aerosol particles (Sanchez-Moral et al., 1999; Alföldy et al., 2000).  

 

Carbon  

Carbon deposits have been established as a significant contributor to cave degradation and 

therefore the identification of carbon and its types are of increasing importance. Optical and 

thermal analytical techniques are most frequently used to measure carbon in atmospheric 

investigations (Ghedini et al., 2000). Studies often aim to investigate carbon types, total 

carbon (Nava et al., 2010) and differentiate between elemental and organic carbon (Jones & 

Harrison, 2005). Carbon isotopic composition offers an insight into the carbon mass fraction 

allowing for improved source identification. Characterization of radiocarbon as well as 

13
C/

12
C has been utilised by Chang et al. (2008) to distinguish cave carbon deposits and 

emission sources. 

 

Organic - bioaerosols 

Methods differ significantly depending on the organic species under investigation. 

Atmospheric organic aerosol investigations typically involve the emission products of 

combustion for human health and environment studies. Emission products can be utilised as a 

tracer for aerosol transportation in suitable case locations. Emission aerosols in speleothem 

have the potential to be used as a proxy for emission events. PAHs (Polycyclic aromatic 
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hydrocarbons) are widely investigated as a proxy for hydrocarbon combustion and emission. 

PAHs are typically analysed by gas chromatography mass spectrometry methods (Bae et al., 

2002; Harrison et al., 2003; Zhang et al., 2008b) or high-performance liquid-chromatography 

(Terzi & Samara, 2005; Perrette et al., 2008). Organics are generally extracted from aerosol 

samples with the use of solvents (solvent extraction) in a combination of solvents and heat 

(Soxhlet extraction). Extraction methods are refined dependent on the species under 

investigation. PAHs have also been extracted from soils, sediments (lake and marine), ice 

cores and speleothem samples. Perrette et al. (2008) used dichloromethane in both Soxhlet 

and ultrasonication extraction for the extraction of organic species from stalagmites and 

sediments. 

 

Microbial air sampling was conducted in this investigation to quantify the level of airborne 

bacteria and fungal spores in the aerosol monitoring survey carried out at Altamira Cave 

(Spain). A Duo SAS 360 sampler (International PBI, Milan, Italy) containing Petri dishes 

with Dichloran Rose Bengal Agar was used for the sampling of fungi. The antifungal agent, 

Dichloran, was added to the medium to reduce colony diameters of spreading fungi. The 

presence of Rose Bengal in the medium suppresses the growth of bacteria (also the 

chloramphenicol) and restricts the size and height of colonies of the more rapidly growing 

fungi (King et al., 1979). For bacteria, the medium Tryptone-Soya Agar (TSA) was used. 

Duplicate samples of 100 L in air volume was selected as the most appropriate method for 

easy counting in this cave. The dishes were incubated at 25°C, and the fungi were isolated as 

pure culture in malt extract–agar and kept at 5°C until further study. For bacteria, the dishes 

were incubated at 28°C and isolated in TSA medium. Some specific applications of these 
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aerobiological techniques in subterranean environments, including this cave, are described by 

Fernandez-Cortes et al. (2011) and Porca et al. (2011). 
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2.3. Cave aerosol processes  

 

In this section, aerosol transport, distribution and deposition mechanisms will be highlighted 

with preliminary data from cave monitoring. Cave locations were chosen to isolate and 

investigate specific aerosol emitting processes. Data from a range of cave sites throughout 

Europe will be used to demonstrate the relationship between aerosol deposition flux rates and 

speleothem growth rates.  

 

2.3.1. Cave aerosol sources 

Externally sourced cave aerosols 

Source areas and long-range transport of external aerosols can be determined to a degree 

through the utilisation of air mass trajectories, since a body of air will incorporate aerosols 

released into the atmosphere which will then be transported as the air mass moves (Seinfeld & 

Pandis, 1998).   

 

Internally produced cave aerosol  

In addition to the transport of aerosols from external sources, there is the possibility for the 

addition of suspended aerosols to the cave atmosphere from internal sources. In some cases, 

the contribution of aerosols from within the cave network will be orders of magnitude greater 

than that of externally sourced and transported aerosols. 

 

Anthropogenic (cave visitor) production 

Degradation of the cave environment as a result of aerosol deposits from human or animal 

visitors is known (Cigna, 1983; 1989; 1993). The disturbed particulate matter can be present 
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as an existing aerosol deposit and therefore the visitor disruption simply results in the re-

suspension of particulates from an aerosol source, or suspension of particulates from 

subaqueous deposition within the cave. Cave visitors can also act as a carrier of externally 

sourced aerosol and release them inside the cave (e.g. lint, mud on shoes). The dust released 

by cave visitors can be considered as having two components: firstly particles large enough to 

fall straight to the floor and secondly particles small enough to be swept into the plume of 

warm air rising from the visitors (Michie, 1999). 

 

Measurements in eastern Australia, Western Australia, and England have shown a constant 

rate of deposition of airborne particulate material from show cave visitors of approximately 

one microgram per person per second (Michie, 1999).  Bartenev and Veselova (1987) carried 

out measurements of dust sedimentation from aerosols in the Cupp-Coutunn Cave System, 

noting that the rate of sedimentation raises more than 10 times within 20 m surrounding the 

main tourist passages, indicating the significant aerosol production from cave visitors. 

 

Hydrological production 

Aerosols can be generated from water drops falling from a cave ceiling or generated by rapids 

and waterfalls in cave streams (Maltsev, 1997). Turbulent water can produce aerosols by a 

similar mechanism to that which occurs in the production of sea spray, with gas scavenging 

resulting in bubbles which rise to the surface and burst producing hydro-aerosols. ‘Splash’ 

aerosols can also be produced as falling drip waters impacting on cave surfaces resulting in 

small enough liquid aerosols to be transported in suspension. Aerosol deposition to water 

bodies causes suspension of liquid aerosols in the form of film and jet drops (Bridgman, 

1994).  



Chapter 2 

44 

 

Bedrock production 

Klimchouk et al. (1994; 1995) proposed that cave aerosols can be generated as a result of 

radioactivity in the cave environment. It was proposed that alpha decay dislodges the bedrock 

to form aerosols. This was further investigated by Pashenko & Dublyansky (1997) who 

suggested that the process of alpha decay dislodging bedrock is a physically plausible but not 

essential role in the production of cave aerosols. Also sourced from the bedrock, it is possible 

for particles to become dislodged during erosional processes causing small particles to fall 

from the ceiling (Pashchenko & Sabelfeld, 1992) and cave walls. Cave wall aerosol 

generation can be augmented through host-rock alteration and corrosion as a consequence of 

condensation weathering processes. During further weathering the surface becomes 

increasingly fragile, from which fine carbonate particles can be derived (Hajna, 2003). 

Condensation weathering will be controlled by cave humidity and condensation processes as 

described in section 2.3.3. ‘Wet deposition’.  
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2.3.2. Distribution 

Once aerosols enter the cave atmosphere they can be removed from suspension through a 

variety of aerosol deposition processes resulting in the spatial variation of aerosol 

sedimentation. The mechanisms of aerosol removal will be specific to each cave system and 

may vary seasonally as the cave environment changes. Cave aerosol distribution processes 

will be explored in this section. 

 

Aerosol transport  

In order to be incorporated into a speleothem, aerosols that reach the troposphere region 

surrounding the cave entrance must be transmitted into the cave air, which occurs via two 

main routes; direct transport into the cave through air exchange (Pashchenko et al., 1993) and 

dust carried in by visitors (Michie, 1999; Jeong et al., 2003) and animals.  

 

The transport of external and internally sourced aerosols will occur as a result of cave air 

movements. Air movements in caves occur by convective ventilation and sometimes with 

short-term local turbulence as a result of anthropogenic influences (Fernandez-Cortes et al., 

2009). Cave ventilation occurs as a result of several phenomena: cave breathing, wind-

induced flow, chimney circulation or stack effect, convection and water-induced flow 

(Fairchild & Baker, 2012). The vigour of the air circulation affects the removal of internally 

generated gases such as carbon dioxide, radon (and its particulate daughters) and the 

introduction of aerosols (Fairchild & Baker, 2012). Christoforou et al. (1996a) determined 

that cave ventilation and its air flow patterns act as the primary mode of transport for pollutant 

particles into caves from the outdoors. 
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The relative influence of cave visitors and natural cave ventilation will be dependent on the 

cave under investigation and the relative influence of its visitor footfall numbers and 

ventilation strength on aerosol production. This relationship will often change significantly 

with seasons i.e. a show cave with strong winter ventilation and fewer aerosols from visitors 

will be ventilation-dominated in the winter months and then weaker ventilation and 

substantially increased footfall numbers in the summer will result in the transition to an 

anthropogenically controlled aerosol atmosphere. The cave ventilation process and hence the 

degree of mixing between the cave and outside air (and therefore aerosol incorporation into 

cave air) will vary at each cave site.  

 

Transport source identification 

Pollen is perhaps the most intensively studied single cave aerosol type due to its significance 

in speleothem palaeoenvironmental archives as a recorder of terrestrial vegetation.  A range of 

studies exploring the distribution of pollen through caves has been presented in the literature. 

A comprehensive review of literature regarding their mode of transport and distribution can 

be found in Caseldine et al. (2008). 

 

Coles et al. (1989), proposed three transport mechanisms for pollen: airborne, waterborne and 

insect-borne. Similarly Lauritzen et al. (1990) emphasized percolating water, floodwaters that 

submerge speleothems, or airborne transport by cave draughts as predominant pollen transport 

mechanisms. They noted the importance of understanding transport mechanisms for 

interpreting pollen assemblages in speleothems. Bastin et al. (1978) attempted the 

identification and discrimination of pollen transportation modes based on pollen size, with the 

smallest diameters being indicative of percolation as opposed to airborne transport. However, 
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results showed a dominance of the largest pollen type across all spectra, demonstrating the 

difficulty in establishing cave aerosol sources and depositional mechanisms. 

 

Although a method is yet to be established for the source discrimination of pollen, the 

airborne pollen influx into caves and modern surface pollen deposition has been reported to 

be similar in several investigations (Burney & Burney, 1993; McGarry & Caseldine, 2004). It 

is critical for internal cave aerosol composition to be representative of external aerosols for 

palaeoenvironmental studies. It may be assumed that the behaviour of pollen can be 

extrapolated to other aerosols of similar size, which are controlled by the same transportation 

processes.  

 

Distinguishing between aerosols that have been deposited directly to the surface of an actively 

growing speleothem and consequently incorporated and those which are transported via 

percolating water poses the next challenge in the ability to utilise aerosols as an 

environmental proxy. Separation can be achieved through cave monitoring of aerosol 

deposition and subsequent aerosol chemistry analysis for source identification. Where aerosol 

deposits are of contrasting composition to that of speleothem growth chemistry, it may be 

possible to identify periods of significant aerosol deposition. The significance and ability to 

recognise aerosols in speleothem is discussed later in section 2.5.  

 

2.3.3. Aerosol deposition 

The fate of aerosols which become incorporated into the cave atmosphere is controlled by the 

mechanism of aerosol deposition. 
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Gravitational sedimentation 

Gravitational sedimentation as a result of reduced airflow rates is thought to be the main 

mechanism behind aerosol deposition of coarse aerosols in cave networks. Michie (1997) 

determined the main processes which control the deposition of particles within the cave 

network: Brownian diffusion and collision for the smaller particles and gravitation for the 

larger particles. It should be noted that gravitational sedimentation processes will not be of 

importance for stalactite samples which consequently may receive significantly lower aerosol 

fluxes than stalagmite surfaces.  

 

The study of pollen and its distribution throughout cave systems provides an insight into cave 

coarse aerosol transportation mechanisms. Pollen grains which are known to be aerially 

transported are detected close to the entrance of cave systems (McGarry & Caseldine, 2004; 

Caseldine et al., 2008) with a reduction towards the cave interior (Burney & Burney, 1993; 

Cole & Gilbertson, 1994; Navarro et al., 2001). This distribution is expected since pollen as a 

coarse aerosol requires relatively high energy levels for particle transportation, greater than 

that which can be sustained by cave ventilation flow. McGarry & Caseldine (2004) suggested 

that beyond the entrance zone (e.g. Bastin (1978), where pollen was detected 600 m from the 

cave entrance) one can assume a percolation water transportation source due to the likely 

airborne transportation distances involved. McGarry & Caseldine (2004) summarised pollen 

deposition flux rates: entrance zone deposits at approximately 100-700 grains cm
-2

year
-1

; 100-

200 grains cm
-2

year
-1 

~20 m from entrance; and little to no airborne or animal influence in the 

deep cave. 
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The pattern of distribution presented by various investigations into pollen, although generally 

representative, can only be assumed if there is a single known cave entrance. It is also 

necessary to know that cave air flow rates are high enough to transport coarse aerosols whilst 

meeting threshold terminal velocity speeds to allow for total gravitational sedimentation of 

suspended aerosol particulates within the cave. Figure 2.3 displays the relationship between 

particle size, deposition and air flow rates. Each cave should be monitored (as with other 

environmental variables) on a case study basis to ensure that an accurate understanding of 

cave aerosol transportation dynamics has been gained before interpretations are made. It is 

necessary to understand air flow rates and the factors controlling air flow in order to fully 

understand aerosol deposition (Christoforou et al., 1996b). 
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Figure 2.3: Relationship between particle size and settling velocities. Relative atmospheric 

abundance of aerosols by particle size (Whitby & Cantrell, 1975) and particle size settling 

velocities (Baron & Willeke, 1999). 

 

Air flow rates in cave locations will vary greatly and are generally too low for the 

transportation of coarser aerosols. However, it is known in some instances that flow rates are 

sufficient for the transportation of even very coarse particulates. Flow velocities of 0.5 m sec
-1

 

have been reached during winter ventilation in some regions of Obir cave (Fairchild et al., 
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2010) and exceptionally high air flows (>10 m sec
-1

) are known to be reached in some cave 

sites (Conn, 1966). During periods of higher ventilation speeds larger suspended aerosol loads 

and large particles may be transported and deposited within the cave increasing the potential 

for aerosol contributions to speleothem geochemistry. 

 

It has been demonstrated that there is a significant reduction near the cave entrance zone for 

specific coarse particle types such as pollen. High ventilation flow velocities are required to 

transport coarse particles and therefore such particles will be deposited around the entrance 

zone. The aerosol deposition gradient was noted by Christoforou et al. (1994) with a loss in 

deposition rates over the entrance region, from 13.4 µg m
-2 

s
-1 

outdoors to 5.2 µg m
-2 

s
-1 

inside 

(over 1 year of monitoring). This indicates either low external aerosol transportation into the 

cave or significant suspended aerosol loss over the entrance zone. 

 

Figure 2.3 indicates the three dominant aerosol size groups (modes) present in the 

atmosphere: coarse (D1), accumulation (D2) and nucleation (D3) (Whitby & Cantrell, 1975). 

Coarse aerosols, sometimes known as mechanical aerosols form when mechanical processes 

introduce aerosol into the air (e.g. wind blowing over dust or sea spray) (Willeke & Whitby, 

1975). Coagulation or condensation of smaller aerosols predominantly accounts for formation 

of the accumulation mode (Willeke & Whitby, 1975). Nucleation aerosols are formed from 

emission processes such as combustion (Willeke & Whitby, 1975) and photochemical 

processes (Seinfeld & Pandis, 1998). Each particle size mode is removed from the atmosphere 

at its associated deposition velocity. The aerosol contribution to speleothem chemistry will 

occur as a result of the total deposition to the speleothem surface from all aerosol types and 
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sizes. Therefore the range and distribution of aerosol particle sizes must be considered when 

investigating chemistry.  

 

A body of atmospheric air (of average composition) with air velocity greater than or equal to 

0.1 m s
-1

 will be have a suspended load (Ls) produced from a combination of groups D1, D2 

and D3, therefore Ls= Ʃ(D1,D2,D3). Taking the simplified example of a horizontal cave with 

a single entrance in which air exchange becomes progressively less influential with distance 

from the entrance (A), air velocity (V) will decrease with distance from the entrance to the 

back of the cave (A’). At ‘A’ Ls will be equal to Ʃ(D1,D2,D3), as the air progresses towards 

A’ and loses velocity, particle modes D1, D2 and D3 will be progressively depleted by 

deposition. This progression of loss in suspended load is displayed schematically in Figure 

2.4. The flux of aerosols throughout the cave will be a product of the air velocity (driven by 

ventilation strength), cave cross-section A to A’ and cave morphology. Cave ventilation is 

known to be highly variable displaying strong diurnal and seasonal variations; consequently 

aerosol transport may display temporal variations. Cave cross-section and morphology will 

also be highly variable depending on the cave under investigation, altering the distribution of 

deposition of the particle modes (discussed later in section 2.4.5.). 

 

A cave environment can represent any section of A to A’. For example, a short cave with 

strong ventilation will display cave entrance depositional characteristics throughout, and 

deposition will be dominated by coarse fraction aerosols (D1). Conversely, a deep cave with 

weak ventilation will progress through modes D1-D3 with distance from the entrance with 

more of the cave’s aerosol deposition being composed of aerosols from the nucleation mode 
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(D3).  Figure 2.4 illustrates the process of progressive gravitational sedimentation towards the 

cave interior.  

 

 

Figure 2.4: Schematic of introduction and gravitational sedimentation of cave aerosols within 

the cave environment.  

 

Cave morphology effects on deposition processes 

Cave morphology has been postulated as a control on the distribution of pollen in cave 

sediments (Burney & Burney, 1993; Navarro et al., 2010). Cave morphology will strongly 

influence the transportation and deposition of aerosols throughout the cave network. Surface 

irregularity will result in turbulence within the air column. Turbulence will cause increased 

particle collisions with the walls and consequently greater deposition. Interception of the air 
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flow streamline by irregularities will also result in impaction onto cave surfaces (as described 

in section 2.3.3. ‘Interception and Impaction’). Aerosols of greater inertia will be removed 

from the cave ventilation air flow stream. Therefore the ‘windward’ side of cave features (i.e. 

stalagmites) will have a greater aerosol impaction flux to the surface.   

 

Cave morphology will also have an effect on the transport of aerosols by altering ventilation 

forced air flow rates. A flow of air passing through a constriction may pass too rapidly for 

gravitational sedimentation to occur, but upon reaching an open chamber, air flow rates may 

reduce sufficiently to reach threshold sedimentation levels. As a result, increased gravitational 

aerosol depositional flux may be observed in open chambers, with interception and impaction 

processes being dominant in high flow constriction areas of a cave system. Changes in cave 

profile (floor elevation) may also induce gravitational processes. A package of cave air that 

reaches a rise in elevation may stagnate enough to fall below threshold deposition velocities, 

resulting in zones of increased deposition.  

 

Interception and Impaction 

Interception and impaction are both the result of an obstacle interrupting the air flow; in the 

cave environment this is likely to be speleothem formations. In addition to increased 

interception/impaction processes, the wet surfaces of actively growing speleothems may 

retain more particles than dry cave surfaces as a consequence of hydraulic retention processes. 

As a result, speleothem surfaces will potentially have higher depositional flux and aerosol 

retention rates than other surrounding cave surfaces. This proposed pattern of distribution was 

noted by Chang et al. (2008) who observed concentrated aerosol deposition to speleothem 
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surfaces throughout Gosu, Ondal, and Sungryu caves in South Korea of 0.1 mm to several 

millimetres in thickness.  

 

Wet deposition 

Wet deposition can occur as dripwater falls through the cave atmosphere. However, this 

contribution is likely to be negligible.  

 

Badino (2004) considered the processes that could potentially result in the formation of 

clouds in caves. A key factor in cloud formation is the presence of aerosols which act as 

nucleation points for vapour condensation. The presence of a stable aerosol forming haze in a 

cave atmosphere is direct evidence of a supersaturation of moist air (water vapour pressure is 

above equilibrium), and it leads to thermal imbalances between the aerosols and the air (i.e. 

clouds are usually found near the cave ceiling and in the highest galleries because a humid air 

parcel is less dense than the drier air parcel).  Aerosols may facilitate the formation of clouds 

by providing a surface for atmospheric condensate aerosol formation from high humidity cave 

air. 

 

Condensation from atmospheric humidity can have an important speleogenetic role 

(Dublyansky & Dublyansky, 2000; Dreybrodt et al., 2005).  Condensates from cave air will 

scavenge and deposit aerosol through wet deposition and in specific scenarios may influence 

speleothem geochemistry. In addition to influencing already precipitating speleothems, 

aerosols can produce a mineral deposit when it reaches a cave wall or directly from the 

vapour state (in the same mechanism of sublimation of ice from water vapour) (Cigna & Hill, 

1997). 
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An illustration providing a summary of aerosol processes is displayed in Figure 2.5. 
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Figure 2.5: An illustration summary of cave processes: aerosol creation (red), and aerosol removal processes (black). 
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2.4. Results 

Through cave monitoring, results from this investigation will be displayed to demonstrate 

some of the key issues discussed in previous sections. This work will provide a contribution 

to, and further the existing work that has been presented on cave aerosols and discussed 

previously.  

 

2.4.1. Internally sourced aerosols 

Internal production of aerosols in some cave locations is likely to be dominated by 

anthropogenic processes. The magnitude of potential aerosol production relative to show cave 

background levels is displayed in Figure 2.6. The effect of the disturbance clearly dominates 

the background levels of aerosols. However, the impact of the disturbance on suspended 

aerosol loads is short-lived and is dependent on the cave situation and cave ground sediments. 

 
 

Figure 2.6: Short term anthropogenic cave aerosol production in Gough’s cave, Cheddar 

Gorge Show Cave, UK. Suspended aerosols monitored as a cave visitor passes by with TSI 

instruments SidePak AM510. 
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Figure 2.6 displays an example of short term aerosol impacts from a single disruption event 

by one cave visitor. The data presented in Figure 2.7 displays a much greater duration of cave 

atmosphere aerosol impact by longer, multiple visitor disturbances.  

 

 

 

Figure 2.7: Example of aerosol contributions and particle resuspension from ground 

sediments by short visits to Altamira cave (1-4 people during less than 30 minutes) during 

maintenance operations of microclimatic monitoring equipments. The size distribution of 

particles was monitored every 5 minutes during a day cycle (6
th

 March, 2012) by using an 

airborne particle counter (TSI Aerotrak™ Model 9306). Anthropogenic influence events are 

shaded in grey with events A, B and C representing visits of 2, 4 and 1 people respectively. 

 

The background level of suspended particles ranged from 70 to 10
4
 particles m

-3
 depending on 

their size. The coarsest particles (>10 μm) were detected only once the visitors went into cave, 

provoking the microparticle detachment from soil and their own clothes. Levels of airborne 

particles rose to more than a thousand times the previous background levels (as in Goughs 

Cave). Particle detachment affected particles of 0.5-3 μm in size more than the finest particles 

of 0.3-0.5 μm diameter. Coarsest particles (>10 μm) were removed from suspension three 

hours after the visit and particles ranging from 3 to 10 μm in size took approximately 9 hours 

A  B          C 



Chapter 2 

60 

for removal. The finest particles (<3 μm) remained suspended for longer periods (roughly up 

to 24 hours). This demonstrates the range of impacts and duration of impact different particle 

sizes can have on the cave environment.  

 

The production of water aerosols may prove a significant source to the total aerosol budget for 

specific regions in some cave locations. The impact of hydrologically produced aerosol will 

only be of notable levels in caves with significant waters flows, which may be seasonally 

controlled. The formation of drip water aerosols has been postulated to result in trace element 

enrichments of speleothem at Obir cave through drip water splashing and re-circulating 

mechanisms by (Fairchild et al. 2010). Figure 2.8 displays an example of hydraulic internal 

aerosol production.  
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Figure 2.8: Spatial distribution of suspended aerosols from Ingleborough show cave, UK. The 

‘End’ location marks the end of the show cave not the entire system which continues for 

>100m further.  Data collection using TSI AM510 optical aerosol counter during winter 

(black) on the 28
th

 Feb 2011 and summer sampling (grey) on the 14
th

 July 2009. The insert 

displays waterfall zone aerosol concentrations (Smith & Wynn, 2010). Hydro-aerosol 

production remains an apparent feature in both summer and winter monitoring.  
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The distribution of aerosol concentrations displayed in Figure 2.8 indicates a reduction in 

suspended aerosols with distance from the cave entrance. However, there is a peak in 

suspended aerosol concentrations at the Abyss/Waterfall locations which has been attributed 

to the internal cave production of liquid aerosols, forming as a result of turbulent water from a 

flowing stream (Smith & Wynn, 2010; Smith et al., 2013). The production of aerosols in this 

specific location is localised but substantial and has the potential to notably alter the 

geochemistry of proximal speleothem formations.  

 

2.4.2. Cave ventilation and aerosol distribution 

Cave air CO2 is used as an indicator of cave ventilation as the concentration of CO2 in a cave 

passage is a function both of production and ventilation processes (Fairchild & Baker, 2012) 

with increased CO2 concentrations being indicative of reduced air-exchange with the 

relatively low CO2 concentration external atmospheric air. Figure 2.10 displays data from spot 

monitoring of Goughs Cave, Cheddar Gorge (sampling locations shown in Figure 2.9).  
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Figure 2.9: Map of Gough’s Cave, Cheddar Gorge with aerosol sampling locations. (After 

Farrant (2010), based on survey data by Stanton (1953). 

 

CO2 rises towards the cave interior which can be interpreted as reducing air exchange and 

therefore reduced air velocity. Suspended aerosol concentrations demonstrate the opposite of 

CO2, decreasing towards the cave interior. Temperature demonstrates a similar trend to 
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aerosols. However, cave interior temperatures are reached closer to the cave entrance (before 

location 2) and are then maintained relatively constant throughout the cave. 

 

 

Figure 2.10: Cave air CO2 and suspended aerosol concentrations from spot monitoring 

throughout the Gough’s Cave network on 19
th

 and 20
th

 July 2011. CO2 recorded with a 

Sperian PHD6 instrument. Aerosol concentrations measured with TSI SidePak AM510 

optical counter (data presented are counting duration minima during the 5 minute sampling 

duration, in order to best achieve background levels). Five minute averages of temperature are 

displayed, measured with a Tinytag temperature logger. Samples were spread over ~275m 

from the cave entrance to deepest interior.  
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The zone of significant change for CO2 and suspended aerosol concentrations occurs between 

locations 3 and 5. The increase in CO2 and associated reduction in suspended aerosol 

concentration indicates reduced air exchange. Reduced air exchange will be associated with 

lower air flow rates allowing for increased settling deposition processes. This is confirmed by 

an increased aerosol deposition flux being observed between locations 3-5 as shown in Figure 

2.11. A rise in cave floor elevation can be observed in Figure 2.9 (in section) between location 

2 and 3. This may account for the reduction in air exchange, as discussed in section 2.3.2. and 

2.4.5, increased elevation may result in the stagnation of air flow rates resulting in increased 

aerosol deposition.  

 

 

Figure 2.11: Gough’s Cave, Cheddar Gorge: the spatial distribution of depositional flux rates 

based on one month of surrogate surface monitoring over July. Samples collected on the 20th 

of July. Limit of detection (3σ) displayed with error bars. 

 

The correlation of suspended aerosols, aerosol deposition flux and CO2 demonstrates the 

relationship between deposition processes and cave ventilation. Cave ventilation has been 
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confirmed as the one of the key processes controlling cave aerosol introduction, transport and 

deposition. This relationship is investigated in more detail in Chapter 3. 

 

Based on the observed deposition rates, the rate of aerosol deposition accumulation and 

vertical accretion rates can be estimated: 

 

Vertical accretion (m/day) = deposition flux (µg/m
2
/day)/ aerosol density (µg/m

3
)  (1) 

 

Aerosols of lower settling velocities (Figure 2.3) are most likely to be transported throughout 

cave networks (illustrated in Figure 2.4). Therefore cave aerosols are most likely to be 

composed of aerosols from nucleation and accumulation particle size modes. Aerosol density 

is required to calculate accretion rates (see (1)). Hu et al. (2012) estimates mean aerosol 

material density of 1.62±0.38 (µg/cm
3
) for the smallest size fraction in the study of 0-1.8 um 

diameter. Based on the average cave deposition flux in Gough’s cave of 142 µg/m
2
/day 

(Figure 2.11) and average aerosol density of 1.63 µg/cm
3 

vertical accretion will equal 

8.77×10
-08

 m/day or 32 µm/year.  

 

This calculation provides an estimation of vertical accretion rates, based on several 

assumptions and uncertainties. The range in aerosol deposition has shown to be highly 

variable depending on location (Figure 2.11) and season (explored in Chapter 3). Therefore 

vertical accretion rates will also be highly variable. The density values proposed by Hu et al. 

(2012) an estimated value based on assumed composition and size groups. Additionally, 

further uncertainty occurs as a result of applying the size related density values to the 

unknown cave aerosol size fractions that are used in determining aerosol flux rates in Gough’s 
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cave. Assuming the chosen density and deposition flux values are accurate, the vertical 

accretion calculation will provide an upper limit value. It is highly likely that aerosol deposit 

losses will occur due to disruption and removal by water flow, anthropogenic activity, or 

resuspension by air flow rather than forming deposits. Furthermore, aerosol deposit 

compaction processes would result in lower than calculated vertical accretion rates. The 

ability of aerosols to form accretions will be dependent on their composition. For example, 

carbonate aerosols may be more likely to form cemented and permanent depositions than 

silicate particulate deposits.  

 

2.4.3. Entrance zone deposition 

It has been established that generally the highest concentration of coarse aerosols will be 

observed in the cave entrance. As investigations of pollen showed, there is a significant loss 

in suspended coarse aerosols with distance from the cave entrance, with the highest 

concentrations of palynomorphs in the cave entrance area (Navarro et al., 2001). This will 

predominantly occur as a result of air flow rate reduction and subsequent gravitational 

sedimentation of coarse aerosols. There is also the potential for hygroscopic effects due to the 

high humidity compared to the external atmospheric humidity. Dry aerosols entering the cave 

environment may absorb water, increase in size, and fall out of the air stream flow. An 

example of substantial suspended load loss (and therefore deposition) occurring within the 

entrance zone is displayed in Figure 2.13 presenting aerosol deposition monitoring data from 

Altamira Cave, Spain. 

 

A detailed survey of suspended aerosol, airborne microorganisms and microclimatic 

monitoring was carried out at Altamira Cave, a World Heritage UNESCO site, world famous 
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for its possession of a collection of Palaeolithic rock paintings and engravings that are mainly 

located in Polychromes Hall (Figure 2.12). The preservation of these paintings is as a result of 

the cave being characterized by low rates of water infiltration, precipitation of mineral 

deposits and exchange with the external atmosphere; and the maintenance of very stable 

microenvironmental conditions because of limited airflow in the Polychrome Hall. However, 

the opening to the public during previous decades provoked air warming and turbulence 

caused by visitors causing the increased air exchange between Polychromes Hall and areas 

closest to the entrance, where there are microbial colonization on walls and ceilings (Cuezva 

et al., 2009). The corrective measures implemented in recent years (since it last closed in 

2002) have reduced the exchange between the cave atmosphere and exterior, decreasing the 

entry of airborne particles, the condensation rate in the entrance area, and the metabolic 

activity of the main visible microbial colonies (Saiz-Jimenez et al., 2011). 
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Figure 2.12:  Locations at Altamira cave during the aerosols survey by using double pump 

and in-line filter equipment, running at 3 L min
-1

 for 24 hours duration, airborne particle 

counter (TSI Aerotrak™ Model 9306), microbial air sampler (Duo SAS 360, International 

PBI) and microclimatic records. 
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Figure 2.13: Comparison of suspended aerosol concentrations from the cave entrance zone 

and Polychromes hall, Altamira Cave within the cave interior. Pumped collection of 

suspended aerosols at 3 L min
-1

 over 24 hours. Limit of detection (3σ) are displayed for each 

element with error bars. 

 

Figure 2.13 displays a significant reduction in suspended aerosol concentrations from the 

entrance zone (E) to the Polychromes Hall (P) within the cave interior. This is consistent with 

the patterns of distribution observed in previous studies involving the transportation of coarse 

aerosols. However, Location P is a side chamber which may experience reduced ventilation 

and the lower detected aerosol concentrations can also be attributed to the chamber’s location 

relative to active ventilation streamflow (a bidirectional flux between cave entrance and 

deeper areas). 

 

This transportation of aerosols will also be hampered by the effect of a double-access door 

equipped with a thermal insulation system that reduces the entry of airborne particles (Sainz-

Jimenez et al., 2011; Garcia-Anton et al., 2012).  Therefore suspended load loss is a likely 
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consequence of deposition occurring as a combined consequence of entrance zone and cave 

morphology depositional effects.  

 

The same relationship between suspended aerosols, CO2 and temperature as observed in 

Gough’s Cave (Figure 2.10) is apparent in Altamira cave, Spain as shown in Figure 2.14. The 

loss in suspended aerosols (detected using optical particle counting methods) confirms the 

results displayed in Figure 2.13 (from pumped sampling and ICP-AES analysis). Smaller 

particles of less than 1µm demonstrate the strongest relationship with CO2 and the most 

spatial variance. The spatial distribution effect on aerosols diminishes with increasing aerosol 

size, as displayed in Figure 2.15. This is likely due to the reduction in the ability of cave 

ventilation to transport aerosols of increasing size and mass. This is consistent with the idea of 

entrance zone coarse aerosol deposition and the concept of progressive gravitational 

sedimentation throughout caves. 
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Figure 2.14: Aerosol size distribution: Suspended particle counts of particle size ranges 0.3-

0.5µm (secondary axis), 0.5-1µm, 1-3µm and 3-5µm, 5-10 µm, >10 µm. Cave air 

environmental conditions: CO2 (ppm) and temperature (°C). Data displayed is averaged from 

four cave visits on the same day 0718hrs-0757hrs, 0929hrs-1005hrs, 1149hrs-1217hrs and 

1457hrs-1527hrs. During this time monitoring was only exposed to the influence of the 

operator. 
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Figure 2.15: Relationship between spatial variance of aerosols and particle size. Spatial 

variance = [STDEV(aerosol counts)/aerosol counts]×100.  

 

 

2.4.4. Progressive gravitational sedimentation 

Under a simplified cave model where gravitational sedimentation is the key process of aerosol 

deposition, progressive deposition will be observed. Progressive reduction of air ventilation 

forces and decreasing air flow rates cause progressive aerosol load loss as a result of 

depositional settling. Evidence of gravitational sedimentation is not observed through all of 

the case studies used in this investigation. However, Figure 2.17 displays a pattern of aerosol 

distribution that may represent progressive gravitational deposition in St Michaels Cave, 

Gibraltar (Figure 2.16) (Mattey et al., 2008; 2010).  
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Figure 2.16: Lower New St Michaels Cave network map with cave aerosol sampling locations 

(after Mattey et al., 2008). 
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Figure 2.17: Examples of potential evidence for progressive gravitational sedimentation. 

Suspended aerosol distribution in St Michaels Cave, Gibraltar. Samples spread over 

approximately 100 m distance from the cave entrance to interior.  

 

Often the relationship between cave ventilation and aerosol processes will be significantly 

influenced by cave morphology. Caves with an intricate morphology associated with an 

extensive network of interconnecting fissures will result in a complex distribution of aerosol 

deposition. Additional processes to gravitational sedimentation may overprint any trends, 

making deciphering such processes difficult. 
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2.4.5. Cave morphology and aerosol deposition 

An example of the control of cave morphology on aerosol deposition rates has been observed 

at Obir cave, Austria. Surrogate surfaces were deployed in two locations (shown in Figure 

2.18) within the cave to determine the deposition rates close to the position of speleothems 

previously studied by Fairchild et al. (2010). One sample was situated at in Säulenhalle (S), 

an open chamber with active speleothem formation and a terminal pool (Silbersee) and the 

other at Düse (D), a nearby constricted passage with air flow sensible by visitors.  

 

Figure 2.18: Obir Cave map and surrogate surface locations (after Spötl et al., (2005)). 

 

Figure 2.19 displays a comparison of depositional flux rates at locations S and D, with 

location S recording greater levels of total aerosol deposition flux. This can be accounted for 

simply by gravitational processes. Aerosols remain in suspension as they travel through the 

constriction due to the higher flow rates, upon entering the larger Säulenhalle chamber where 

air flow velocities are reduced. The reduction in air flow rates will result in increased 

gravitational sedimentation and deposition of aerosols to the cave floor. Increased deposition 

will likely occur near Silbersee pool regardless of the suspended load and ventilation direction 
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simply as a result of the proposed morphologically controlled reduction in ventilation air flow 

rates.  

 

 

Figure 2.19: Depositional flux rates at two locations: near Silbersee pool (S) and at Düse (D). 

Results from surrogate surface monitoring from 15
th

 April to 11
th

 July 2012 in Obir Cave, 

Austria. Error bars display elemental limit of detection (3σ) as errors. Sr and Mg are presented 

here as element of importance to speleological studies for processes such as PCP. Total 

deposition refers to the combined deposition of Al, Fe, Mg, Na, K, Ti, P, Mn, Ba, Ni, Sr, V 

and Zn. 

 

With knowledge of the potential processes affecting aerosol deposition fluxes to speleothem 

surfaces, it is possible to evaluate the contribution of aerosol deposition to speleothem 

geochemistry.  
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2.4.6. Results summary 

A range of cave processes can be investigated by measurement of suspended aerosol loads, 

aerosol deposition and aerosol type. Data has shown that the cave atmosphere aerosols are 

significantly influenced by cave ventilation and anthropogenic disturbances. Aerosol 

monitoring is valuable due to its ability to record both anthropogenic and natural ventilation 

process. The demonstrated sensitivity and recovery of aerosols to anthropogenic and 

environmental processes offers benefits over other cave environment monitoring tools, which 

is explored further in Chapter 3. As aerosol monitoring instruments become more widely 

available, aerosols may become a preferable environmental monitoring indicator providing 

greater sensitivity over more commonly used indicators such as cave air CO2 and temperature. 
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2.5. Aerosol contributions to speleothem geochemistry 

 

The mode of transport and deposition is expected to have a relationship with the chemistry of 

aerosols being deposited. For instance, in the case of gravitational sedimentation, the larger 

and denser particulates will be removed from suspension first and will often be associated 

with specific sources and chemical composition. In a study by Faimon et al. (2006) aerosol 

compositions were determined to be highly variable with space and time but were broadly 

composed of Si, Ca, Al and Fe with fine particles formed of S, P, K and Cl. This relationship 

was not observed with the preliminary spatial deposition monitoring pattern and the chemical 

composition of aerosol deposition in Obir cave. The lack of a relationship between location 

and chemistry is likely due to the range of processes effecting the transport and deposition of 

aerosols, combined with the changing environmental conditions inside the cave and 

externally.  

 

The comparison of aerosol deposition data from Obir cave demonstrates that elemental 

deposition flux rates differ between elements and some display trends unlike the overall total 

depositional flux rate distribution (Figure 2.19). Internally produced aerosols would be 

expected to be observed at greater concentrations in the cave interior in comparison to the 

entrance region, but no clear distinction was identifiable.   

 

Based on monitoring data at Obir, it is possible to calculate the aerosol addition to speleothem 

geochemistry. The following calculations are based on deposition per 1 mm
2
 of speleothem 

surface over a period of one year, assuming constant growth (as shown in Figure 2.20).  
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Figure 2.20: Calculation variables: deposition flux and growth rate. Calculations are based on 

1 mm
2
 calcite surface area for one year of speleothem growth.  

 

In order to determine the impact of aerosol deposition upon speleothem composition the rate 

of deposition and the calcite supply must be known. The potential (maximum) aerosol 

concentration in calcite (P) is a function of aerosol depositional flux and speleothem growth 

rate and is related to aerosol deposition and speleothem growth as follows:  

 

P = F/ (R × ρ) 

Where    P = Potential aerosol concentration in calcite (µg g
-1

) 

  F = aerosol depositional flux (µg mm
-2 

year
-1

) 

  R = speleothem growth rate (mm year
-1

) 
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  = 0.00271 = calcite density (g mm
-3

) 

The relationship between speleothem calcite concentration and aerosol deposition flux as a 

function of growth rate is displayed graphically in Figure 2.21. 

 

  

 

Figure 2.21: Relationship between aerosol deposition flux (F) of a trace species and its 

potential concentration in calcite (P) as a function of varying growth rates from 0.001 mm yr
-1 

to 10 mm yr
-1

. 

 

By adding known deposition flux rates into the equation the potential calcite contribution can 

be calculated. Here, data from Obir cave monitoring (Fairchild et al., 2010) are presented to 

demonstrate the maximum possible extent of aerosol contribution to speleothem chemistry. 

An approximation of calcite concentration contribution is shown in Figure 2.22 based on 

maximum aerosol deposition flux rates. 
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Figure 2.22: The relationship between aerosol deposition flux (F), growth rate (R) and 

potential calcite concentration (P) for speleothem OBI12 with a recorded growth rate of 0.039 

mm yr
-1

. Maximum Sr, Ba, Mn and Zn deposition flux rates are plotted to give their 

corresponding potential calcite concentration contribution values based on this annual growth 

rate. 

 

Aerosol contributions can be expressed as a percentage of the speleothem concentration of 

individual elements: 

 

A (aerosol contribution, %) = (P/C) × 100 

Where: C = elemental calcite concentration 

 

The maximum theoretical contribution of aerosols to speleothem chemistry has been shown to 

vary significantly between different elements as shown in Table 2.2. Values range from 
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0.002% to 71.8% dependent on the element and speleothem under investigation. This 

highlights the contribution from drip water on the potential contribution of aerosol deposition 

on total speleothem geochemistry.  

 

 Mg P Mn Zn Sr Ba 

OBI12 1.1 ± 0.31 14 ± 5.4 72 ± 34 0.0068 ± 0.0027 0.45 ± 0.11 0.20 ± 0.043 

OBI84 0.43 ± 0.34 5.0 ± 4.0 30 ± 32 0.0024 ± 0.0015 0.13 ± 0.18 0.079 ± 0.066 

 
 

Table 2.2: Values of maximum theoretical aerosol contributions (A, %) to concentrations of 

individual elements for samples taken across the growth range of the Obir speleothems, based 

on depositional flux at location S. Uncertainties are one standard deviation.  

 

Speleothems with low trace element influx from drip waters will present a greater aerosol 

contribution relative to those with high trace elements. Aerosols will provide a significant 

contribution to ‘cleaner’ speleothem samples and these are therefore more likely to preserve 

detectable aerosol geochemical signatures representative of environmental conditions. A 

comparison of drip water to aerosol chemistry supply is shown in Table 2.3. 

 

Element 

Oversupply (%) Limiting drip rate 

 (L yr
-1

) Drip water Aerosol flux 

Zn 18 0.00014 0.0022 

Mg 9583 0.00073 0.000022 

P 99 0.012 0.036 

 

Table 2.3: Comparison of drip water (at 287 L year
-1 

flow rate) and aerosol flux contributions 

to speleothem geochemistry. Limiting drip rates are those at which drip water chemistry 

supply is equal to that of aerosol flux. Drip water oversupply (%) = 1/[ Mg of element per 

year calcite growth / Mg of drip water supply per year ×100] ×100. Aerosol flux oversupply 

(%) = 1/[Mg of element per year calcite growth / Mg of aerosol flux to speleothem surface per 

year) ×100] ×100. 
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The comparison of drip water supply and aerosol flux supply to modern calcite concentrations 

(Table 2.3) has shown that at current drip water flow rates the drip water chemistry supply is 

orders of magnitude greater than that offered by aerosol flux. Limiting drip rates demonstrate 

that for all elements compared a  >99.9% reduction in flow rates is required to reduce the drip 

water supply to quantities equal to the aerosol supply. 

 

The data and calculations presented here so far are based on several assumptions. The first is 

that the surrogate surface aerosol deposition provides a suitable replication of the type of 

aerosol flux that would occur to the speleothem surface. Secondly, and likely to be of greater 

impact is that the above calculations are based on complete incorporation (i.e. 100% 

efficiency). There are however several processes that will occur that would result in less than 

total incorporation of aerosol deposition within growing speleothem.  

 

2.5.1. Potential aerosol calcite contribution – incorporation 

The aerosol contribution to speleothem geochemistry (P) is in practice an unrealistic 

maximum since aerosol preservation will be highly dependent on drip water flow rates and 

the mechanism of deposition. Aerosols deposited to the surface of an actively growing 

speleothem may be washed away by drip water flowing over the speleothem surface.  

Conversely, deposition to the surface of a dry speleothem (during a speleothem growth hiatus) 

could result in the formation of a deposit predominantly composed of aerosol deposits. Any 

aerosol deposits during a hiatus period would be affected by the possible drip water removal 

processes upon resumption of drip water flow over the speleothem surface. However, if 

binding of aerosol deposits occur to produce a consolidated horizon of calcareous or non-

calcareous composition, it would be resistant to drip water flow. Since calcite concentration 
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will be a function of growth rates, it is during hiatus events where aerosol deposition will 

have the greatest influence on speleothem chemistry. If aerosol deposition in the cave 

environment has been characterised by monitoring, identification of hiatus horizons in the 

speleothem chemistry would be possible. This would enable identification of intervals that 

represent specific environmental conditions.  

 

The type of aerosol will influence the likelihood of preservation. Denser particles will be less 

likely to be removed by drip water flowing over the speleothem surface relative to low density 

particles. Soluble components of particles and liquid aerosols deposited to speleothem thin 

film drip water may become dissolved in the drip water. In evaporative scenarios with low to 

zero drip rates it may be possible for liquid aerosols to create a defined horizon through 

precipitation. Aerosol preservation will therefore be a function of: drip water flow rates, 

speleothem growth rates (also a function of flow rates), aerosol deposition type (wet or dry 

deposition) and aerosol type.  

 

Incorporation type 

Deposited aerosols remaining on the surface retain the potential to become incorporated into 

the speleothem. However, this process will not be 100% efficient in capturing the entire 

aerosol signature. Solutes will be coprecipitated, providing an addition to drip water 

chemistry. Particulates are likely to become incorporated through intercrystalline capture. 

Aerosols which become incorporated into the crystal lattice will be subjected to incorporation 

factors dependent on the chemistry and type of aerosol deposited. Notably, a number of trace 

elements are preferentially incorporated in the solid phase as a result of adsorption and 

complexing processes described in Fairchild and Baker (2012, chapter 8).  Here we modelled 
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potential contributions from aerosols assuming 100% efficiency of incorporation into the 

solid phase.  Whereas ions are removed from dripwater at quite low efficiencies (and this is 

specifically the case as Obir cave, Fairchild et al., 2010), at minimal drip rates, in solid phase 

accretion, processes will tend to be less discriminatory between elements. 

 

Concentrations in calcite are influenced by a combination of processes each controlled by 

deposition flux rates and growth rates. The final calcite concentration is controlled by the 

incorporation efficiency of the deposit aerosols and is also therefore a function of deposition 

flux rates and growth rates. 

 

Aerosol deposition and incorporation to speleothem is a complex function of a variety of 

environmental, speleothem and aerosol conditions. Scenarios in which aerosol deposition 

becomes significant and potentially identifiable in the speleothem record have been observed 

in both hiatus events, and slow growth – high deposition flux situations. Through monitoring 

of dry deposition fluxes and comparisons to speleothem geochemistry, aerosol contributions 

to speleothem geochemistry can be approximated and their significance for further 

investigation determined. Data demonstrates that aerosol deposition should be considered in 

speleothem sampling choice. In some scenarios aerosol contributions may contaminate 

samples for geochemical analysis, such as radiogenic isotope studies, or skew drip water 

environmental signatures.  

 

2.5.2. Cave aerosol, aerobiology and microbial communities 

As with pollen, microbial material is known to be distributed throughout cave networks 

(Jurado et al., 2009, 2010; Cuezva et al., 2009; Bastian et al., 2009a, 2009b, 2009c, 2010). 
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The distribution of microorganisms may be influenced by transportation as aerosols. In 

addition to, or as a separate process, microbiological activity throughout caves is known to 

occur as a consequence of anthropogenic transportation and is often an issue for cave 

management practices. Aerosols of fungi (Wang et al., 2011) and bacteria (Wang et al., 2010; 

Martin-Sanchez et al., 2011) have been shown to be distributed throughout cave networks 

with visitors having a significant influence of the type and concentration of the biological 

aerosols. Visitors carry spores, seeds and bacteria on clothing and deposit them within the 

cave network. In addition to providing an introduction mechanism, visitors result in increased 

disturbance. A secondary aerosol feedback process may occur as a result of the disturbance 

where increased suspended aerosol loads and deposition to cave surfaces provide nutrients to 

sustain biological development resulting in increased communities.  

 

Regarding the contribution of aerosol deposition to speleothem, microbiological processes 

may provide an additional feedback. Aerosol deposition contributions to speleothem surfaces 

may not be sufficient to influence speleothem chemistry directly to a significant degree. 

However, the presence of deposits may facilitate and sustain microbial communities which 

subsequently, through bio-accumulative processes, result in inorganic concentration horizons 

of notable levels. Some bacteria are known to be capable of concentrating metals from their 

environment (Dorn & Oberlander, 1981) and have been known to increase the rate of 

manganese oxidation by up to five orders of magnitude (Tebo et al., 1997). Microorganisms 

may contribute to the formation of manganese and iron oxide-rich deposits (Northup et al., 

2003). In addition to metals, cave biota have been also shown to accumulate and precipitate 

calcium phosphate in significant quantities (Jones, 2009). In the particular case study of 

Altamira cave, the Actinobacteria forming grey spots in the cave surface near the entrance can 
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use the captured CO2 to dissolve the rock and subsequently generate crystals of CaCO3 in 

periods of lower humidity and/or CO2 (Cuezva et al., 2012). Likewise, bacteria are also 

involved in the formation of calcitic moonmilk deposits in this cave (Sanchez-Moral et al., 

2012).  In some instances the aerosol contribution to speleothem could be significantly 

increased as a result of secondary feedback concentrating processes and provide a proxy for 

emission events, which would not be detectable otherwise. Monitoring of suspended fungi 

and bacteria was undertaken in Altamira Cave, Spain to determine the spatial distribution of 

microbial aerosols throughout the cave network, the results of which are displayed in Figure 

2.23. Fungi demonstrate the same distribution observed in the suspended aerosol counts 

carried out during the same fieldwork period indicating the same ventilation driven 

distribution mechanism as other aerosols. It should be noted that fungi may associate with 

larger particles which were not detected by the particle counter. However, bacteria 

demonstrate a pervasive but spatially independent distribution. This is coherent with the 

distribution of intermediate to coarser aerosols observed from suspended aerosol monitoring, 

as bacterial aerosols are typically of 0.3-10 µm in size (as shown in Figure 2.2). The aerial 

distribution of suspended bacteria differs to that of observations of bacterial colonisation, 

which is dominant nearest the cave entrance. It is plausible that the relationship between 

bioaerosols and cave surface colonisation is controlled by the distribution of other aerosols, 

which provide a nutrient flux creating conditions suitable for sustaining microbial production. 

Therefore entrance zone colonisation occurs as a consequence of relatively high deposition 

fluxes to the cave surfaces.  
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Figure 2.23: Airborne bacteria and fungi aerosol concentrations expressed as colony forming 

units per m
3
 of air in Altamira Cave, Spain. Data displayed is averaged from four cave visits 

on the same day 0718hrs-0757hrs, 0929hrs-1005hrs, 1149hrs-1217hrs and 1457hrs-1527hrs. 

During this time monitoring was only exposed to the influence of the operator.  
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2.6. Conclusions  

 

Aerosol introduction, distribution, deposition and incorporation are complex and variable 

processes dictated heavily by the specific cave situation with aerosol spatial distributions 

having a dominant influence on local deposition. The type of speleothem formation and cave 

morphology will control deposition through impaction/interception processes and the level of 

aerosol transport to the surface of the speleothem respectively. Consequently, the within-cave 

location of speleothem formation and aerosol incorporation will often govern whether 

deposition flux rates are sufficient to provide a significant contribution to aerosol 

geochemistry.  

 

Cave aerosols are sensitive to environmental conditions (ventilation, drip water flow rates) 

and therefore will exhibit temporal and spatial variations. Due to the sensitivity of aerosols to 

environmental conditions, aerosol monitoring has the potential to be used in cave ventilation 

studies in place of existing CO2 and temperature work. 

 

Calculations have demonstrated that the ultimate contribution to speleothem geochemistry is 

predominantly dependent on growth rates, deposition flux, and aerosol incorporation factors. 

Results have shown that aerosol contributions to speleothem chemistry will commonly be of 

low significance; but, in certain instances aerosols may provide considerable additions to 

geochemistry. The elemental deposition and potential contributions of aerosols relative to 

speleothem geochemistry and drip water chemistry display a large range of influence.  

Situations where aerosol deposition may provide noteworthy contributions to speleothem: 

 Hiatus events (ceased/very slow speleothem growth) 
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 Very high deposition flux rates as a result of a combination of efficient aerosol 

transport and large external suspended loads 

 Secondary microbial feedback processes resulting in increased concentrations. 

In such instances aerosols through speleothem incorporation may provide a novel 

environmental indicator not yet constrained by existing proxies. 
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Chapter 3. Processes Affecting Aerosol Concentrations in Gough’s Cave, 

Cheddar Gorge, U.K. 

 

This chapter has been published in the journal of Cave and Karst Science (Dredge et al., 

2014). 

 

3.1. Introduction 

Aerosols are generally defined as the suspension of fine solid or liquid particles within a 

gaseous medium (Hinds, 1999). Cave aerosols are introduced directly from internal sources or 

sourced externally and transported by cave ventilation and anthropogenic processes. Cave 

aerosol monitoring offers an additional environmental proxy to more established methods 

such as CO2 and temperature. Interest in aerosols is developing due to a combination of their 

sensitivity as an environmental proxy (Dredge et al., 2013; Smith et al., 2013), potential 

contributions to speleothem geochemistry (Dredge et al., 2013), cave management (Ohms, 

2003) and cave conservation issues (Chang et al., 2008). 

 

This paper presents data from a medium-term multi-proxy monitoring programme established 

in Gough’s Cave, Cheddar Gorge (UK) in August 2012 with monitoring continuing through 

to December 2012. The aim of this study was to identify the effects of seasonal environmental 

change on suspended aerosol concentrations, cave air carbon dioxide (pCO2) levels and 

temperature.  
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This paper explores the benefits of using aerosol monitoring as part of cave environmental 

studies. Aerosol monitoring is used to identify seasonal changes in cave ventilation, and 

investigate the processes controlling cave environmental conditions.  
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3.1.1. Location  

Gough’s Cave is a show cave with a main entrance opening into the Cheddar Gorge valley, 

located near the village of Cheddar in the county of Somerset, UK. The cave location within 

the UK and cave plan is displayed in Figure 3.1.  

 

Gough’s Cave is a resurgence cave developed in gently dipping limestone with most of the 

passages formed by the River Yeo, which resurges just outside the cave entrance in a series of 

springs known as Cheddar Risings. The Gough's Cave system is developed in the 

Carboniferous Clifton Down Limestone Formation, part of the Pembroke Limestone Group. 

The rocks dip to the SSW in the main show-cave at between 20° and 25°, striking at 095° to 

115° (Farrant, 2010). 

 

Gough’s Cave is a managed show cave that receives tens of thousands of tourist visitors each 

year, mainly during the summer months (69305 visitors from August to December, 2012). 

Cheddar gorge is now (and in recent history) dry with a main road running through it and 

therefore traffic flow provides a potential external source of anthropogenic aerosols in 

addition to those produced internally by visitors. 
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Figure 3.1: Gough’s Cave map, in plan (upper illustration) and section (lower illustration). 

The environmental monitoring station is marked. Image adapted from Farrant (2010), based 

on survey data by Stanton (1953).  
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3.1.2. Cave ventilation 

Cave ventilation is the process by which internal cave air is exchanged with external 

atmospheric air. It occurs as a result of several phenomena: cave breathing, wind-induced 

flow, chimney circulation or stack effect, convection and water-induced flow (Fairchild & 

Baker, 2012). As ventilation is difficult to measure directly, cave environmental conditions 

are commonly utilised as proxies of cave ventilation processes. The strength and seasonality 

of cave ventilation has traditionally been determined through the monitoring of CO2, 

temperature and radon gas. In this investigation, CO2 and temperature are compared to the 

cave aerosol record in order to better constrain cave environmental processes. It should be 

noted that this investigation is limited by the length of the monitoring duration and 

conclusions regarding the winter – spring – summer transition can only be tentative.  

 

It is generally recognized that cave chambers with high cave air pCO2 values (of the order of 

several thousands of ppm) reflect very poor air circulation (Fairchild & Baker, 2012). The 

monitoring of CO2 therefore provides a proxy for ventilation intensity (for example 

Wilkening & Watkins, 1976). Several studies have utilised CO2 monitoring for the 

determination of ventilation intensity (e.g. Mattey et al., 2010; Kowalczk & Froelich, 2010; 

Cuezva et al., 2011; Frisia et al., 2011). 

 

Temperature disparities between the external environment, cave interior and bedrock are 

moderated by heat transfer. Wigley & Brown (1971) calculated the influence of external air 

and heat transfer into the cave and the influence of temperature disparities, cave humidity, 

cave size and morphology. Heat flux takes place through conductive and convective processes 

with the latter resulting in cave ventilation. Only a few studies have utilised cave temperature 
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monitoring for the investigation of cave process dynamics (e.g. Fernandez-Cortes et al., 2006; 

Stoeva et al., 2006; Domínguez-Villar et al., 2013) due to the difficulty in conceptualization 

of the system. However, a range of studies have monitored temperature as a part of a suite of 

environmental conditions, often to complement the monitoring of CO2 (Spötl et al.,  2005; 

Baldini et al., 2008; Mattey et al., 2010).  
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3.1.3. Cave aerosols 

An introductory treatment is given here, whereas a more comprehensive review of cave 

aerosol transportation and distribution processes can be found in Chapter 2 - Dredge et al. 

(2013). 

 

Figure 3.2 displays the range of aerosol sizes that can be observed in atmospheric air 

(nucleation, accumulation and coarse modes (Willeke & Whitby, 1975). The group sizes used 

in this investigation are the total, small and large aerosol groups. The ‘small’ group (0.5-2.5 

µm diameter) includes aerosols such as fine dust, bacteria, mould and smoke particles and 

corresponds roughly to the upper part of the accumulation mode size group (as presented in 

Figure 3.2). The ‘large’ group (>2.5 µm) is composed of aerosols such as: coarse dust, spores 

and pollen, terrestrial sediment dust, and clothing fibres.  

 

 

 

Figure 3.2: Atmospheric aerosol size modes (lower box) and aerosol size modes monitored 

(upper box). Size mode aerosol ranges taken from Willeke & Whitby (1975).  

 

The investigation of particle size groups can offer further insight into the mechanisms 

controlling aerosol transport and distribution. Monitored aerosol concentrations represent the 

net result of aerosol introduction and deposition. The process of aerosol removal from 
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suspension is known as aerosol deposition, with deposition rate to a surface area expressed as 

deposition flux. Deposition occurs as a consequence of the following processes: Brownian 

diffusion, interception, impaction, sedimentation (gravitational fallout) and wet deposition 

(precipitation scavenging) (Petroff et al., 2008). It should be noted that aerosols may 

coagulate to form larger particles and in this case suspended aerosol monitoring counts would 

be reduced and subsequent aerosol mass calculations skewed. However, coagulation effects 

are likely to be small for the monitored size range due to aerosol static charges (Hinds, 1999). 

The elevated humidity in the cave environment relative to the exterior may result in aerosols 

absorbing water and increasing in density. Consequently, aerosols near transport velocity 

thresholds may increase in density and fall out of suspension. Coagulation, hydroscopic and 

static charge processes could be investigated through the monitoring of aerosol size fractions, 

both temporally and spatially throughout the cave environment (explored further in Chapter 

6). 

 

Aerosol introduction will occur as a result of transport processes carrying external aerosols 

into the cave, or by internal cave production by visitor disruption. Aerosol transport into and 

throughout the cave occurs as a result of air-exchange (Pashchenko et al., 1993) and dust 

carried in by visitors (Michie,1999; Jeong et al., 2003) and animals. Air-exchange will carry 

atmospheric aerosols as part of the package of air into the cave environment. Aerosol 

monitoring has been carried out to determine anthropogenic influences in caves (Michie, 

1999), temporal (Christoforou et al., 1996; Kertesz et al., 1999; Iskra et al., 2010; Dredge et 

al., 2013; Smith et al., 2013) and spatial change (Michie et al., 1999 ; Kertesz et al., 1999; 

Genty et al., 2001; Dredge et al., 2013; Smith et al., 2013). Studies by Dredge et al. (2013) 
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(Chapter 2) and Smith et al. (2013) both developed an understanding of aerosol-ventilation 

relationships through the utilisation of combined CO2, temperature and aerosol monitoring. 

 

Cave ventilation exchanges internal and external aerosols and in principle may have the net 

effect of either introducing or removing aerosols from the cave environment. External 

aerosols introduced into the cave environment by active ventilation will tend to be maintained 

in suspension by air flow rates above threshold values (Kulkarni et al., 2011). Ventilation can 

act to lower cave atmosphere aerosol levels through air exchange and mixing, in situations 

where external air has lower aerosol concentrations than the cave interior. Alternatively in 

exceptionally high air flow rates ventilation can produce aerosols through entrainment 

processes.   

 

3.1.4. Anthropogenic effects on the cave environment  

Each of the monitored conditions can be influenced and altered by cave visitor effects. The 

impact of cave visitors will generally be influenced by visitor numbers and length of visits.  

 

Sanchez-Moral et al. (1999) investigated CO2 and temperature variations associated with cave 

visitors. The results demonstrated that visitors produce a series of variations in the cave 

microclimate due to their own metabolism. These alterations are produced by heat emission 

through radiation via skin, by CO2, and water vapour exhalation, together with the 

consumption of O2 through respiration. Anthropogenic aerosols can act to alter the cave 

environment through either transport from external sources (Christoforou et al., 1994; Salmon 

et al., 1994; 1995; Jeong et al., 2003; Chang et al., 2008) or as a result of internal production 

(Michie, 1999; Ohms, 2003). Cave visitors cause increased suspended aerosol levels through 
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two mechanisms: 1) transportation into caves on clothes e.g. lint and dust and 2) re-

suspension of surface dust and floor sediments (Michie, 2003). Aerosols produced by visitors 

are principally formed by disturbing surface deposits and previous aerosol deposits; Bartenev 

& Veselova (1987) recorded a rise in aerosol deposition of more than 10 times within 20 m of 

the main tourist passages. 

 

Anthropogenic influences and environmental impacts will be cyclic due to the daily show 

cave opening times. Diurnal anthropogenic cycles will consist of a daytime rising phase, 

followed by a nightly recovery period to baseline environmental conditions. 

 

This paper seeks to identify the relative significance of anthropogenic influences and natural 

cave ventilation processes on cave aerosol concentrations. Following a description of the 

methods employed, short and long-term trends visible in the data will be presented.  

Relationships between internal cave conditions and external weather conditions will be 

explored and processes controlling internal environmental conditions identified. 
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3.2. Methodology 

 

3.2.1. Environmental monitoring location 

The cave environmental monitoring location was chosen to provide sensitivity to changing 

environmental conditions and ensure equipment security. Key considerations in the choice of 

site were: availability of mains power, absence of drips and avoidance of vandalism or 

tampering from cave visitors. Two locations were selected initially, one near the cave 

entrance and one approximately halfway along the tourist route. However, in December 2012 

exceptional flooding (>2 m depth) following prolonged heavy rain destroyed the equipment 

located at the entrance. The location of the single environmental monitoring site is shown in 

Figure 3.1.  

 

3.2.2. Suspended aerosols 

Suspended aerosols were measured using a Dylos air-quality monitor particle counter 

(DC1700) instrument.  The unit uses a laser counter with two size ranges 0.5 µm – 2.5 µm 

and >2.5 µm to provide aerosol counts for small and large aerosols respectively per volume of 

air. The suspended aerosol quantities presented in this paper are based on the mean levels 

during one minute of counting. Recording of counts took place over the first minute of each 

hour. Data-smoothing and statistics presented were carried out on the minute-mean data.  

 

3.2.3. Cave air CO2 and temperature  

Cave air pCO2 was recorded using a Tinytag CO2 data logger (TGE-0011). This model offers 

a 0 to 5000 ppm range with precision stated as being less than 50 ppm plus 3% of the 
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measured value. Cave temperature was recorded with a Tinytag Plus 2 internal temperature 

data logger (0.01ºC reading resolution).  

3.2.4. External environmental conditions 

External environmental conditions were taken from the National Oceanic and Atmospheric 

Administration (NOAA), National Climatic Data Centre database. The nearest location (<16 

km away) offers twice-hourly environmental data at the Bristol airport location (Call sign 

EGGD) latitude 51.383º, longitude -2.717º, and elevation 190 m.  
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3.3. Results 

3.3.1. Seasonal Environmental change 

In this section results will be presented from the environmental monitoring programme.  

Results will be further explored in the discussion (section 3.4). 

 

 

Figure 3.3: Time series of external temperature and cave air pCO2 over the monitoring 

duration. External temperature from climate data centre observations (see methods) is shown 

(in grey) as hourly averages from original 30 min observations. Hourly data is presented for 

cave air pCO2 and temperature in grey. Each condition is presented with a 24 hour running 

mean (black line). 
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Seasonal trends presented in Figure 3.3 are most easily discerned with respect to temperature. 

A trend between cave air pCO2 and cave temperature over the entire monitoring period is 

observable. The CO2 monitor was placed at a later date than the other monitors; hence data 

are missing for earlier dates.  
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3.3.2. Seasonal cave environmental change 

This section explores long term seasonal environmental change in relation to cave aerosols. 

Figure 3.4 displays the entire record of total suspended aerosol concentrations. 

 

 

Figure 3.4: Long term trend in aerosols over the summer to winter transition period. Hourly 

aerosol data with 24 hour moving average trend line. Results are presented with a logarithmic 

scale used for the y-axis for the upper graph and an arithmetic y-axis for the lower graph (in 

the lower panel).  

 

The early variability displayed in Figure 3.4 is reflective of diurnal cycles which are 

observable in all environmental conditions. The predominance of the diurnal pattern 
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diminishes and is replaced by episodes of high amplitude aerosol concentration excursions as 

the monitoring progresses into the winter season. The winter diurnal cycle is less pronounced 

and demonstrates more sporadic change compared to the observed systematic summer cycles.  

 

 

Figure 3.5: Time series of the temperature difference (T) (the internal minus external 

temperature), with zero value highlighted, based on hourly data (grey) with a 24 hour moving 

average (black). Suspended aerosol 24 hour minima are displayed based on hourly resolution 

monitoring (lower panel). Each point represents the lowest hourly value for the preceding 24 

hours (referred to as the baseline concentration).  

 

T offers an indication of the changing cave environment relative to the external environment 

offering a useful comparison to baseline aerosol levels. The long-term increase in the net 

difference between cave internal and external temperatures demonstrates a relationship to 

baseline aerosol concentrations. There is a clear distinction between negative and positive T 
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situations. Highest sustained aerosol concentrations are achieved during periods of positive 

T, with the baseline aerosol values increasing as T becomes more positive. T is a 

surrogate for ventilation, occurring as a consequence of temperature induced density changes. 

 

3.3.3. Anthropogenic and natural process distinctions 

In this investigation, visitor footfall levels will be used as an indication of the level of 

anthropogenic influence occurring on each day. Figure 3.6 shows a comparison of daily 

recorded cave visitor footfall numbers and cave aerosol baseline levels as represented by daily 

minimum concentrations. Daily footfall numbers show a broad decrease, which is concurrent 

with a broad aerosol baseline increase during the progression into the winter season. 
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Figure 3.6: Time series of total, daily minimum suspended aerosol levels and daily visitor 

numbers.  Measured total aerosol concentrations are displayed in the upper graph. Daily 

aerosol minimum values are shown in the centre plot. Daily visitor numbers are presented on 

the bottom graph. 
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3.4. Discussion  

 

3.4.1. Diurnal anthropogenic effects 

Cave air pCO2, temperature and aerosols are sensitive to the disruptions that occur as a 

consequence of human presence in the cave environment. As outlined in section 3.1, cave 

aerosol concentrations, pCO2 concentrations and temperature are expected to rise as a result 

of increasing cave visitor activity. The identified diurnal cycles in the monitoring record have 

been predominantly assumed to be a result of daily anthropogenic influences.  

 

The daily timings of the diurnal cycle aerosol variability occurring in late summer (presented 

in Figure 3.4) can be explained by the timing of processes and environmental response 

sensitivities. The anthropogenic contributions to diurnal cycles will be largely determined by 

the periods that humans are in the cave. The cave opens at 0900 hrs for maintenance and the 

first visitors enter around 1000 hrs with last visitors leaving at approximately 1630 hrs and the 

cave closed by 1700 hrs (however, during the Easter holidays and in July and August last 

entry is about 1700 hrs with the cave clear by 1730 hrs). The leading phase of the diurnal 

environmental condition cycle is manifested by an increase in temperature suggesting thermal 

warming occurring as a result of cave lights being switched on (lights are placed all 

throughout the cave, including close to the monitor location). The first visitors arrive about an 

hour after the lights are turned on (apart from the small numbers of maintenance staff) 

resulting in the later response of aerosols. Cave air pCO2 is the last parameter to rise from 

background levels, indicating a reduced sensitivity to the anthropogenic disruptions when 

compared to aerosols.    

 



Chapter 3 

112 

Recovery of the monitored parameters following the daytime anthropogenic input occurs by 

ventilation (air-exchange with the exterior) and, only in the case of aerosols, deposition within 

the cave.  Recovery of cave air pCO2 values is likely attenuated due to natural CO2 production 

which continues after the anthropogenic input has stopped in the cave, resulting in the slowest 

recovery rate out of the monitored conditions. Aerosol recovery occurs in part as a 

consequence of ventilation. However, ventilation processes also act to maintain aerosols in 

suspension and limits the minimum levels that aerosols reach diurnally. In the summer 

months, small aerosols demonstrate a nocturnal return to zero baseline levels during most 

daily cycles. However, during the winter season the nocturnal aerosol return to zero of small 

aerosol levels is a rare occurrence. Hence, the higher diurnal-minimum values of aerosols are 

suggestive of increased winter ventilation rates. 

 

3.4.2. Seasonal anthropogenic effects 

 The decrease in visitor numbers throughout the winter months occurs together with 

reductions in cave air pCO2 and temperature reductions. Baseline aerosols provide a 

representation of natural baseline cave ventilation and indicate increasing ventilation during 

the progression to winter. Figure 3.6 demonstrates the ability to use baseline aerosol levels to 

separate natural and anthropogenic influences. This is facilitated by the relatively quick 

recovery rates of aerosol concentrations after anthropogenic influence. The counter-intuitive 

medium term relationship between cave aerosols and visitor footfall (Figure 3.6) indicates the 

reducing influence of anthropogenic effects and the increasing dominance of natural winter 

cave ventilation on the cave environment over the period studied. This offers the possibility to 

disaggregate the separate influences of natural ventilation processes and anthropogenic 

activity upon the cave atmosphere.  



Chapter 3 

113 

3.4.3. Seasonal cave environment transition identification 

 Results from environmental monitoring have identified seasonal environmental modes and 

demonstrated the strength of aerosol monitoring in recording environmental change on a 

seasonal timescale. The transition into winter is clearly manifested in cave conditions (Figure 

3.3). The decrease in cave temperature and cave air pCO2 suggests increasing cave ventilation 

and exchange with external air throughout the progression into winter. However, it is not 

possible to identify seasonal environmental changes in the cave system with a high degree of 

confidence with these two variables alone.  

 

At T = 0 background levels of aerosols start to increase with this increase continuing into the 

early winter period (shown in Figure 3.5), indicating increased density driven ventilation. T 

switches from positive to negative due to diurnal fluctuation for a period of ~10 days, after 

which T stabilises in a positive state. This suggests the development of sustained air 

movement maintaining greater minimum suspended aerosol loads through increased sustained 

cave ventilation rates. Aerosol baseline monitoring offers a new environmental indicator of 

natural cave system seasonality, potentially allowing anthropogenic and natural process to be 

distinguished when combined with other cave monitoring techniques. 
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3.5. Conclusions 

 

The long-term relationship between ΔT, aerosols and cave air pCO2 indicates ΔT as the 

driving influence on cave ventilation processes.  Daily aerosol minima provide a unique 

indicator of natural seasonal ventilation process, little perturbed by anthropogenic influences. 

This allows for the precise distinction between seasonal cave ventilation modes. The addition 

of aerosols to an environmental monitoring array improves the investigator’s ability to 

constrain and identify the processes influencing environmental conditions. 

 

Aerosols as a monitoring tool have demonstrated some key advantages over more traditional 

monitoring tools. Aerosols provide a sensitive ventilation proxy especially with the utilisation 

of daily minimum values which accurately portray the cave baseline variance. Aerosol 

recovery rates exceed that of CO2 and temperature allowing for the observation of natural 

processes beyond diurnal anthropogenic influences.  

 

Cave processes and their operational timescales can be constrained with greater confidence 

with aerosol monitoring when compared to other monitored metrics. This improved 

understanding can facilitate the recognition of previously indistinguishable controls. 

Furthermore the controls on aerosol variability are fewer in comparison to temperature and 

cave air pCO2, allowing for improved confidence in environmental interpretations and 

permitting enhanced quantitative understanding of controlling processes such as ventilation.  
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CHAPTER 4 
 

 

 

Flowstones as palaeoenvironmental 

archives: A 500 ka flowstone record from 

New St Michaels Cave, Gibraltar 

 

 

 

 

 

 
A view from the ridge of Gibraltar Rock, looking South over the Strait of Gibraltar.  
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Chapter 4. Flowstones as palaeoenvironmental archives: A 500 ka flowstone 

record from New St Michaels Cave, Gibraltar. 

 

 

4.1. Introduction 

 

This chapter aims to investigate the suitability of flowstones as palaeoenvironmental archives. 

This will be achieved by careful analysis of drip water chemistry and the flowstone trace 

element record. Geochemical interpretations will be compared to other palaeoclimate records 

to determine the extent of environmental influence over local processes.  

 

As outlined in Chapter 1, section 1.3, flowstones are known to demonstrate complex 

precipitation patterns with punctuated growth. As a consequence of this, they present an 

opportunity to investigate the changing influence of aerosol contributions. Flowstones are 

therefore utilised in the following chapters to study the contribution of aerosols to speleothem 

geochemistry. In this chapter seawater aerosol contributions will be evaluated throughout the 

growth period of the flowstone and aerosol contributions at hiatus events explored.  

 

This investigation presents results from work undertaken as part of this PhD project combined 

with past MSci and MSc work. Imaging of the flowstone core, LA-ICP-MS trace element and 

stable isotope results are taken from previous investigations with all the remaining data being 

collected as part of this most recent study. All data analysis relating to LA-ICP-MS, drip 



Chapter 4 

117 

water, prior calcite precipitation and precipitation partition coefficients and all relating 

interpretations are new and do not form part of any previous study.  

 

Speleothems are calcium carbonate cave deposits that take several forms: stalactites growing 

down from the cave ceiling; stalagmites growing upwards from the cave floor; and flowstones 

which develop in fan like sheets on the floor or walls of a cave. The study of speleothems for 

palaeoclimate reconstruction commenced more than three decades ago (e.g. Hendy & Wilson 

1968; Thompson et al., 1974). Speleothems offer a multiproxy palaeoclimate resource that 

captures environmental signals at the time of precipitation. They are increasingly recognized 

as archives of information about past climate, vegetation, hydrology, sea level, nuclide 

migration, water-rock interaction, landscape evolution tectonics and human action (Richards 

& Dorale, 2003). A suite of geochemical proxies are utilised in this investigation in order to 

constrain environmental control dominant throughout the growth period of the flowstone.  
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4.1.1. Location 

Gibraltar offers a unique palaeoclimatic vantage point due to its proximity to the Atlantic 

Ocean, Mediterranean Sea and Northern African Sahara desert (location shown in Figure 4.1). 

The North Atlantic Oscillation (NAO) is known to influence the climate of the region 

(overview in Hurrell et al. (2003)) from the west, and NAO changes through time have been 

linked to glacial cyclicity and termination events (e.g. Visbeck et al., 2001; McManus et al., 

2004; Lynch-Stieglitz et al., 2007). Climate at Gibraltar will reflect the proportional influence 

between Atlantic variability and that of the Mediterranean basin controlled by east (Levante) 

and westerly winds (Poniente), with the latter being dominant (Rodríguez-Vidal et al., 2013). 

In addition to east-west interactions Gibraltar climate is also influenced by north-south 

climate variability controlled by the Bora and Sirocco winds. The Bora is a cold northeasterly 

wind and the Sirocco blows from the southeast; both are transient phenomena lasting only 

several days (Orlić et al., 1994).  
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Figure 4.1: Location of Gibraltar, St. Michaels cave and other features described in the text 

(Mattey et al. (2010) adapted from Mattey et al. (2008)). 

 

The Rock of Gibraltar forms a North–South trending ridge 2.5 km long with a maximum 

elevation of 423 m. The ridge is asymmetric, having a steep to near-vertical eastern slope 

against which are banked Pleistocene  aeolian dune deposits, and a western slope falling more 

steadily at 35º towards the town of Gibraltar near sea level (Mattey et al., 2010). 
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Figure 4.2: Scaled illustration of the St Michaels Cave system. Aerosol and flowstone core 

sample locations are marked. Positioned relative to 1000 m UTM grid co-ordinates after a 

new survey carried out in 2007. Plan based on the original cave surveys (see Shaw, 1953a, b; 

Rose and Rosenbaum, 1991) after Mattey et al. (2008). 

  



Chapter 4 

121 

4.1.2. Flowstones 

This investigation is based on a flowstone core from New St Michaels Cave, Gibraltar. 

Flowstone deposits are generally larger in surface area in comparison to other cave deposits 

and form beneath sheet flows of water on cave floors or walls (Fairchild & Baker, 2012). 

Flowstones offer a substantially large palaeoenvironmental resource, in addition to the more 

frequently selected stalagmite samples. Further information on speleothem and flowstones are 

presented in the thesis introduction (Chapter 1). 

 

Stalagmites are more commonly used to generate archives than stalactites because their 

internal structure is simpler (Fairchild & Baker, 2012); likewise flowstones are utilised less 

due to the complexity of their stratigraphy. Flowstones often present complex geochemistry, 

crystallography and stratigraphy, making palaeoenvironmental interpretations difficult and 

sometimes impossible. Additionally, samples with significant detrital material are usually 

avoided in speleothem studies because of the need to correct for detrital Th, which results in 

large age uncertainties (Richards & Dorale, 2003). Flowstones often present increased detrital 

contents due to higher discharge rates associated with their growth (Fairchild & Baker, 2012), 

but are still utilised as a palaeoclimate resource since they are abundant in many caves (Meyer 

et al., 2012; Hopley, 2007). 
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4.1.3. Aerosols 

Aerosols are generally defined as suspensions of fine solid or liquid particles within a gaseous 

medium (Hinds, 1999). Atmospheric aerosols are sourced from a range of environmental 

processes, but sea spray and terrestrial particulates are the main aerosol sources under 

investigation in this study. Atmospheric aerosols require entrainment and transport and hence 

their deposition records can provide a proxy record for source atmospheric circulation 

processes. Aerosols can become incorporated into speleothems either by direct deposition to 

the forming speleothem surface or through incorporation in the drip water and resultant 

precipitate.  

 

Aerosol transport to Gibraltar occurs as a consequence of atmospheric circulation that is 

stable over relatively long time periods, or as a consequence of short term aerosol 

transportation phenomena, such as Sirocco events which were outlined in the introduction. 

Climate change and aerosol source location changes cause variations in the intensity and 

frequency of aerosol transportation events and can be recorded in the speleothem record. 

Source locations can be identified through geochemical comparisons of signature chemical 

components of potential source regions and the speleothem sample (e.g. Goede et al., 1998; 

Frumkin & Stein 2004). 
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4.1.4. Geochemical environmental proxies 

Chapter 1, Table 4.1 presents a summary of each environmental proxy used in this 

investigation, the processes that they represent, examples of studies which present their use, 

and the limitations/conditions for each. 

 

Stable Isotopes 

Oxygen isotope signatures in speleothems are controlled both by temperature and water 

oxygen isotope composition. The fractionation of water oxygen isotopes through evaporation 

and condensation processes offers an insight into an array of environmental and climatic 

conditions. Reviews of stable isotope processes and utilisation for palaeoenvironmental 

studies can be found in McDermott et al. (2004, 2005), Lachniet (2009) and Fairchild & 

Baker (2012).  

 

Isotope-controlling processes vary significantly between cave locations and different 

formations, as well as continuously altering through time. It is therefore important to use a 

range of different environmental proxies for increased confidence in interpretation.  

 

Trace elements 

Trace elements have been utilised in a range of speleothem studies for determination of 

environmental processes (e.g. Verheyden et al., 2000; Huang et al., 2001; Mattey et al., 2010; 

Spötl et al., 2005). A comprehensive review of trace elements in speleothems as recorders of 

environmental changes can be found in Fairchild & Treble (2009) who identify several 

different types of controlling processes (e.g. element sources, transport in karst water, and 

geochemical evolution of waters by prior calcite precipitation). Although the behaviour of 



Chapter 4 

124 

numerous different trace elements can be studied, Borsato et al. (2007) showed that they form 

groups with coherent responses.  Hence, in this study appropriate statistical techniques will be 

used to establish the main modes of trace element variation. Further details on specific 

processes for these elements will be provided throughout the discussion. 

 

Strontium isotopes 

In some cases it may be possible to identify the source of atmospheric aerosols based on 

chemical signatures; and strontium isotopes are particularly useful for this purpose (Goede et 

al. 1998; Ayalon et al., 1999; Frumkin & Stein, 2004; Li et al., 2005; Zhou et al., 2009.).  

Generally systems involve mixing between a radiogenic aerosol source such as sea spray or 

atmospheric dust and less radiogenic carbonate bedrock.  

 

Previous studies have reconstructed dust fluxes to speleothems and identified varying dust 

sources through Sr isotope analysis. A summary plot of Sr isotope results from the literature is 

presented in Figure 4.3, demonstrating the general mixing between radiogenic dust, and 

seawater, and the bedrock.  Here Sr isotope signatures are utilised as chemical marker for the 

input of terrestrial dust to speleothem, both through deposition to the upper soil and direct to 

the flowstone surface. 
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Figure 4.3: Sr isotope against 1/Sr compilation for speleothem studies. Limestone, terrigenous 

dust and seawater 
87

Sr/
86

Sr literature end member values are presented to the right of the 

diagram (Limestone/carbonate dust in grey, other dust sources in brown, seawater in blue). 

Speleothem data presented are sourced from: Negev Desert South Israel (Avigour et al., 

1990); Stalagmite from Frankcombe cave, Tasmania, Australia (Goede et al., 1998); Pére 

Noël Cave, Belgium (Verheyden et al., 2000); Jerusalem West Cave, Israel (Frumkin & Stein, 

2004) and Maboroshi cave, Hiroshima Prefecture, South West Japan (Hori et al., 2013).  

 

Bedrock values for both 
87

Sr
/86

Sr and 1/Sr are highly variable between and within studies. The 

Sr isotope signature of atmospheric dust is highly variable and dependent on geological 

source, with silicate dust being more radiogenic and carbonate dust being closer or equal to 

regional limestone values. By contrast, seawater provides a well-constrained end member 

source due to the well-mixed nature of the oceans. 
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4.2. Methods  

 

Further details of each analytical method can be found in the supplementary material S.1.-

S.14. 

 

4.2.1. Speleothem sampling and preparation 

The flowstone site was selected as it displays an active drip and modern speleothem growth. 

The flowstone site was monitored for drip water discharge rates and chemistry (17/06/2008-

25/02/2012). The flowstone core was sampled in 2008 to the maximum depth of the drill bit 

~30 cm.  

 

4.2.2. Flowstone sampling, sectioning and handling  

A section of 1 mm thickness was produced to facilitate the precise mapping of high resolution 

geochemical analyses to the calcite fabric. It was cut longitudinally from the centre of the core 

sample in the thin section lab. This section was doubly polished and fixed to glass slides using 

Crystalbond® mounting adhesive. Initially the polished thick section was mounted in three 

sections separated by natural core breakages; later in the study the three sections were further 

separated and mounted on smaller glass plates to meet the spatial requirements of the laser 

ablation (LA) cell. All high-resolution stable isotope and trace element analyses were carried 

out on the thick section. The remaining core halves were polished to make a flat surface for 

recording the sample stratigraphy, microdrilling and sampling for U-series dating and Sr 

isotope analysis.   

 



Chapter 4 

127 

Hand drilling using a micro drill with a 1 mm diameter drill bit was used to produce powders 

for Sr isotope analysis by MC-ICP-MS. Hand drilling was also used for stable isotope 

sampling at 2 mm resolution. 

 

Automated drilling is superior to hand drilling in terms of control and therefore spatial 

resolution and was used for U-series sample collection. The flowstone sample was polished 

flat and mounted in resin in order to attach to the XYZ stage (stage shown in section S.13 and 

illustrated in Figure S.11).  

 

All surfaces and tools were cleaned with ethanol, removing all powder to ensure no sample 

cross-contamination.  
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4.2.3. U/Th dating 

Radiometric disequilibrium dating was conducted at the University of Melbourne, Australia. 

Samples were dissolved and chemically separated to elute non-analyte elements. Isotopic 

analysis (of 
229

Th, 
230

Th, 
232

Th, 
233

U, 
234

U, 
235

U, 
236

U) was performed using a Nu Plasma 

multi-collector inductively coupled mass spectrometer (MC-ICP-MS) with sample 

introduction by desolvating nebuliser. Internal reference material (Yarrangobilly flowstone 

stock, YB-1) was used as a data check and external reference material (Harwell Uraninite, 

HU-1) was used in calibration. Full details of the analytical procedure can be found in 

Hellstrom (2003, 2006). Details of chemical separation and sampling can be found in 

supplementary material section S.11.  

 

4.2.4. Strontium isotope analysis 

Four to eight mg of the powdered samples were dissolved in HNO3. An aliquot for trace 

element ICP-MS analysis was removed at this point. Sr separation and extraction was carried 

out using Eichrom Sr specific resin in plastic columns. The resin was cleaned and equilibrated 

before the addition of the samples. Matrix elements were first eluted, and then Sr was 

collected for analysis. Samples were dried for storage and re-dissolved prior to analysis by Nu 

Plasma MC-ICP-MS at Melbourne University Earth Sciences. SRM987 and EN1 reference 

materials were used to establish accuracy and for standardisation (method used in; Maas et 

al., 2005). Further details in supplementary material section S.9. 

 

4.2.5. Stable Isotopes 

Microdrilling was chosen for the sample acquisition due to the size of the flowstone core and 

the length required to be covered in a fairly restricted time period, although micromill 
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technology would have improved resolution. A study by Spötl & Mattey (2006) demonstrated 

that both low-resolution microdrill and high-resolution micromill show good correspondence 

to salient features. Therefore low resolution sampling will be sufficient to identify long term 

millennial scale features preserved in the geochemical record.   

 

Samples for stable isotopic analysis were obtained using a mounted microdrill at 2 mm 

intervals for the complete 30 cm length of the core producing 150 samples, each 300±50 µg. 

The Multiflow system flushed each vial with He for 4 minutes, and then 105% 

orthophosphoric acid was dispensed for eight minutes into vials heated at 90°C, for sample 

dissolution. The batch was left to react and equilibrate for 60 minutes. The samples were run 

in the Royal Holloway stable isotopes laboratory on the GV industries Multiflow-Isoprime 

IR-MS. Sample batches were performed with 15 samples, Royal Holloway internal carbonate, 

LSVEC Lithium carbonate and NBS-19 reference materials.  

 

4.2.6. Solution trace element analysis 

Solution trace element analysis was performed on 20 samples which were also used for Sr 

isotope analysis. The aliquots for trace element analysis were spiked with an internal standard 

(containing Rb, Re, Li, Sr, U) and diluted 3000-4000 times with 2% HNO3 as in Eggins et al. 

(1997) and Zhou (2008). Analysis was carried out using an Agilent Technologies 7700 series 

Quadrupole Inductively Coupled Mass Spectrometer (Q-ICP-MS) in the University of 

Melbourne Earth Sciences department. Further details in supplementary material S.10. 
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4.2.7. Laser-ablation trace element analysis 

Laser ablation was chosen as a trace element analytical technique to provide a high-resolution 

continuous analysis of the flowstone in a relatively short period of time. The custom-built 

excimer laser-ablation system was used in order to obtain reduced washout times (<1.5s for 

99%) and increased sensitivity in comparison to more traditional systems (Müller et al., 

2008). Trace element analysis performed using an Agilent 7500 Ce series ICP-MS Octople 

Reaction System connected to the custom designed ArF excimer (193nm)  laser-ablation 

system (RESOlution M-50, Resonetics LLC, USA) coupled to a  two-volume laser-ablation 

cell (Laurin Technic, Australia) (Müller et al., 2009) in the Earth Sciences Department at 

Royal Holloway University of London. Ablation was achieved with a 15×311 µm aperture 

size for the 193 nm laser at a rate of 15 Hz moving across the samples surface at 1mm/minute. 

The rectangular slit has the benefit of increasing the representative nature of each sample by 

sampling more calcite for each growth period.  Each mounted sample was cleaned with 

methanol and placed in the sample holder. The cell was then flushed eight times with cell 

evacuation and helium backfilling cycles to remove all traces of oxygen. Fifteen elements 

with the isotopes measures as follows were chosen for analysis: 
31

P, 
25

Mg, 
88

Sr, 
23

Na, 
27

Al, 

43
Ca, 

55
Mn, 

57
Fe, 

79
Br, 

89
Y, 

138
Ba, 

140
Ce, 

208
Pb, 

232
Th and 

238
U. Elements were chosen in an 

attempt to best identify speleothem palaeoenvironmental processes (as summarised in 

Fairchild & Treble, 2009 and Chapter 1, Table 1.1.). Concentrations were calculated from 

calibration using the NIST612 reference material. Data calibration and further LA-ICP-MS 

methods are presented in the supplementary material, section S.15. 
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4.2.8. Suspended aerosols 

Aerosol sampling 

Sampling locations are displayed in Figure 4.2 with 3 internal locations and 1 external 

location on the north side of Gibraltar rock ~1km from the cave entrance. Filters were placed 

in the cleaned in-line filter holders connected to air pumps in order to sample suspended 

aerosol loads (sampling was utilised for personal exposure studies in Harrison et al. (2009), 

further details and a sampler layout illustration can be found in the supplementary material 

section S.1). Filter choice was determined by species interest (inorganic or organic). Pumps 

were calibrated to 3 L min
-1

 and this was verified in the field before the sampling period 

initiated to ensure that a quantitative calculation of suspended aerosol concentrations could be 

obtained. A dual pump and filter setup was utilised in order to obtain inorganic and organic 

samples simultaneously as shown in Figure S.2.  

 

Inorganic aerosol extraction and analysis 

Glass petri dishes and filters were placed in a 5% HNO3 acid bath for a minimum of 24 hours. 

The Petri dishes were then triple-rinsed with double de-ionised water (DDIW). PTFE filters 

were subsequently placed in a DDIW water bath for 24 hours and rinsed again in clean 

DDIW. Upon completion the cleaned filters were placed in the cleaned Petri dishes and 

sealed. After the 24 hour collection period, used filters were placed in clean Petri dishes and 

sealed for transport. All extraction was carried out in high density polypropylene vials with 

tightly fitting screw caps to avoid losses of volatile species during any heating steps. Filters 

were cut in half, in order to allow for separate extraction procedures for multiple analytical 

techniques. A modification of the Harper et al. (1983) technique, using HNO3 extraction 

method was utilised in order to best replicate that of speleothem analytical techniques. 
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Submerged samples were shaken for 1 hour and then subjected to a combination of heat 

(80°C and ultrasonication) for 2 hours. Sample eluents were analysed by Perkin Elmer 

Optima 3300RL ICP-AES at the Earth Sciences department, Royal Holloway University of 

London. Chemical concentration data have been converted from mg kg
-1

 in solution to 

suspended mass concentration (µg m
-3

) as outlined in the supplementary material section S.3. 

 

PAH aerosol extraction and analysis 

For PAH collection glass petri dishes and quartz filters were heated at >450°C for a minimum 

of 5 hours (as of: Leister & Baker, 1994; Odabasi et al 1999; Vardar et al., 2002; Bozlaker et 

al., 2008) to ash any potential organic contamination. Data have converted from solution 

concentrations to pg m
-3

. Filters were placed in cleaned petri dishes and sealed, as with 

inorganic aerosol methods, for transport. PAHs were removed from the filters using a solvent 

extraction method and subsequently analysed with GC-MS at the Environmental Health 

Sciences laboratories, University of Birmingham. Field and laboratory blank analysis was 

carried out for each batch of GCMS analysis. Further details of PAH extraction methods and 

GC-MS analysis are presented in the supplementary material sections S.4 and S.5 

respectively.  
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4.3. Results  

4.3.1. Flowstone fabric 

Name Calcite colour, fabric and habit Image 

1)  

Cave 

calcareous 

tufa forms 

Light yellow in hand specimen. 

Porous, macrocrystalline. 

No morphological orientation of calcite crystals. 

Some weak and discontinuous layering. 

 

2) 

Micritic-

crystalline 

Fabric  

White opaque layering occurs with varying 

thickness and form.  

Evidence for dissolution and subsequent 

precipitation (Shown right).  

 

 

 

 

3) 

Columnar 

Fabric 

Relatively homogeneous crystal habit over 

several layers. Crystallites of each composite 

crystal have the same morphological 

orientation. 

Large calcite crystal habit with elongate 

columnar crystals.  

White in younger growth gradational change to 

light brown 

 

 

4) 

Columnar 

Fabric/ 

Elongate or 

Fibrous 

Fabric.  

Dark and Light brown. 

Calcite growth normal to layering. 

Layered with some coupled light and dark 

layers.  

Macropores present in sections with larger 

calcite habit.  

 

 

 

 

 

 

Table 4.1: Calcite fabrics from the Gib08a flowstone core, based on the categorisation 

established by Frisia et al. (2010). Examples of each main type of growth are displayed and 

properties outlined in thin section with transmitted light. Microscope images from Dredge 

(2009) MSci project. 

 

1m

m 

1m

m 

1m

m 
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Figure 4.4: Scanned core image of the Gib08a flowstone core (Dredge (2010) MSc images). 

Sampling locations for stable isotopes (undertaken as part of MSci project) Sr isotope, stable 

isotope and U/Th geochronology (both carried out at the University of Melbourne as part of 

this PhD study) are presented. Distance scale presented from 0 = modern growth to 30 cm = 

oldest growth. Sections marked 1-4 indicate calcite types displayed in Table 4.1. Potential 

hiatus events are highlighted in yellow. 

 

1cm 
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The flowstone core presents several stages of growth punctuated by hiatuses. Microscopic 

images of example flowstone fabrics are presented in Table 4.1, and their occurrence in the 

core displayed in Figure 4.4. The oldest flowstone growth presents layered columnar calcite 

(4) and is the largest stable section of growth in the core. Changes in colour are observable 

but the fabric remains relatively constant throughout the section. After a hiatus event the core 

fabric alters to present larger crystal columnar calcite (3) fabric. Section 3 presents layering 

which is variable in orientation and thickness. This section transitions into more compact 

calcite punctuated by micritic calcite (2) events which, in some cases, mark hiatus events. 

There is no observable trend in the occurrence of micritic calcite events and each event 

presents different thickness and formation. Sections 2.1 and 2.3 present thin layering within 

micritic sections, whilst sections 2.2 and 2.4 are composed of homogenous micritic calcite 

without growth features. The most prominent feature in the flowstone calcite is the contrast 

between historic and modern growth, marked by a clear hiatus in growth. Modern calcite 

growth (1) is highly porous and likely represents exceptionally fast growth rates. Some 

features suggesting layering are observable, but they are not continuous throughout the 

section. The relationship between calcite fabric types and chemistry will be explored 

throughout the discussion (section 4.4).  
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4.3.2. Geochronology 

Sample 
Depth 

(mm) 

238
U 

(ppb) 
2SE 230/238A 

95% 

error 
234/238A 

95% 

Err 
232/238A 2SE 230/232A Age  95%err 

Age 

cr 
2SE 

G1 21 183 13.70 0.86 0.00123 1.204 0.0022 0.0038 0.000789 225 129 0.53 128 0.64 

G2 27 204 15.27 0.82 0.00145 1.147 0.0014 0.0033 0.000013 251 131 0.49 131 0.56 

G3 35 223 16.75 0.84 0.00247 1.169 0.0015 0.0043 0.000131 197 132 0.74 131 0.85 

G4 44 166 12.45 0.96 0.00373 1.132 0.0027 0.0448 0.000380 21 188 2.06 178 3.38 

G21 47 278 20.83 0.96 0.00389 1.171 0.0030 0.0095 0.000031 101 172 1.79 170 2.07 

G5 54 182 13.67 1.11 0.01571 1.191 0.0024 0.2279 0.000963 5 240 11.07 181 22.23 

G6\ 56 235 17.64 1.00 0.00193 1.169 0.0016 0.0566 0.000264 18 191 1.09 179 3.19 

G7 62 257 19.26 0.99 0.00313 1.175 0.0020 0.0212 0.000139 47 186 1.56 183 2.00 

G22 66 245 18.35 0.96 0.00317 1.151 0.0027 0.0115 0.000034 83 180 1.67 178 1.98 

G23 74 176 13.20 1.25 0.01106 1.179 0.0027 0.4334 0.002019 3 628 185.17 242 4785.33 

G8 89 280 21.03 1.05 0.00208 1.164 0.0025 0.0038 0.000015 273 221 1.94 221 2.20 

G9 92 250 18.78 1.04 0.00115 1.128 0.0011 0.0004 0.000001 2833 242 1.22 243 1.36 

G10 106 222 16.67 1.02 0.00409 1.106 0.0028 0.0184 0.000069 56 253 4.24 249 4.90 

G11 109 217 16.26 1.04 0.00216 1.123 0.0012 0.0063 0.000083 165 248 1.96 248 2.25 

G24 115 199 14.93 1.18 0.00399 1.235 0.0031 0.0028 0.000012 415 253 3.59 254 4.05 

G12 122 234 17.56 1.12 0.00291 1.153 0.0017 0.0006 0.000073 2019 288 3.64 289 4.04 

G25 135 414 31.06 1.11 0.00393 1.125 0.0028 0.0008 0.000002 1481 337 8.66 338 9.60 

G13 139 379 28.44 1.11 0.00231 1.114 0.0019 0.0006 0.000002 1721 360 6.82 361 7.52 

G14 167 377 28.27 1.12 0.00230 1.121 0.0016 0.0026 0.000010 438 365 6.50 365 7.24 

G15 179 409 30.66 1.12 0.00394 1.119 0.0015 0.0025 0.000014 451 366 9.49 367 10.30 

G16 198 154 11.53 1.10 0.00446 1.109 0.0015 0.0042 0.000095 262 359 10.22 360 11.23 

G17 200 84 6.29 1.16 0.01182 1.137 0.0024 0.0343 0.000389 34 403 36.01 399 39.51 

G26 207 255 19.13 1.08 0.00369 1.061 0.0027 0.0004 0.000002 2971 543 58.19 551 79.71 

G27 210 242 18.18 1.07 0.00370 1.057 0.0024 0.0003 0.000001 3812 546 57.98 553 76.40 

G28 217 261 19.57 1.06 0.00310 1.050 0.0025 0.0012 0.000004 854 527 46.95 533 57.89 

G29 223 385 28.86 1.09 0.00321 1.068 0.0022 0.0001 0.000000 10193 554 53.10 559 64.92 

G18 230 83 6.22 1.05 0.00268 1.033 0.0015 0.0013 0.000009 821 1013 2341.71 803 272.55 

G30 238 269 20.18 1.06 0.00412 1.049 0.0025 0.0055 0.000019 193 561 74.19 570 107.37 

G20 287 88 6.57 1.04 0.00329 1.024 0.0028 0.0007 0.000004 1553 0 0.00 940 369.30 

Table 4.2: U-series isotopic results and ages for flowstone Gib08a from Lower New St 

Michael’s Cave, Gibraltar. 
238

U is reported in ng/g. Sample ages and corrected ages (age cr) 

are reported in ka BP. 230/238A, 234/238A, 232/238A and 230/232A (low ratios indicative of 

detrital Th contamination are highlighted in bold) refer to the activity ratios. 95% err = 95% 

confidence interval error. 2SE = 2 standard errors. Age = raw age. Age cr = corrected age for 

detrital Th contamination. 
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Figure 4.5: The Gibraltar flowstone (Gib08a) core U/Th geochronology age model. Distance 

(mm) from modern growth shown against U/Th ages in calendar years before present. Age 

errors (2se) and spatial resolution are presented with error bars for each sample. This age 

model was produced using the StalAge algorithm produced by Scholz & Hoffmann (2011) in 

R. Corrected ages, age errors and distances were input from the U-series analysis results 

presented in Table 4.2. Potential growth hiatuses are marked with red lines; timings of 

hiatuses are listed in distance (mm)/age (ka): GH1 = 19/0.005-128; GH2 = 35-44/131-178; 

GH3 = 86-96/218-246-; GH4 = 198-207/360-551. The section of modern growth occurring in 

the last 50 years is highlighted by the red shading. 

 

The U/Th geochronology of the Gib08a flowstone presents variable growth rates throughout 

the period of formation. Four notable sections of fast growth are visible within the 

chronologically well-constrained period of growth. In addition to periods of fast growth, the 

flowstone demonstrates several punctuations in growth, with 4 highlighted on the age model. 

Large errors are observed beyond 400 ka and hence this limits the extent of the temporal 

analysis for palaeoclimatic comparisons. The relationship between growth rate and 

0 

100 

200 

300 

400 

500 

600 

700 

800 

0 50 100 150 200 250 300 

A
ge

 (
ka

) 

Distance (mm) 

GH2 GH1 GH4 GH3 



Chapter 4 

138 

palaeoclimate is explored throughout the discussion as shown in Figure 4.18 and fully 

explored with Figure 4.22.  
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4.3.3. Drip water chemistry  

Modern drip water 1000Sr/Ca and 1000Mg/Ca present a positive relationship. The bedrock 

1000Mg/Ca and 1000Sr/Ca reveal a low-Mg limestone group and a dolomite group with 

similar Sr/Ca ranges and one outlying high Sr value in limestone. The minimum drip water 

values are close to that of the mean dolomite composition.  

 

 

 

Figure 4.6: 1000Sr/Ca and 1000 Mg/Ca for Gibraltar drip waters and limestone. Legend 

abbreviations: Drip – Gib08a site drip water chemistry samples; Bedrock – Gibraltar rock 

analysis samples; Av Dol – Average chemistry for Dolomite bedrock samples; Av CC – 

Average chemistry for Carbonate bedrock samples; Av Bedrock – Overall average bedrock 

chemistry. Drip water trace element data are of monthly water samples from between June 

2008 and March 2012. Bedrock trace elements are of a range of Gibraltar limestone and 

dolomite samples (analysis by Bowkett, 2012).  
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4.3.4. Suspended aerosols 

Results are presented from suspended aerosol monitoring, externally and within the cave 

network. Suspended aerosol monitoring locations (Ext, 1, 2 and 3) are presented in Figure 4.2. 

 

Figure 4.7: PAH (left) and total inorganic (right) suspended cave aerosol distributions 

throughout New St Michaels Cave.  

 

PAH results present greater levels within the cave entrance when compared to external 

concentrations. The increased levels at location 1 suggest PAH concentration processes are 

taking place as suggested in Chapter 2 (Dredge et al., 2013). Internally, a progressive loss in 

suspended loads is observed with distance from the entrance. For inorganic aerosols, 

increased aerosol loads are observed with proximity to cave entrance, however, greatest levels 

are observed in the external environment.  
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Figure 4.8: Suspended chloride contents in the Gibraltar atmosphere (Ext) and locations 1-3 

within the Lower New St. Michaels Cave system. Total y scale (left), low level concentrations 

(right) to display relative concentrations in locations 1-3.  

 

Chloride concentrations indicate the same transport and distribution as PAH and trace element 

analysis results. The comparison of internal and external suspended aerosol concentrations 

offers insight into cave aerosol transport processes and is explored in the discussion.  
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4.3.5. Speleothem trace element chemistry 

 

 

 

Figure 4.9: LA-ICP-MS data are presented for the length of the flowstone core for Sr, Mg and 

Al. LA-ICP-MS data for each element analysed are presented in the supplementary material, 

section S.15, Figure S.19. Hiatus locations established from the Gib08 age model (Figure 4.5) 

are shown by red lines. 

 

GH1 GH2 GH3 GH4 
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Mg, Al and Sr each show different geochemical records (Figure 4.9). Strong evidence for 

geochemical recording of hiatuses is not presented. Therefore principal component analysis 

(PCA) is utilised in the following sections to evaluate the changing relationship and 

influences of trace elements. Figure 4.10 presents PCA analysis for LA-ICP-MS results. 
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Figure 4.10: PCA analysis of Gib08 LA-ICP-MS analysis results. Factor 1 is presented in red 

and factor 2 in blue. Growth hiatuses 1-4 are numbered and highlighted in yellow. Sections 

highlighted in yellow without GH numbering represent potential hiatuses not observed in the 

Gib08 age model (Figure 4.5). 
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Results from PCA analysis (Figure 4.10) identifies 3 groups of elements: Mg; Sr and U; Fe, 

Al, Ce, Y, Th. Each group of elements represents a separate process and geochemical 

influence. Notable changes are observed in the relative influence of each group throughout the 

entire growth duration of the flowstone which, is presented in Figure 4.10. Results present 

clear and sustained geochemical shifts. Hiatus events GH1, GH2 and GH4 correlate with the 

timing of shifts, GH1 and GH4 mark the point of increase in both factors 1 and 2 (as shown in 

Figure 4.10). GH3 may be correlated with the increases occurring towards the end of the 

highlighted section. Two regions where potential hiatuses may occur during slow flowstone 

growth are highlighted between GH2-GH3 and GH3-GH4. Both potential hiatus events 

correlate with notable changes in the PCA output record, potentially indicating periods of 

change. Hiatus events mark changes that may be occurring as a consequence of 

palaeoenvironmental or flowstone growth processes. The processes controlling flowstone 

geochemistry are explored further in section 4.4. 
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4.3.6. Isotopic analysis 

Isotopic analysis is utilised in this study to investigate changing palaeoclimatic and 

palaeoeonvironmental influences on the Gib08 flowstone. The significance of each chemical 

proxy and previous studies in which they have been used are outlined in the introduction 

Chapter 1, Table 1.1. 

Figure 4.11: Gib08a oxygen and strontium isotope results compared to the glacial-interglacial 

timings from LR04, ODP 968, Sanbao-Hulu Cave and Tzavoa Cave speleothem records. The 

Gibraltar 
87

Sr/
86

Sr (top, orange) and Gibraltar 2 mm resolution δ
18

O 3-point average trend line 

Radiogenic dust 
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(middle, blue). Palaeoclimate records for comparison: Tzavoa Cave, Israel speleothem δ
18

O 

record (Vaks et al., 2006); Sanbao-Hulu Cave, China speleothem δ
18

O record (Wang et al., 

2008); ODP 968 reflectance record, Eastern Mediterranean marine sediment record – S1 to 

S10 mark sapropel layers (Ziegler et al., 2010); LR04 δ
18

O deep sea sediment stack record 

(Lisiecki & Raymo, 2005). All records are presented against age, thousand calendar years 

before present. 

 

87
Sr/

86
Sr and Gib08a δ

18
O demonstrate some broad temporal relationships with glacial cycles 

presented by LR04 δ
18

O. The pattern presented is suggestive of glacial-interglacial timescale 

environmental controls on flowstone δ
18

O and 
87

Sr/
86

Sr. δ
18

O and
 87

Sr/
86

Sr present a weakly 

antipathetic relationship (R
2
 of linear trend line is not considered statistically significant) 

(Figure 4.12). The Gib08 δ
18

O record presents clear shifts with δ
18

O becoming more negative 

during interglacial periods.  Due to Gibraltar’s location, the δ
18

O may be displaying ocean 

source effects occurring due to varying influences from Mediterranean and Atlantic 

precipitation sources. Another main feature of the δ
18

O record is the progression towards 

more negative δ
18

O values. This may be occurring as a consequence of local processes 

occurring within the cave. For example, flowstone formation may be progressively changing 

the flowstone drip water flow system, altering isotopic fractionation processes. Flowstone 

growth features could extend the flow path or cause drip water reservoiring causing increased 

and reduced fractionation respectively. Changing cave ventilation processes could also 

influence fractionation processes. For example, a progressive change in cave ventilation in 

increased cave CO2, causing reduced drip water degassing and reduced fractionation effects. 

Long term weathering and uplift of the Gibraltar rock would also influence the isotopic 

signature through a range of processes e.g. reduced marine influence, changing soil profile 

dynamics, altering karst-drip interactions etc. There does not appear to be any notable 

correlation with the Gib08 record and sapropel events (reflected in the Sanbao-Hulu isotopic 

record) presented in Figure 4.11. However, relationships may not be recorded due to the 

sampling resolution employed in this investigation. 
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Figure 4.12: 
87

Sr/
86

Sr and δ
18

O throughout the entire growth period of the flowstone.  
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4.4. Discussion 

 

4.4.1. Internal cave aerosols  

Aerosol incorporation from direct aerosol deposition to the flowstone surface has the potential 

to provide a significant contribution to speleothem geochemistry, especially during growth 

hiatuses (Chapter 2 - Dredge et al., 2013). Monitoring of suspended aerosols throughout St 

Michaels cave has shown the distribution of cave aerosols (Figures 4.7 and 4.8). 

 

 

Figure 4.13: Comparison of interior and exterior suspended aerosol elemental concentrations. 

Interior concentrations presented are the average from the 3 interior monitoring sites.  
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 Na, K, P, Al, Fe, V and Mg are predominantly sourced from the external environment and 

Ba, Ni and Zn are sourced from the internal environment. Table 4.3 presents the relative 

proportion of internal aerosols to external concentrations. 

 

 Al Fe Mg Na K P Mn Ba Ni Sr V Zn N C S 

E  0.069 0.084 0.051 0.0017 0.0037 0.11 0.00089 0.0015 0.011 0.00078 0.014 0.025 41 159 57 

I 0.031 0.087 0.000024 0.00017 0.00021 0.031 0.00037 0.0046 0.093 0.000041 0.0094 0.21 18 6.6 1.3 

I:E 0.44 1.03 0.00046 0.10 0.057 0.27 0.41 3.06 8.84 0.053 0.70 8.46 0.44 0.041 0.024 

 

Table 4.3: External (E) and internal (I) suspended aerosol elemental concentrations in air 

(g/L) and the relative levels of internal to external concentrations (concentration ratio). N, C 

and S are Nitrate, Chloride and Sulphate respectively.  

 

The comparison of internal and external suspended elemental concentrations offers an insight 

into the source of aerosols. As presented in Table 4.3, internal levels of Sr and Chloride are 4-

5% of external levels, indicating significant transport losses occurring throughout the cave 

network. This suggests that the predominant transport mechanism to the speleothem is 

through cave drip water from aerosol deposition on the cave surface. However, this also 

shows that drip water calculations provide a lower bound estimate and that there is potential 

for additional contributions of seawater from internal and direct aerosol incorporation.  

 

The significant measured components and contributors to the aerosol signature are sourced 

from Al, Fe, P, Ni, V and Zn. Elements such as Al and Fe are indicative of terrestrial dust and 

sediment contributions to aerosols. It is possible that elements such as Ni, V and Zn are 

sourced from modern pollutants and therefore would not contribute to historical flowstone 

growth geochemistry. Zn is a known to be sourced from vehicles, whilst V and Ni are 



Chapter 4 

151 

indicative of mixed industrial or fuel-oil combustion (Viana et al., 2008). Additionally, V and 

Ni were not determined in LA-ICP-MS analysis of the flowstone. Al and Fe are commonly 

associated with colloidal solution transport and incorporation into speleothems (see Chapter 1, 

Table 1.1). Consequently, solution and aerosol source separation will be difficult based on the 

chemical signature observed in the modern monitoring.  

 

4.4.2. Drip water precipitation processes 

In order to properly investigate flowstone chemistry, local processes must be considered and 

evaluated before external palaeoenvironmental drivers are considered. Drip water chemistry 

data (Figure 4.6) presents evidence for chemical alteration occurring as a consequence of 

local processes. 

 

PCP leads to enhanced Mg/Ca and Sr/Ca in the dripwater, as Mg and Sr are excluded relative 

to Ca during calcite precipitation (Fairchild et al., 2000). PCP and changing source 

dissolution chemistry have been identified as two influencing processes in the flowstone 

geochemical record. The following section introduces a method which assigns indices to these 

processes in order to quantify their influence on flowstone geochemistry through time.  

 

By applying partition coefficients to speleothem trace element chemistry, the original 

dripwater Sr/Ca values can be obtained. A distribution or partition coefficient (Morse & 

Bender, 1990) can be used to relate solution and mineral compositions, as expressed in 

equation (1), with equation (2) being used for calculations displayed in Figures 4.14 and 4.15. 
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(Tr/Ca)CaCO3 = KTr(Tr/Ca)solution   (1) 

Tr = trace ion 

KTr = partition coefficient 

 

Therefore: 

KTr = (Tr/Ca)solution/(Tr/Ca)CaCO3   (2) 

 

KTr will vary as a result of changing crystal and environmental conditions (outlined in 

Fairchild & Treble, 2009 and Fairchild & Baker, 2012). The partition coefficient was 

calculated by the comparisons of modern flowstone growth (upper most 1.7 cm growth over ~ 

50 years) and modern drip water trace resulting in a KSr of 0.062 (σ = 0.0033).  

 

 Average Max Min Σ 

(Mg/Ca)CaCO3 0.0081 
  

0.0034 

(Mg/Ca)Solution 0.43 1.1 0.35 0.14 
KMg 0.019 0.007 0.023 

 (Sr/Ca)CaCO3 0.000065 
  

0.000018 

(Sr/Ca)Solution 0.0010 0.00077 0.0025 0.0055 

KSr 0.062 0.084 0.026 
  

Table 4.4: Average and standard deviation (σ) results of Sr/Ca and Mg/Ca for the Gib08a 

sample and dripwaters, and the calculated KTr. KTr calculations were carried out using the 

average TrCaCO3 and the maximum and minimum Trsolution ratios.  

 

Table 4.4 presents the results of precipitation partition coefficient (KTr) calculations. KTr 

results (KMg = 0.019 and KSr = 0.062) are comparable to those found in similar KTr studies 

(summarised in Tremaine & Froelich, 2013). KSr results present a notable range with a 

maximum of 0.084 and minimum of 0.026 based on calculations using maximum and 

minimum (KTr)solution values. Values for KMg are similarly variable. Results demonstrate large 

variability within the modern growth, and therefore applying the KTr values to older growth 

introduces further error.  
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The comparison of partition coefficients offers an insight into solution composition and 

evolution of drip waters. This is expressed for Sr and Mg in (3) to (6).  

 

(Sr/Ca)CaCO3 = KSr(Sr/Ca)solution   (3) 

(Mg/Ca)CaCO3 = KMg(Sr/Ca)solution   (4) 

Therefore: 

(Sr/Mg)CaCO3 = K(Sr/Mg)(Sr/Mg)solution  (5) 

K(Sr/Mg) = (Sr/Mg)solution/(Sr/Mg)CaCaCO3  (6) 

 

K(Sr/Mg) = 3.3, and is similar to the results found in the study by Tremaine & Froelich (2013) 

indicating that KTr values are in-line with those found in other studies (e.g. Huang & 

Fairchild, 2001; Fairchild et al, 2010; Karmann et al., 2007). 

 

Drip water solutions influenced by prior calcite precipitation (PCP) will evolve to higher 

Tr/Ca ratios excluding Mg and Sr and enriching the residual solution compared with Ca; this 

is expressed in (7) to (9) (Fairchild & Baker, 2012).  

 

Sri = Sro – (Cai – Cao)(KSr)    (7) 

Mgi = Mgo – (Cai – Cao)(KMg)    (8) 

ΔCa = Cai - Cao      (9) 

Sro, Mgo, and Cao = initial compositions  

Sri, Mgi and Cai = residual drip water compositions 

 

The evolution of PCP influenced water on a (Sr/Ca)/(Mg/Ca) plot can be quantified by PCP 

vectors. PCP vector calculations can be described by the following equations (10-12) 

introduced in Tremaine & Froelich (2013): 

 

ΔSr/ΔCa = [Sro – ΔCa(KSr)]/ΔCa    (10) 
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and, 

ΔMg/ΔCa = [Mgo – ΔCa(KMg)]/ΔCa   (11) 

therefore, 

ΔSr/ΔMg = [Sro – ΔCa(KSr)]/[Mgo – ΔCa(KMg)] (12) 

 

The results of these calculations are presented below in Table 4.5. 

 

Tr 

Tr0 

(ppm) 

ΔCa 

(ppm) KTr ΔTr/ΔCa ΔTr 

Sr 0.12 0.1 0.062 1.2 
 

Mg 52 0.1 0.019 516 
 

Sr/Mg 
    

0.0023 

 

Table 4.5: Results of drip water PCP vector calculations based on Gibraltar drip water data. 

Tr0 is represented by dripwater values, and therefore calculated PCP vectors indicate PCP 

occurring before sample precipitation. ΔTr = ΔSr/ΔMg.  

 

The PCP vector calculation obtained from the Gib08 data produces a ΔSr/ΔMg of 0.0023. 

This is used as an indicator for the evolution vector of speleothem precipitation being 

influenced by PCP. Figure 4.14 presents the results of the modern Gib08a speleothem data, 

transformed to represent the original drip water.  
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Figure 4.14: Modern data is presented in red (upper 1.8cm of growth until most recent hiatus, 

~50 years of growth). All flowstone data shown in grey. Gib08a calcite Sr/Ca and Mg/Ca 

corrected to represent original solution chemistry using KTr values from Table 4.4. The 

calculated PCP vectors from modern drip water samples are displayed with the red arrows. 

The evolution of each speleothem sample’s Mg and Sr due to PCP will have an individual 

evolution line described by:  

(Sr/Ca)S = 0.0023(Mg/Ca)S + C   (13) 

A mixed source between carbonate and dolomite has been identified as shown by the black 

ellipse. This line can be described by:  

(Sr/Ca) S = -0.0021(Mg/Ca)S + 1.5632  (14) 

The terms for each line equation are defined as: (Tr/Ca)S = Speleothem trace element values 

corrected to present original drip water values through the application of their respective KTr 

values.  C = The original source Mg and Sr before the influence of PCP, which is represented 

by the intercept between the source line and sample PCP vector.  

 

The progression along the PCP vector (red lines in Figure 4.14) away from the original source 

line (black ellipse in Figure 4.14) is an indication of each sample’s PCP evolution. Figure 
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4.15 presents the lines, intercepts, intersections and values that are used in the following 

calculations.  Further details of the mathematical methods are explained in the supplementary 

material, section S.16. 

 

 

 

 

Figure 4.15: Schematic illustration of terms used in expressions 15 and 16 for the 

determination of FPCP and FSOURCE.  
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In order to determine the extent of progression along the PCP vector for each sample, the 

original source value must be determined for reference ((Tr/Ca)i). With the original source 

point determined and the final PCP influenced speleothem chemistry known, the extent of 

PCP influence can be calculated. This requires calculating the distance of progression along 

the PCP vector line, which can be expressed by: 

  

FPCP = √(Δ(Mg/Ca)
2
 + Δ(Sr/Ca)

2
)  (15) 

Where, 

Δ(Mg/Ca) = (Mg/Ca)S - (Mg/Ca)i    

Δ(Sr/Ca) = (Sr/Ca)S - (Sr/Ca)i 

FPCP = The extent of PCP influence index. 

 

In addition to PCP, the correlation between solution Mg/Ca and Sr/Ca in the drip water 

presents an inclination towards the average bedrock end-member, indicating a mix of 

dolomite and carbonate along the discharge pathway. Consequently, changing discharge 

pathways could act to separate Mg and Sr. The changing source between calcite and dolomite 

can be observed in the modern speleothem data presented in Figure 4.14. Pathway alterations 

and dissolution source mixing provides the foundation for the calculation of the FSOURCE 

index.  

 

The type of source can be indexed by determining each sample’s origin along the source line. 

This can be determined by comparing the PCP evolution-source intercept for each sample 

with the source line y-intercept, as expressed by: 

 

Fsource = √((Mg/Ca)i 
2 

+ ((Sr/Ca)C -(Sr/Ca)i)
2
)    (16) 

Where,     (Tr/Ca)C = the y-intercept value of the source line. 

    Fsource = Type of source geochemistry index 
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FSOURCE and FPCP outputs are presented against distance for the growth duration of the 

flowstone in Figure 4.16. Variability is observed in both indices indicating the changeable 

nature and influence of both processes. The variable relationship between FSOURCE and FPCP 

indices reveals changing controlling processes, and this is highlighted by PCA analysis in the 

following sections. GH1, GH3 and GH4 occur at the point of maximum FSOURCE, which is not 

as clearly presented in the FPCP record. Increasing FSOURCE indicates increasing dolomite 

dissolution occurring under drier conditions leading to complete drying and a growth hiatus. 

Other known hiatuses (GH2) and potential hiatuses (yellow shading) may be occurring as a 

result of local processes relating to flowstone formation rather than changing karst 

dissolution. The data transformation of Sr and Mg presents features that were observed in the 

original LA-ICP-MS data (Figure 4.9), demonstrating the value of this technique for future 

investigations.   
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Figure 4.16: FPCP (red) and FSource (blue) against distance along the flowstone core (from 

youngest growth). 

 

4.4.3. Flowstone growth variability  

The inclusion of FSOURCE and FPCP indices provides additional insights into processes 

influencing flowstone chemistry. FSOURCE and FPCP indices will be used in combination with 

geochemical trace element analysis to study the flowstone sample. The following sections 

explore geochemical change associated with hiatus and fast growth events. 

 

Flowstone hiatus/slow growth events 

The Gib08 flowstone growth presents variable growth rates and is punctuated with 4 hiatuses 

(or slow growth events) named GH1-GH4 as highlighted in the age model in Figure 4.5 (with 

two addition unconfirmed potential hiatuses). Cessation in drip water flow can occur due to 

environmental, hydrological or flowstone processes. Drying of the flowstone can also occur 
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due to hydrological changes in the bedrock flow path resulting in discharge diversion away 

from the flowstone. Even with continued discharge to the flowstone site, lobe switching on 

the flowstone surface can result in a hiatus in the sampled core, in the same mechanism as 

sediment deposition changes in delta environments.  
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Figure 4.17: PCA analysis presenting trace element results and vector based analysis of PCP 

and source type FPCP and FSOURCE respectively (Factor 1 in red and Factor 2 in blue).  LA-

ICP-MS PCA analysis presents results from high resolution trace element analysis. Factor 

loading results are displayed against distance, with the image of the flowstone core for 

reference. Hiatus events GH1-GH4 are marked with yellow shading.  
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In some instances hiatuses are associated with microcrystalline calcite fabric as presented in 

Figure 4.4 (growth sections 2.1, 2.2 and 2.3). However, the relationship between hiatus events 

and calcite fabric is not consistent throughout the entire growth period with no micritic calcite 

being observed at GH1, GH4. GH4 occurs at the end of long term stable growth periods, 

which likely represent a different calcite precipitation system to the more variable growth 

occurring after the potential hiatus between GH3 and GH4, in the more modern growth. The 

introduction of micritic calcite marks a change in the flowstone precipitation from stable 

periods of calcite formation to shorter term variability marked by numerous small hiatuses. 

GH1 is the most recent hiatus and marks the separation between historic (>120 ka) and 

modern (last 50-75 years) growth. The hiatus marks renewed growth probably as a result of 

exploration activities (Mattey et al., 2008) rather than hydrological or precipitation processes, 

accounting for the contrast to GH2-GH3. Table 4.6 outlines the characteristics of each hiatus 

event. There is no light exposure in this part of the cave and therefore has no effect on the 

type of calcite precipitation that has occurred in the flowstone.  

 

When observing the geochemical record (Figure 4.17) some recurring features are notable. 

Hiatus events (marked in figures 4, 5, 10, 16 and 17) are clearly marked by shifts in 

geochemical composition. Each shift represents a “resetting” with an apparent system change 

after each hiatus. Here we propose that factor 1 in Figure 4.17 presents a record of wetter and 

drier conditions (as marked on the sample PCA results in Figure 4.17), based on geochemical 

interpretations summarised in Table 1.1 and observations from modern drip water monitoring 

outlined in Section 4.4.2. Wetter conditions will result in increased colloidal transport and 

carbonate dissolution with lower levels of PCP. Drier conditions will cause increased PCP 

and greater dolomite dissolution processes. GH1, GH3 and GH4 therefore represent the 
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culmination of periods of drying as suggested by increasing factor 1. Each hiatus event is 

followed by much wetter conditions with no transition being records. The lack of transition 

potentially represents that a threshold of water supply is reached before the resumption of 

speleothem formation. 

 

 There is no apparent relationship between climatic change and the timing of hiatus events (as 

presented in Figure 4.11) suggesting that changes in discharge are occurring as a consequence 

of local processes rather than a direct consequence of environmental change. Small excursions 

occur in-between the noted hiatus events, potentially indicating shorter-lived growth hiatus 

events that are not shown in the sample age model (Figure 4.5). The slight affinity for FSOURCE 

(increased FSOURCE interpreted as drier conditions) with colloidally derived elements can be 

accounted for by the elevated contribution of aerosols under slow growth and hiatus 

conditions. Al and Fe have been identified as an aerosol signature and may cause the observed 

relationship. FSOURCE  (as calculated in Section 4.4.2) may not be a complete indicator of wet 

and dry conditions (as shown in Figure 4.17), and high flow discharge pathways may 

preferentially take route through limestone regions of the aquifer resulting in the relationship 

with colloidally source elements.  
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Hiatus Event Characteristics 

GH1 

Distinct hiatus marking the change from dark compact calcite formation 

128 ka BP and modern porous calcite forming in the last 50 years. An 

abrupt shift in geochemistry is also observed with the transition to more 

colloidal influence suggestive of wetter conditions after H1. Leading up 

to the hiatus a progressive increase in factor 1 observed indicating drying 

in the lead up to the hiatus.  

GH2 

A clear transition in calcite fabric is observed from micritic calcite to dark 

compact calcite. A small shift in geochemistry is displayed from variable 

conditions to stable drier conditions. 

Potential 

hiatus 

between GH2 

and GH3 

A clear change in fabric is displayed from micritic calcite to dark compact 

calcite. The most prominent micritic features in the sample is observed in 

the lead up this hiatus. The hiatus event presents the largest geochemical 

excursion associated with a large increased in colloidally derived 

elements and increased FSOURCE, Mg and FPCP. This change is indicative 

of dry conditions with colloidal influences being attributed to aerosol 

deposits.   

GH3 

Fabric presents a transition from dark calcite to micritic white calcite. 

Geochemistry presents a small but abrupt shift after the timing of the 

hiatus to lower factor 1 and 2. This indicates a shift toward colloidal 

influence and increased wetness after which the sample dries until the 

occurrence of H3. 

Potential 

hiatus 

between GH3 

and GH4 

Not observed clearly in the fabric. A clear shift in factor 1 is observed 

indicating a transition from a long period of stable wet conditions 

producing large columnar calcite growth to drier conditions. The shift is 

less apparent in factor two. This suggests that this may be caused by local 

processes rather than hydrogeological changes, as alterations in FSOURCE 

and Mg are not recorded. 
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GH4 

A change from layered dark calcite to large columnar calcite occurs. This 

hiatus marks a large shift in both factors 1 and 2. Factor 1 presents a 

period of increase indicating drying, followed by an abrupt shift to low 

levels representing the onset of wet conditions. This is reflected in factor 

2 with a shift from dolomite dissolution and PCP processes to colloidal 

transport, being indicative of the transition from wet to dry. 

 

Table 4.6: Hiatus events and their associated geochemical and calcite fabric characteristics. 

 

The key observation in the geochemical record is that most hiatus events mark the shift from 

progressive increasingly dry conditions to high discharge wet conditions. However, it is 

possible that the early part of observed shift can partially be attributed to aerosol collection 

and incorporation of elements such as Al and Fe during hiatus events (cave aerosol results 

presented in Figure 4.13). As established in Section 4.1, separation of solution and aerosol 

sources is complicated by multiple transport mechanisms to the flowstone. However, colloidal 

element excursions over short distances occurring during periods of slow growth or hiatus 

events most likely indicate the build up of aerosol deposits. Therefore it is tentatively 

suggested that the excursion observed in factor 1 at GH3 occurs due to aerosol deposition.  
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Flowstone fast growth episodes 

Fast growth events offer increased age and analytical resolution owing to the greater temporal 

sampling resolution and dating accuracy which can be obtained. Flowstone fast growth events 

are explored to determine the extent of links between precipitation and environmental 

conditions. Figure 4.18 presents sections of continuous growth; durations of fastest growth are 

highlighted in blue.  
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Figure 4.18: PCA analysis of Gib08a LA-ICP-MS data. Data from continuous growth sections 

based on U/Th geochronology is displayed. Factor 1 (red), factor 2 (blue) and fast growth 

sections (1-5) are highlighted in blue, GH1-4 locations are marked. Only data from sections of 
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well constrained growth are presented. Gib08a trace element PCA results are compared to 

palaeoclimate records: Sanbao-Hulu Cave, China speleothem δ
18

O record (Wang et al., 2008); 

ODP 968 reflectance record, Eastern Mediterranean marine sediment record – S1-10 mark 

sapropel layers (Ziegler et al., 2010); LR04 δ
18

O deep sea sediment stack record (Lisiecki & 

Raymo, 2005). 

 

Figure 4.18 presents a clear distinction between colloidally derived elements (Ca, Al and Y) 

and hydrogeologically controlled elements (Mg, Sr and U). Mg strongly opposes Sr and U in 

its influence. Periods of fast growth correlate with factor loading excursions, with positive 

shifts observed, indicating increased colloidal flux and incorporation in the flowstone. Fast 

growth events are therefore suggestive of greater drip water supply. This observation is 

coherent with those made when observing hiatus events. The ‘flashy’ nature of geochemical 

excursions within fast growth sections indicates high-flow scenarios of short duration 

resulting in episodes of increased colloidal transport are taking place. These episodes 

potentially indicate exceptional discharge or cave flooding events relating to high 

precipitation events. High flow events would incorporate colloids from the surface but also 

incorporate detrital material and aerosol deposits from throughout the cave resulting in the 

peaks observed peaks in geochemistry. Inorganic surface colloids would be sourced from 

bedrock erosion and particulate aerosol deposition. Colloidal deposits from within the cave 

will be composed of sediments from previous high flow/flooding events, cave wall erosion, 

and internal cave aerosol deposits. Therefore colloidal transport may present a relationship 

with increased radiogenic Sr supply, occurring as a consequence of surface aerosol deposition 

transport by drip waters. High flow events may therefore present increased 
87

Sr/
86

Sr which is 

not representative of atmospheric transport processes, but the incorporation of previously 

deposited aerosols (from the surface or from cave surfaces) or from previous high flow event 

sediments deposited within the cave.  
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Sapropel events are thin discrete, black, organic-rich layers that were deposited as a marine 

response to enhanced rainfall and fresh-water runoff from the continents (Bar-Matthews et al., 

2000).  Sapropel events have been recorded in Eastern Mediterranean speleothem records 

(Soreq Cave, Israel) by low δ
18

O events (Bar-Matthews et al., 2000) and correlate with low 

δ
18

O events in the Sanbao-Hulu record (Figure 4.18; Ziegler et al., 2010). The timing of 

Gib08 fast growth events (2, 3 and 4 in Figure 4.18) present a clear relationship with the 

timing of sapropel events. This observation indicates that fast growth events occurring in the 

Gib08 speleothem form as a consequence of enhanced rainfall that occurred on the continent 

at those times. This is consistent with the geochemical interpretations made based on Figure 

4.18, with fast growth periods representing fast flow events. Isotopic shifts are not observed 

in the Gib08 record (Figure 4.11) in relation to sapropel events observed with other 

Mediterranean region speleothem records (e.g. Bar-Matthew et al., 2000). This may be due to 

the overriding influence of local isotopic fractionation occurring as a consequence of 

flowstone formation processes. It is also possible that precipitation δ
18

O changes may have 

been more subtle in the western Mediterranean region due to Atlantic effects mediating 

isotopic shifts occurring as a consequence of Mediterranean basin process.  

 

By studying each section of growth in detail, it is possible to determine the extent of 

consistent geochemical features which represent reoccurring environmental processes. Figure 

4.19 presents PCA analysis of each growth period identified in Figure 4.18. The PCA 

analyses for each growth section 1 to 5 presents differing geochemical processes with no 

singular process explanation for the entire flowstone growth duration. This observation is 

consistent with the “resetting” observed with hiatus events, where each shift in geochemistry 

represents a new system. Consequently the variability between growth sections can be 
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attributed to changing local process such as discharge pathways. Some unifying features are 

observable: consistent antipathetic relationship between Sr and Mg; and grouping of Al, Fe, 

Ce, Th, Y elements. Although complex and variable, the flowstone presents a continuous 

record of changing bedrock and colloidal influence resulting from dissolution and drip water 

discharge respectively.  

 

As presented in Figure 4.18, fast growth events in Gib08 are significant due to the timing of 

their occurrence. Each event occurs at the timing of Mediterranean sapropel events. The 

conclusion is therefore that fast growth episodes occur preferentially during increased 

continental rainfall.  
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Figure 4.19: PCA models for each of growth section 1-5. 
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4.4.4. Marine aerosol contributions  

Based on the understanding of local process influences on speleothem geochemistry and the 

changing environmental conditions these represent, it is now possible to explore external 

aerosol contributions to drip water and speleothem chemistry. When observing the flowstone 

87
Sr/

86
Sr isotopic composition the same discharge-bedrock mixing system is displayed, as 

established from the trace element analysis in Section 4.4. Limestone and seawater end 

members have been identified through the use of Sr isotope source comparison. In this 

system, discharge and precipitation is represented by seawater influence rather than colloidal 

transport. End-member mixing and speleothem resultant mixtures are presented in Figure 

4.20. Seawater influence from aerosol inclusions into precipitation is identifiable as a 

significant contributor to speleothem geochemistry and can be quantified by the method 

described by formulae 1 to 6.  
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Figure 4.20: Upper: Gibraltar flowstone 
87

Sr/
86

Sr against 1/Sr trace element concentrations.  

Lower: Sr isotope aerosol source end members and Gibraltar speleothem source mixing, 

Ca/Sr against 
87

Sr/
86

Sr isotopic ratio. Gib08a (black cross): MC-ICP-MS measured 
87

Sr/
86

Sr, 

Aqueous phase Ca/Sr calculated using a fractionation KSr = 0.062 from measured LA-ICP-MS 

trace element data. KSr = [(Sr/Ca)CaCO3]/[(Sr/Ca)Solution] calculated from the comparison of the 

average modern speleothem growth Sr/Ca to average drip water trace element Sr/Ca 

geochemistry monitored at the flowstone sample location (defined in equation (1)). Drip 

water: Ca/Sr from measured drip water geochemistry. Seawater: Ca/Sr ratio seawater values 
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taken from Chester (1990), modern seawater 
87

Sr/
86

Sr (Fisher et al., 2010). % Seawater 

additions are calculated from relative Cl
-
 compositions. Limestone: Gibraltar bedrock 

87
Sr

 

/
86

Sr from Qing et al. (2001), Ca/Sr from Bowkett (2012). Dotted error bars present the range 

of limestone chemistry, and solid lines the standard deviation.  

 

Mixing between limestone and seawater aerosol end-members are calculated based on Cl
-
 

concentrations of seawater and limestone end members mixtures. The Cl
-
 content of the drip 

water (Clmix) is equal to the mix of Cl
-
 from seawater (Clsw) and limestone (Cllst) end member 

source components (1). This is based on the principle that all system Cl
-
 is sourced from 

seawater and that limestone does not contain Cl
-
, an assumption which is validated later. 

Consequently, the mixing function can be expressed as in (2). Analogous mixing equations to 

(1) can be written to solve for Ca and Sr (3) and (4) respectively. Solving mixing equations 

(3) and (4) for the carbonate end-member produces (5) and (6) and the end-member can be 

determined.  

1*Clmix = f*Clsw + (1-f)*Cllst    (1) 

Since Cllst = 0, f = Clmix/Clsw    (2) 

1*Camix = f*Casw + (1-f)*Calst    (3) 

1*Trmix = f*Trsw + (1-f)*Trlst   (4) 

Calst = (Camix – f*Casw) / (1-f)   (5)  

where Camix, Casw and f are known 

Trlst = (Trmix – f*Trsw)/ (1-f)    (6)  

where Trmix, Trsw and f are known 

 

Results from Cl
-
 calculations from modern drip water demonstrate that the Sr contribution 

from seawater sources ranges from 13-25% (18.5% average) (Results for individual drip 

samples and other elements are presented in Table 4.7). Comparisons of results using Cl
-
 can 

be compared to those obtained using Na
+
 to test the validity of using Cl

-
 for seawater 

contributions, and tests potential Cl- losses occurring as a result of atmospheric H
+
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interactions.  Dripwater Na/Cl values averages 0.51 (σ = 0.07) compared to seawater Na/Cl of 

0.56 indicating a Na/Cl proportion which is representative of seawater source. Largely 

elevated Na/Cl ratios would be expected if significant Cl
-
 losses were occurring. Average 

seawater contribution calculations based on Na equals 16.8% (σ = 2.68) compared to the Cl
-
 

average of 18.5% (σ = 2.46). The slightly lower result is likely as a result of Na contributions 

from bedrock. It can therefore be confirmed that Gib08 Sr isotopes are significantly 

influenced by the seawater chemistry contributions.  

 

The 
87

Sr/
86

Sr data do not trend towards the seawater aerosol end-member. When observing 

the Sr data for drip waters inferred from the flowstone (Figure 4.20), they present a range 

around the inferred carbonate end-member Ca/Sr. Variable kinetics and trace element 

incorporation (KSr 0.084 - 0.026); changing PCP and subsequent Ca/Sr; radiogenic Sr input 

variability; changing bedrock dissolution source; or a combination of all factors may result in 

the spread of data presented in Figure 4.20. Bedrock dissolution and PCP have both been 

recognised as influential processes affecting flowstone precipitation (Section 4.2). Due to the 

lack of mixing trends it is likely that the seawater influence is stable and that small changes in 

radiogenic terrestrial dust is resulting in the long term changes observed in Figure 4.11.  
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Sample 

date 

Ca Na Mg K Sr Cl
-
 SO4

-
 

22/03/2009 0.83 101 6.55 172 19.2 100 13.5 

29/04/2009 0.85 103 6.45 215 20.0 100 13.5 

28/05/2009 0.78 110 6.53 296 17.3 100 13.6 

28/06/2009 0.79 107 6.31 269 18.0 100 13.6 

25/07/2009 0.87 105 6.29 228 18.6 100 13.9 

30/08/2009 0.76 94 5.88 276 16.7 100 13.9 

27/09/2009 1.18 83 6.55 277 15.4 100 14.2 

24/10/2009 1.08 98 6.09 115 17.9 100 13.8 

06/02/2010 0.85 112 6.60 268 18.0 100 16.7 

06/03/2010 0.95 141 8.30 292 16.0 100 16.6 

04/04/2010 0.90 140 8.11 214 15.0 100 16.4 

24/04/2010 0.84 132 7.42 333 14.1 100 15.9 

23/05/2010 0.76 111 6.57 175 13.2 100 15.7 

27/06/2010 0.77 98 6.28 - 19.3 100 15.4 

18/07/2010 1.15 95 6.55 559 21.7 100 15.3 

28/08/2010 1.18 99 6.60 - 21.1 100 15.0 

20/09/2010 1.36 109 7.22 228 20.0 100 14.9 

22/10/2010 1.13 106 7.05 218 18.8 100 14.9 

20/11/2010 1.17 110 7.50 208 20.4 100 15.4 

28/12/2010 0.90 108 7.01 193 18.6 100 15.4 

14/01/2011 0.86 99 6.82 73 17.8 100 15.5 

23/02/2011 0.96 131 8.47 301 19.1 100 16.5 

18/03/2011 0.94 121 7.66 266 17.8 100 16.3 

22/04/2011 0.89 113 7.18 249 17.0 100 15.8 

20/05/2011 0.93 113 7.23 234 17.2 100 15.8 

17/06/2011 0.89 114 7.22 252 17.2 100 15.7 

23/07/2011 1.00 110 7.10 254 18.0 100 15.6 

24/09/2011 1.23 104 6.65 229 18.2 100 15.2 

19/10/2011 1.29 108 7.01 221 18.8 100 15.5 

25/11/2011 1.26 105 6.67 227 18.7 100 15.3 

28/12/2011 1.04 135 8.97 286 22.3 100 15.5 

01/02/2012 1.12 134 9.08 308 21.9 100 16.7 

25/02/2012 0.99 119 7.78 296 20.2 100 14.5 

21/03/2012 1.41 157 10.09 309 25.9 100 - 

Max 1.41 157 10.09 559 25.9 100 16.7 

Min 0.76 83 5.88 73 13.2 100 13.5 

Average 1.00 112 7.17 251 18.5 100 15.2 

 

Table 4.7: Seawater aerosol contributions. Percentage of element in drip water sourced from 

seawater aerosols compared to total drip water abundances.  
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4.4.5. Palaeoenvironmental interpretation 

Finally, by combining the understanding of precipitation, carbonate dissolution and aerosol 

contribution processes with proxy analysis it is possible to make palaeoenvironmental 

reconstruction interpretations. 
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Figure 4.21: PCA (Factor 1 red, Factor 2 blue) analysis of 
87

Sr/
86

Sr isotope results combined 

with stable isotope, trace element and FPCP and FSOURCE vector calculations. Sample resolution 

is at the intervals of 
87

Sr/
86

Sr results.  

 

Figure 4.21 which plots the low resolution data, including Sr, Ca and O isotopes, presents the 

clear relationship where groupings of elements are well separated. The strongest contribution 
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to flowstone trace element geochemistry is the opposing influence of colloidally derived 

elements and, Mg and FPCP as presented on factor 1. Changing discharge rates have been 

identified as the predominant driver in shifts between elemental groupings. Mg and FPCP, and 

colloidal element groupings can therefore be considered as end members representing dry and 

wet conditions respectively. Therefore all proxies that fall in between these end members on 

factor 1 are representative of recording variability in discharge. 

 

Gib08 δ
18

O demonstrates long term shifts that relate to the timing of glacial cycles observed 

in the LR04 marine record (Figure 4.11) suggesting that long term environmental changes are 

observable over any local scale fractionation and flowstone precipitation effects. However, 

shorter term more regional sapropel events (Figure 4.18) are not recorded in the δ
18

O record 

(Figure 4.11). The Gib08 flowstone sample records changing climate systems and hence δ
18

O, 

the flux of terrigenous dust and possibly even the flux of calcareous dust with high Sr content.  

As established in Section 4.4.4 
87

Sr/
86

Sr is controlled by varying terrestrial dust fluxes to the 

speleothem. The weak relationship between δ
18

O and 
87

Sr/
86

Sr can therefore be accounted for 

by changes in the atmospheric terrestrial dust budget occurring during glacial and interglacial 

periods, with glacial dust deposition at high latitudes being as much as a 25  times higher than 

during interglacial periods (Winckler et al., 2008). FSOURCE and Sr fall into the same group as 

87
Sr/

86
Sr and stable isotopes indicating a relationship with climate conditions and rainfall.  
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4.5. Conclusions  

 

4.5.1. Flowstone growth processes 

Modern drip water sampling demonstrates evidence for prior calcite precipitation (PCP) 

processes taking place. PCP results in increased Mg/Ca and Sr/Ca in the flowstone calcite and 

is considered in palaeoenvironmental interpretations throughout the study. Mg and Sr 

demonstrate influence and evolution from a mixed carbonate/dolomitic end member source.  

 

Calculated drip water to precipitated calcite distribution coefficients KMg = 0.019 and KSr = 

0.062 are appropriate and comparable to that found in the literature. Values show original 

solution compositions for comparison to modern drip water (Figure 4.14). Indices calculations 

of PCP evolution (FPCP) and dissolution source chemistry (FSOURCE) offer new measures 

offering insight into source type and the extent of PCP occurring throughout the flowstone 

(Gib08) growth period (explored in Section 4.4.2). Trace element geochemistry has 

demonstrated a record of changing wetness (Figure 4.17). Two end members have been 

identified with colloidal incorporation being representative of wetter periods and, dolomite 

dissolution and high PCP being indicative of dry periods.  The relationship between the Gib08 

and other palaeoenvironmental records are summarised in Section 4.5.5.  

 

4.5.2. Aerosol contributions to flowstone geochemistry 

Al and Fe from aerosol deposition have been determined as the most influential elemental 

contribution to be preserved in the flowstone record. However, Al and Fe solution transport 

masks aerosol deposition and it is not often possible to distinguish between the two elemental 

source processes. Seawater aerosols and the Gibraltar carbonate bedrock were identified as 
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the two dominant contributing end members to flowstone (Gib08a) carbonate through 

87
Sr/

86
Sr and Sr/Ca analysis. Seawater aerosol influences have been identified to provide a 

significant elemental source to the flowstone system in the modern environment. Cl
-
 

calculations demonstrate modern average contributions of variable significance e.g. 7% for 

Mg, 19% for Sr, 1% for Ca. Temporal 
87

Sr/
86

Sr changes are attributed to small changes of 

highly radiogenic dust inputs. Cl
-
 based seawater contribution calculations provide a lower 

bound estimate, only estimating contributions from surface deposition and drip water 

transport, and do not include direct intra-cave seawater aerosol deposition. 

 

4.5.3. Flowstone growth variability 

U-series geochronology has enabled the identification of hiatus events and the comparison of 

well constrained fast growth sections. A notable finding is that trace element geochemistry 

identifies potential smaller duration hiatus events not recorded in the geochronology, offering 

an additional tool for growth analysis. Hiatus occurrence is likely controlled by local rather 

than climatic processes, with each hiatus marking a change in the flowstone growth system as 

presented in Figure 4.17. System resetting at each hiatus results in varying geochemistry for 

each growth section. Due to the nature of flowstone growth, samples are liable to complex 

stratigraphy and unpredictable geochemical systems. Periods of fast growth demonstrate some 

similarities, such as elevated concentrations of colloidally transported elements. Fast growth 

events correlate with the timing of Mediterranean sapropel events which represent periods of 

increased continental rainfall (Figure 4.18), summarised in section 4.5.5.  

 

Karst hydrology has the potential to significantly alter drip water supply, independently of 

surface precipitation. Altering flow pathways and storage (as introduced in Chapter 1, section 
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1.2.1 ‘Flowstone formation’) may result in flow diversions or cessations in drip water supply 

to the flowstone surface. Changing pathways or periods of upper karst drip water storage 

would result in hiatus events which do not represent the climate or amount of precipitation at 

the surface. In addition to hydrological processes, flowstone features such as terracing and 

lobe switching will have notable impacts on sample geochemistry and stratigraphy. Terracing 

may alter the layering of flowstone samples. Terracing and the pooling of drip water will 

influence stable isotopes by altering fractionation processes. For example, isotopic 

fractionation may increase at the point of dam overflow due to thinning and disruption of the 

water flow, altering the recorded flowstone isotopic signature. Trace element concentrations 

may also be influenced by terracing features. For example, pooling of water may also allow 

the sedimentation of colloids transported in drip waters, resulting in areas of increased 

colloidal flowstone content. Additionally, the movement of the active flow path due to uneven 

calcite precipitation will change the distribution of flowstone formation. Lobe switching of 

active flowstone precipitation may result in growth hiatuses at certain points on the flowstone 

surface, which may be recorded in the flowstone core.  
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4.5.4. Geochemical interpretation  

Figure 4.22 and Table 4.9 present a summary of inferred environmental change and key 

observations for each section of flowstone growth. PCA analysis of LA-ICP-MS, FPCP, and 

FSOURCE indices results (presented in Figure 4.17) are utilised to present qualitative changes in 

precipitation and discharge from wetter to drier conditions. Table 4.8 presents a summary of 

trace element interpretations made in this investigation. 

  



Chapter 4 

184 

Element Process Environmental interpretation 

Mg 

Mg has been interpreted to be controlled by 

PCP and host-rock dissolution type. Increased 

PCP results in increased Mg concentrations in 

the residual solution. Dolomite dissolution 

will result in increased Mg solution 

incorporation.  

Both PCP and dolomite 

dissolution will occur during 

lower flow, drier periods. 

Therefore increased Mg 

concentrations indicates drier 

conditions.  

Sr, U 

Sr concentrations are controlled by PCP and 

host rock dissolution and oppose the 

geochemical signature of Mg. This is 

indicative of variable carbonate and dolomite 

dissolution. FSOURCE and FPCP indices assist in 

the separation of PCP and source dissolution 

processes. Sr presents a relationship with Sr 

isotopes and stable isotopes indicating an 

additional external environmental control. 

Periods of correlating Sr and Mg 

are indicative of PCP, under dry 

conditions. 

Increased Sr concentration may 

also be indicative of increased Sr 

supply from bedrock dissolution 

under wet conditions. 

 

FSOURCE 

Variable calcite and dolomite dissolution. 

Increasing values of FSOURCE indicates greater 

influences from dolomite dissolution and low 

values suggest calcite dissolution. Low 

FSOURCE can also be attributed to influence 

from external factors resulting in increased Sr.  

FSOURCE is a measure of bedrock 

dissolution. Increased FSOURCE 

indicates dolomite dissolution 

under drier conditions and 

reduced FSOURCE suggesting 

carbonate dissolution in wetter 

conditions.  

FPCP 
Increasing FPCP values indicate greater PCP 

influences. 

FPCP has been interpreted to be a 

proxy for drip water supply rates. 

Increased FPCP represents lower 

flow dry conditions, and reduced 

FPCP wetter conditions. 
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Al, Fe, 

Ce, Y, 

Th 

 

This group of elements have been assigned to 

colloidally derived sources. The element group 

is opposed to Mg. However, Al and Fe have 

also been identified as an aerosol signature. 

Separation of aerosol and solution supply can 

only be established during known slow growth 

low flow scenarios such as hiatuses where 

aerosol supply will dominate. 

Colloidally sourced elements 

suggests growth under high 

discharge, high flow conditions. 

 

Table 4.8: Summary of trace element interpretations. 
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Figure 4.22: Factor 1 PCA analysis results (as in Figure 4.17) displayed with a 200 point 

running average line representing wetter and drier conditions, presented in the upper diagram. 

Flowstone image and sample geochronology presented in the lower diagram. Hiatus events 

are highlighted in yellow, fast growth events are highlighted in blue. Sections of notable 

characteristics at identified by A to E and are described in Table 4.9. 
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Section Characteristics Interpretation 

A Characterised by porous growth of 

different coloration, geochemistry, 

growth rate and geochemistry to all 

other sections in the flowstone.  

The observed contrast is indicative of a 

contrasting precipitation system resulting 

from differing local processes. The 

separation between this section and the rest 

of the core is marked by a 128ka hiatus. 

B Variable fabric and chemistry and 

interrupted by 2 hiatus events with 3 

sections of fast growth identified 

Cyclic periods of increasing wetness 

punctuated with hiatus events, each episode 

presents a system reset with a different 

geochemistry. One feature unites each 

section and that is the consistent influence 

of colloidally derived elements on 

speleothem geochemistry. 

C Variable growth punctuated by small 

hiatus events (micro-hiatuses) in 

some instances marked by 

microcrystalline precipitation 

Each section presents system resetting. 

However, unlike section B each section 

returns to ‘pre-hiatus’ levels indicating 

some consistent baseline growth conditions 

throughout this period.  

D Geochemistry is dominated by 

variation in colloidally derived 

elements. Calcite fabric is composed 

of stable and constant development 

of large columnar crystals. 

Both fabric and chemistry are suggestive of 

fast flow conditions. The stable growth 

throughout the period indicates relatively 

continuous and stable drip water supply.  

E Geochemistry presents greater 

variability than section D; however 

growth is defined by homogenous 

growth of fibrous calcite. An even 

distribution of layering is observed 

throughout. 

 The stable nature of formation suggests 

constant formation processes and that 

hydrological or environmental changes are 

driving geochemical variation.  

 

 

Table 4.9: Key characteristics and interpretations of growth sections A to E. 
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Figure 4.23: Gib08 Factor 1 PCA analysis results (as in Figure 4.17) displayed with a 200 

point running average line representing wetter and drier conditions (lower graph) compared to 

the ODP Eastern Mediterranean marine sediment reflectance record – S1-10 mark sapropel 

layers (Ziegler et al., 2010) and LR04 δ
18

O deep sea record (Lisiecki & Raymo, 2005).  
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4.5.5. Palaeoclimatic interpretation 

Broad glacial-interglacial climatic shifts are recorded, indicating the strength of climatic 

processes over local processes such as PCP and bedrock dissolution processes during 

flowstone formation (Figure 4.11). Fast flow events occur during the timing of Mediterranean 

sapropel events (Figure 4.18) indicating a correlation with periods of increased terrestrial 

rainfall (as explored in section 4.4.3). Relationships between 
87

Sr/
86

Sr and δ
18

O potentially 

represent glacial-interglacial shifts associated with changes in air circulation patterns and dust 

budgets as explored in Section 4.4.5. It has been demonstrated that the Gib08 flowstone 

sample records changing discharge and precipitation, the separation of these processes results 

in the broad relationships between local processes (PCP and bedrock dissolution) and those 

occurring externally (precipitation chemistry, dust fluxes).  
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CHAPTER 5 

 

 

Black coloration of the Yarrangobilly 

flowstones: An investigation into forest fire 

aerosol and microbiological coloration 

processes 

 

 

 

Harrie Wood cave decorations with black coloration of horizontal surfaces.  
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Chapter 5: Black coloration of the Yarrangobilly flowstones: An 

investigation into forest fire aerosol and microbiological coloration 

processes 

 

 

5.1. Introduction 

 

Two Yarrangobilly cave sites, New South Wales (NSW), have been chosen for investigation 

stimulated by an existing working hypothesis of Australian scientists that black coloration of 

speleothem and cave surfaces there are the result of aerosol deposits from fires. The region is 

prone to fires and there is anecdotal evidence of the cave filling with smoke during modern 

fires. In 1985, fires burning for 3-4 weeks reaching within 15-20 km of Yarrangobilly caused 

the caves to fill with thick smoke. Yet, in 2003 fires burnt directly over Jersey Cave and, 24 

hours after the event no smoke was seen in the cave with only a few tiny charcoal fragments 

within a few metres of the cave entrance (Andy Spate per. comm.). The black coloration only 

occurs on horizontal surfaces and this has been interpreted to be an indication of aerosol 

deposition, a feature which is displayed in the chapter cover page images (page 178). 

 

This study aims to determine the extent of forest fire contributions to Yarrangobilly 

flowstones. Extensive excavations of flowstone were carried during the transformation of 

Yarrangobilly caves for public access. Consequently, a large resource of flowstone was 

available for analysis. Flowstone chemistry is investigated in an attempt to identify 

environmental processes which control coloration. Aerosol contributions to both organic and 
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inorganic chemistry are explored and their impact on flowstone geochemistry evaluated. This 

investigation seeks to find a unifying interpretation for flowstone coloration in Yarrangobilly 

caves and any potential links to cave aerosol deposition. 

 

5.1.1. Yarrangobilly climate and fire history 

In modern Australia, arid climatic regimes characterise much of the continent and one-third of 

the landmass receives an annual rainfall of less than 250 mm (McLaren & Wallace, 2010), 

with approximately half of the land mass arid or semi-arid (Fitzsimmons et al., 2013). 

However, the Snowy Mountains where Yarrangobilly caves are located have a more 

alpine/highland climate with cooler temperatures and winter snow. The warmest month is 

January with a mean minimum and maximum of 11.4 ºC and 21.5 ºC respectively.  Coldest 

winter temperatures are in July of mean minimum -0.8 ºC and mean maximum 3.9 ºC. 

Rainfall peaks in August producing 114.1 mm on average, with lowest rainfall occurring in 

January averaging 46.4 mm (MLA, 2014). 

 

Millennial scale climate change in Australia broadly follows global climatic change and 

marine isotope stages (MIS), with shifts between wet and dry phases (Harle, 1997). Wet 

phases may have lagged 5-15 ka behind world temperature and sea level maxima, however 

there is some uncertainty surrounding the dating accuracy (Harle, 1997). Due to the nature of 

sedimentological records, few palaeoenvironmental reconstructions have been attempted 

beyond MIS 5 (Harle, 1997).  

 

It is generally accepted that wettest conditions occurred during interglacial periods (Chappell, 

1991). Modern vegetation type composition was established during the onset of the Holocene 
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(Chappell, 1991). The early and mid-Holocene were generally characterised by moderately 

humid conditions, demonstrated by lake level rise, source-bordering dune activity, and 

speleothem growth (Fitzsimmons et al., 2013). A weaker wet phase has been observed at 35-

55 ka B.P (Bowler, 1986; Nanson et al., 1992). The timing of a later peak in fluvial aridity is 

debated to be 110 ka B.P. (Nanson et al., 1992) at MIS 5e (Harle, 1997) or at the latter part of 

MIS 5 (Kershaw & Nanson, 1993).  

 

Cold intervals of the late Pleistocene glacial cycles were arid in all parts of Australia (Hesse et 

al., 2004). Increasingly arid conditions developed into the late Holocene (Fitzsimmons et al., 

2013) with driest conditions occurring at the Last Glacial Maximum (MIS 2) (Harle, 1997; 

Kershaw et al, 2007). Australian aridity is associated with dune building, a decrease in river 

and lake levels, and thinning vegetation in palaeoenvironments (Nanson et al., 1992; Harle, 

1997; Kershaw et al., 2007). 

 

Fire events emit vast quantities of aerosol matter into the atmosphere, easily recognisable as 

smoke. A range of techniques are used to reconstruct past fire regimes often involving 

dendrochronology and sediment records (reviewed in Condera et al. 2009– techniques used in 

this investigation is outlined in Section 1.3). Australian forest fire frequency during the 

Quaternary varied temporally and regionally with glacial-interglacial cyclicity (Lynch et al., 

2007). Almost counter-intuitively, Australian forest fire burning was reduced in drier areas, 

but increased in relatively wetter areas where fuel levels were high (Lynch et al., 2007). 

However, sediment charcoal evidence suggests that fires were of greatest significance during 

the interstadial MIS 5c and the Last Glacial stage 2, with the latter possibly associated with 

anthropogenic activity (Harle, 1997). The incidence of fire over space and time is influenced 
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by complex interactions between climate, fuels, and ignition (Power et al., 2008), with each of 

these variable changing significantly throughout the Australia’s history.  

 

5.1.2. Flowstone coloration 

Flowstone samples are utilised in this investigation because they are the primary resource 

displaying black calcite coloration and are readily available from previous cave management 

activities. Additionally, the variable growth rates and colloidal content often observed with 

flowstones are beneficial for determining changing environmental processes. However, the 

disadvantage of using these samples is it that their original cave locations are not known. 

 

Speleothem colour can be caused by various impurities, pigments, and physical processes 

(White, 1997). Previous investigations have had problems determining the origin of 

coloration because a very small amount of a substance within or between the lattice of 

otherwise colourless calcite crystals may be sufficient to intensely colour a speleothem (Doerr 

et al., 2007). Suggestions for colouring agents include: host rock inorganic residue such as 

Mn, Fe or S compounds, organic traces such as organic acids, or airborne black carbon soot 

from wildfires (Doerr et al., 2007). White (1997) summarises the cause of speleothem 

coloration as: orange, tan and brown prodcued from humic and fulvic acids; blue, yellow and 

other colours due to metal ions; deep red from ferric oxides and hydroxides; and black from 

manganese oxides and carbon. 

 

Red speleothem coloration is often attributed to, and associated with increased Fe 

concentrations. Black and red coloration are often observed in the same caves due to varying 

Mn and Fe contents respectively.  Fe and Mn deposits were found to coat walls, floors and 
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ceilings forming over clay depositions and as part of flowstones in El Soplao Cave 

(Cantabria, Spain). Here, coloration is attributed to mobilisation of polymetallic sulphides in 

the host rock (Gázquez et al., 2011). Black manganese oxide mineral coatings throughout a 

range of American caves were studied in White et al. (2009).  

 

Black coloration has also been observed and attributed to the incorporation of aerosols from 

combustion from modern pollution (Jeong et al., 2003; Chang et al., 2008) and human 

activity within caves (Steelmann et al., 2002; Gradziński et al., 2007). However, no records of 

natural forest fire influences have been presented in the literature. It should be noted at this 

point that, where combustion has been identified as the main cause of coloration, red 

coloration is not observed in association with black colour in the speleothem. The presence of 

red and black coloration together is therefore a preliminary indicator of Fe and Mn 

contributions.  

 

Organic content of speleothems and coloration by bacteria and fungi is a developing sector of 

speleothem science, which is investigated further in section 4. However, an example of black 

coloration at Nullarbor caves, Western Australia, has been attributed to disseminated humic 

matter incorporated during speleothem growth (Blyth et al., 2010). Goede et al. (1990) 

considered the coloration a cause of the small but significant amount of organic carbon found 

in the speleothem. An earlier study by Caldwell et al. (1982) determined that Fe, Mn, clay 

minerals and organic compounds are the pigments responsible for coloration. 
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5.1.3. Fire proxies 

Organic palaeofire proxies utilised in this study for speleothem investigation are introduced 

here.  

 

Levoglucosan is a monosaccharide anhydride only produced during the combustion of woody 

material at temperatures of greater than 300 °C (Simoneit, 2002) and is therefore uniquely 

associated with higher-temperature forest fires. Methoxylated phenolic compounds 

(methoxyphenols) and levoglucosan (a sugar anhydride) have been suggested as a potential 

biomarker out of the hundred of compounds present in wood smoke (Simpson et al., 2004). 

Levoglucosan is emitted at high concentrations during forest fires and is globally pervasive in 

its distribution (Simoneit et al. 1999; Kehrwald et al., 2010). 

 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants sourced from the 

incomplete combustion biomass of fossil fuels (Kehrwald et al., 2010). PAH are globally 

significant since they can be transported over global distances by wind systems (Gabrieli et 

al., 2010); there is therefore a global PAH background signal with regional increases with 

proximity to the PAH source.  

 

Charcoal analysis of lake sediments is often used as a tool for studying fire history (Whitlock 

& Larsen, 2001). Charcoal is a signature of biomass burning worldwide and its presence in 

the sedimentary record can shed light on the temporal and spatial characteristics of palaeofires 

(Buckman et al., 2009). Charcoal particles are visually recognizable as opaque, angular and 

usually planar, black fragments which fracture into smaller angular fragments under pressure. 
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Charcoal can be detected through thin-section and image analysis, and separation by sieving 

or chemical extractions (Whitlock & Larsen, 2001). 

 

The ability to utilise these proxies in speleothems will be highly dependent on the level of 

incorporation and preservation that occurs. Incorporation will be controlled by the 

transportation and deposition of the proxy to the speleothem. The level of preservation will be 

reliant on the robustness of the compound against alteration or removal processes which may 

prove low for aromatic organic compounds.  

 

5.1.4. Location 

Yarrangobilly Caves are situated within Kosciusko National Park, which is located on the 

NSW Southern Tablelands, approximately 77 km SE of Tumut and 110 km NW of Cooma. 

The cave entrances are located in the Yarrangobilly river valley (Figure 5.1, Photograph D). 

The region is covered in vegetation, much of which was damaged in the 2003 forest fires, and 

damage in the region is still visible. The types of vegetation can be seen in most surface 

Photographs, with B, D and G providing an overview; Photograph H displays the 

Yarrangobilly River valley.  
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5.1.5. Geology 

The limestone at Yarrangobilly is of Late Silurian age and formed approximately 440 million 

years ago. The limestone occurs in a belt that is approximately 14 km long and 1.5 km wide 

(Rose, 1964) with steeply dipping, strike-controlled outcrops (Osborne & Branagan, 1988) 

and is overlain by slates, shales, sandstones and conglomerates of the Ravine Beds. 

Photograph F displays the Yarrangobilly limestone outcropping directly above Harrie Wood 

cave and Photograph C is the same limestone outcropping on the other side of the creek. The 

karst forms are impressive with large exposed sink holes (Photograph E) and long wide caves. 

Soils are predominantly categorised by loam to clay composition, red/dark orange in colour, 

with red Ferrosols overlying the Jersey cave location. Owing to the semi-arid climate the 

Yarrangobilly soil profile is thin, ranging in thickness from 0-30 cm. At the Jersey site 

location no O layer was observed, with soils showing a light clay A layer to a depth of 20 

mm. A gradual transition to a light clay B horizon is presented at a depth of 50-100 mm. 

Overlying vegetation is characterised by dry sclerophyll forest vegetation made up of trees, 

lichens, shrubs, and tussock grasses (NSW Department of Environment and Climate Change, 

2012). 
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5.1.6. Cave descriptions 

Harrie Wood Cave  

The location of Harrie Wood is shown in Figure 5.1 and its entrance is in a creek that feeds 

into the Yarrangobilly River valley. Photograph B shows the creek looking from the 

Yarrangobilly River towards the cave entrance. A cave map is presented in Figure 5.2, with 

sampling locations HW1 and HW2 marked on the map. The cave is approximately 70 m long 

and descends approximately 50 m from the entrance along its length. A stepped path has been 

carved through the cave and large excavations of flowstone have been carried out during the 

construction. The cave is well decorated in the open chambers as shown in Photographs J, K, 

L; the images clearly display the black coloration that has been thought to be from forest fires.  

 

Jersey Cave 

The location of Jersey cave is shown in Figure 5.1. Jersey cave is larger than Harrie Wood 

and has more speleothem decoration as shown in images Figure 5.3, Photographs N to Q.  

Unlike Harrie Wood cave, Jersey Cave has only a slight vertical change along its length as 

shown in the section map view in Figure 5.3. Photo O displays how modern calcite growth is 

forming without the black coloration; this can also be seen at Harrie Wood in Photo L. 

Photograph Q shows the contrast in coloration between horizontal and vertical surfaces, with 

only horizontal surfaces having the black coloration.  
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5.2. Methods 

 

Further details of all methodologies employed in this investigation are described in the 

supplementary material sections S.1.- S.14. 

 

5.2.1. Aerosol sampling 

Inorganic surrogate surfaces 

Sampling apparatus were placed for both inorganic and organic components. Surrogate 

surface locations have been marked on the cave maps for both Harrie Wood and Jersey caves 

as shown in Figure 5.2 and 5.3 respectively. Petri dishes were used as surrogate collection 

surfaces. Glass petri dishes were cleaned in a 5% HNO3 acid bath for a minimum of 24 hours, 

then triple-rinsed with double de-ionised water (DDIW). Surrogate surfaces were sealed 

before and after sampling to minimise external contamination. Further sampling details can be 

found in the supplementary material, section S.1. 

 

PAH surrogate surfaces 

PAH collection surface glass petri dishes and quartz filters were cleaned by heating at >450°C 

for a minimum of 5 hours (as of: Leister & Baker, 1994; Odabasi et al 1999; Vardar et al., 

2002; Bozlaker et al., 2008) to ash any potential organic contamination. Filters were placed in 

cleaned petri dishes and sealed as with inorganic aerosol methods, for transport.  
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5.2.2. Inorganic analysis 

Speleothem LA-ICP-MS  

Sections of samples were mounted in a single resin block and polished. Samples were 

ultrasonicated in DDIW for 5 min before loading into the ablation cell. The cell was then 

flushed through repeated cell evacuation and helium backfilling to create an oxygen free 

atmosphere and ensure the best outgassing of connate gases in sample pores. The analytical 

system used at the University of Melbourne comprises of a 193-nm ArF excimer laser, 

ablating in helium coupled to an Agilent 7700 quadrupole ICPMS. (Woodhead et al., 2005; 

Woodhead et al., 2012). Pre-ablation was performed to reduce sample surface contamination 

before data collection. In this case a larger aperture size than for the planned ablation for data 

collection was used, with a slit size of 400 × 70 µm, laser repetition rate oft 15 Hz, and stage 

translation speed of 0.12 mm/second. 

 

Data collection was performed using a 23×300 µm slit size with a laser repition rate of 10 Hz 

and stage translation speed of 0.02 mm/second. The rectangular slit has the benefit of 

increasing the representative nature of each sample by sampling more calcite for each growth 

period. Elements were chosen for analysis based on an existing and established method 

framework with some modifications for speleothem analysis: Ca, Na, Mg, Al, P, Mn, Fe, Zn, 

As, Sr, Y, Nb, Sn, Sb, Ba, Ce, W, Tl, Pb, Th, U. Concentrations were calculated from a 

calibration using the NIST612 reference material (Further details on data calibration are 

displayed in the supplementary material, section S.13.). The element list used was a 

previously established method and different to those used for the Gibraltar sample (Chapter 

4).  
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ICP-MS analysis 

Both collected aerosol and solid carbonate were analysed by ICP-MS at Melbourne 

University School of Earth Sciences for the determination of trace element compositions. 

Aerosols were extracted from surrogate surfaces with multiple DDIW washes. Extraction 

solutions were then acidified to 2% with HNO3 before analysis. YBJD1 flowstone samples 

were dissolved in HNO3 and HF for ICP-MS analysis. Additionally, another large (60 g) 

section of YBJD1 flowstone sample of black calcite was dissolved for residue analysis (Full 

method detail are presented in the supplementary material, section S.12). HCl was 

progressively added to the flowstone sample until complete dissolution was achieved. The 

solution was then dried and rinsed by 5 DDIW washing and centrifuging cycles. The sample 

was split, with a sub-sample being used for SEM analysis. HCl was used for dissolution 

initially to preserve organic content for investigation. The remaining HCl dissolution was then 

subsequently dissolved in HNO3 and rinsed (as above) to obtain the HNO3 residue. Sample 

solutions were spiked with an internal standard (containing Rb, Re, Li, Sr, U) and diluted 

3000-4000 times with 2% HNO3 as in Eggins et al. (1997) and Zhou (2008). Analysis was 

carried out using an Agilent Technologies 7700 series Quadrupole Inductively Coupled Mass 

Spectrometer (Q-ICP-MS). Further details on extraction methods are displayed in the 

supplementary material, section S.10. 

 

U-disequilibrium dating 

Radiometric disequilibrium dating was conducted at the University of Melbourne, Australia. 

Samples were dissolved and chemically separated to elute non-analyte elements. Isotopic 

analysis (of 
229

Th, 
230

Th, 
232

Th, 
233

U, 
234

U, 
235

U, 
236

U) was carried out using a Nu Plasma 

multi-collector inductively coupled mass spectrometer (MC-ICP-MS). Harwell Uraninite 
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(HU-1) and Yarrangobilly flowstone stock (YB-1) were used for calibration and as secondary 

reference materials, respectively. Further details on the chemical separation method can be 

found in the supplementary material section S.11. and details of the analytical procedure can 

be found in Hellstrom (2003, 2006).  

 

5.2.3. Organic analysis 

Sample preparation 

Flowstone samples of interest were sectioned and leached in high-purity HNO3 to remove 

surface contamination. Sectioned samples were powdered and then placed in cleaned glass 

vials. All equipment, utensils, aluminium foil and glass vials were sequentially cleaned with 

DDIW water, HPLC grade methanol and GC grade Hexane. Samples were obtained 

representing both black and white calcite: 10 g was collected for carbohydrate analysis and 5 

g samples were powdered for PAH analysis (×3). 

 

Speleothem PAH 

A solvent-extraction method was used for both surrogate surface and crushed carbonate 

samples. Carbonate or aerosol filter samples were covered in 10 mL of Dichloromethane 

(DCM) and internal standard added. Samples were capped and shaken for 2 hours to 

homogenise them. PAHs were analysed with GC-MS at the Environmental Health Sciences 

laboratories, University of Birmingham. PAH extraction methods are showed in more detail 

in the supplementary material, section S.4. 
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Levoglucosan and methoxyphenols 

Analysis was carried out as in Zangrando et al. (2013). To avoid external sample 

contamination, preparation was performed under a clean air flow. Extraction was carried out 

using established Levoglucosan (Perrone et al., 2012) and acrylamide (Zangrando et al., 

2013) procedures. The acrylamide procedure was used for the determination of 

syringaldehyde and p-coumaric acids. Samples were extracted in methonal and spiked with 3 

ng of vanillic acid 
13

C1, 17 ng of vanillin 
13

C6, and 2 ng of acrylamide 
13

C as internal 

standards. The Levoglucosan protocol was used for the determination of levoglucosan, 

vanillic acid, homovanillic acid, syringic acid, ferulic acid, and coniferyl aldehyde. Samples 

were extracted in water and then spiked with 750 ng of  levoglucosan 
13

C6, 3 ng of vanillic 

acid 
13

C1, and 17 ng of vanillin 
13

C6 as internal standards. Analysis was carried out using 

Agilent 1100 Series HPLC system (Agilent, Waldbronn, Germany) with a binary pump, 

vacuum degasser, autosampler, and thermostatted column compartment. For the 

chromatographic analysis, 100 μL of the sample was injected into a Zorbax Extend C18 (150 

mm × 4.6 mm, 3.5 μm, Agilent) column with an elution flow of 500 μL min
−1

. Analysis was 

carried out by Roberta Zangrando at the Institute for the Dynamics of Environmental 

Processes-CNR (CNR-IDPA), Italy.  

 

Surface DGGE 

Denaturing gradient gel electrophoresis (DGGE) was used for surface microbiological DNA 

identification. Polymerase chain reaction (PCR) was used to amplify the 16S rRNA gene for 

bacterial identification.  DGGE is used to separate out these copies based on the order of 

bases that they have (G, C, A and T). Separated DNA bands from the gel are sequenced using 

Sanger sequencing. Analysis was carried out by Rich Boden at the University of Plymouth.  
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5.3. Results
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Figure 5.4: U-series dating results for Yarrangobilly flowstone samples. 
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Figure 5.5: YBJD1 U-series disequilibrium geochronology age model. Sampling locations are 

marked on the flowstone scan in red. One potential hiatus location is marked by the red line. 

 

 

There is a limited relationship between growth rate and flowstone colour as presented in 

Figure 5.5. One potential hiatus is identified corresponding with the transition from black to 

white calcite. Hiatus identification is limited by sample geochronological resolution with slow 

growth rates averaging 0.17 µm/year (maximum = 0.90 µm/year, minimum = 0.010 µm/year). 
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Consequently, further undetected hiatuses are likely to be occurring within the YBJD1 sample 

with faster growth rates than presented in Figure 5.5, punctuated by cessation in growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: YBJD2 U-series disequilibrium geochronology age model. Sample locations are 

shown on the flowstone scan image. 
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YBJD2 presents relatively constant slower growth rates (Figure 5.6) when compared to 

YBJD1 (Figure 5.5) (average = 0.017 µm/year, minimum = 0.006 µm/year, maximum = 

0.027 µm/year). As with YBJD1, growth rate variability and hiatus events may be occurring 

but remain undetectable at current dating resolution. Additionally, it is highly unlikely that 

such slow mean growth rates were sustained steadily over such long durations (~ 400 ka). 
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5.3.1. Drip water chemistry 

 

 
HW1 HW2 HW3 

 
Mean ± SD Mean ± SD Mean ± SD 

EC (mS cm-1) 317 17 277 30 277 30 

T (°C) 11 0.48 11 0.45 11 0.42 

TDS 212 10 182 22 184 20 

pH 8.0 0.65 7.9 0.57 7.9 0.55 

Drips min-1 0.89 0.27 0.86 0.72 1.4 0.80 

Ca (mg l-1) 66.6 5.8 56.2 8.2 62.0 7.0 

Mg (mg l-1) 0.57 0.056 0.57 0.047 0.57 0.050 

Sr (mg l-1) 1.8 0.25 1.8 0.23 1.8 0.24 

Cl (mg l-1) 1.6 0.4 1.7 0.4 1.6 0.4 

SO4
2- (mg l-1) 0.7 0.2 0.7 0.2 0.7 0.2 

NO3
-(mg l-1) 0.9 0.3 1.0 0.3 1.0 0.3 

 

Table 5.1: Harrie Wood cave drip water chemistry at locations HW1, HW2 and HW3 (Tadros 

et al., 2014). 
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5.3.2. Aerosol monitoring 

Cave aerosol deposition has been monitored in Jersey and Harrie Wood caves to provide an 

indication of the likely flux of aerosol deposition to Yarrangobilly flowstones. This section 

evaluates aerosol deposition levels and their associated spatial and temporal variance.  

 

 

 

 

Figure 5.7: Average cave aerosol inorganic deposition from Harrie Wood and Jersey Caves. 

ICP-MS results are presented of HNO3 solute from the surrogate surface DDIW wash. The 

entire ICP-MS suite of elements is presented in the upper graph, whereas a selection of 

elements commonly utilised in speleothem investigations is presented in the lower graph. 

Error bars presented represent standard deviation based on the elemental variance between all 

monitoring samples. Logarithmic upper y-axis, standard y-axis in the lower graph. Ca is 

excluded, presenting outlying high levels of deposition at 238 mg/m
2
/day. 
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As presented in Figure 5.7 and Table 5.2 Mg, Al, P, Mn, Zn, Fe and Ca present the highest 

levels of depositional flux from the measured elements throughout the Yarrangobilly caves.  

 

The comparison between entrance and cave interior aerosol depositional flux rates 

demonstrates elevated deposition for most elements at the cave entrance region in Harrie 

Wood cave (Figure 5.8 where HW2 is closer to the entrance of these respective caves). This 

observed spatial distribution is consistent with monitoring at different locations and from 

other studies (summarised in Chapter 2 - Dredge et al., 2013). However, Jersey cave displays 

the opposite distribution of aerosols. The aerosol levels in Jersey cave indicate a more 

complex ventilation regime with potential for an additional ventilation opening deeper within 

the cave. 
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Figure 5.8: Comparison of deposition at locations AJ1 and AJ2, and HW1 and HW2 (during 

one collection period 13/12/11 and 25/05/12). 
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Harrie Wood presents much greater levels of aerosol deposition flux than Jersey cave for the 

majority of elements. However, the temporal and spatial variance in elemental deposition is 

often greater than total depositional values and should be considered with caution. Results 

indicate that temporal variability one standard deviation in deposition averages 114% of total 

depositional flux (Table 5.2). The average total variance for Harrie Wood and Jersey cave 

accounting for temporal and spatial change is 202% of the mean (Table 5.2). Another key 

contribution to monitoring variations can be attributed to sampling reproducibility, which has 

demonstrated 88% variance (elemental average one standard deviation, based on duplicate 

samples in one cave location). The aerosol deposition variability in Yarrangobilly caves is 

attributed to cave wall weathering which results in carbonate fragments falling into surrogate 

surface sampling equipment. Carbonate fragments were observed in some surrogate surface 

samples. Cave wall fragments significantly enrich the sample trace element geochemistry 

when compared to aerosol deposition alone. The uneven distribution of cave wall fragments 

will therefore result in sample variability. Samples with observed carbonate fragments were 

included in analysis, because fragments would also be included in forming flowstones and 

contribute to speleothem geochemistry.  
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Table 5.2: Aerosol monitoring results for each cave and averages (µg m
-2

 day
-1

) based on 

several cave locations (HW1, HW2, AJ1 and AJ2) from the entrance to the interior and over a 

monitoring period from 12/10/2011 to 25/10/12 (in three batches 12/10/11 to 13/12/11, 

13/12/11 to 25/05/12 and 25/05/12 to 25/10/12). Standard deviation (σ) and relative standard 

deviation (σ %) compared cave deposition flux rates are displayed. Elements with the highest 

average deposition rates are highlighted in bold. 

 

Vertical accretion rates calculated (as in Chapter 2, Section 2.4.2 ‘Cave ventilation and 

aerosol distribution’) based on average deposition rates for both caves of 18 µg m
-2

 day
-1

 

(1.95 µg m
-2

 day
-1 

for Jersey Cave, 33 µg m
-2

 day
-1 

for Harrie Wood) equals 4 µm/year. This 

is much lower than the vertical accretion rates calculated for Gough’s cave due to lower 

deposition fluxes.  

 

  

Element Jersey 
Average 

σ σ% Harrie 
Wood 

Average 

σ σ% Average all 

Mg 0.58 0.84 143 5.2 6.0 116 2.9 

Al 0.29 0.83 291 1.7 2.5 148 1.0 

P 0.043 0.13 302 0.91 1.6 180 0.48 

Ca 26 44 171 451 692 154 238 

Mn 0.06 0.20 322 0.34 0.46 135 0.20 

Fe 0.29 0.58 204 3.3 4.0 121 1.8 

Zn 0.23 0.43 185 0.17 0.16 99 0.20 

Sr 0.0094 0.009 97 0.20 0.25 127 0.10 

Y 0.0061 0.007 108 0.11 0.16 145 0.057 

Ba 0.0041 0.012 303 0.07 0.18 265 0.036 

Ce 0.0021 0.007 335 0.008 0.017 218 0.0050 

Pb 0.0093 0.031 334 0.021 0.056 265 0.015 

Th 0.0050 0.012 235 0.018 0.038 214 0.011 

U 0.000012 0.000034 277 0.00020 0.00034 169 0.00011 

Average 1.95 
 

236 33 
 

168 18 
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Element Jersey  

σ 

σ %  Harrie Wood 

σ 

σ % 

Mg 0.17 40 4 82 

Al 0.28 118 1.7 98 

P 0.067 145 1.1 113 

Ca 15 76 356 86 

Mn 0.078 159 0.28 88 

Fe 0.19 81 2.7 88 

Zn 0.26 133 0.068 40 

Sr 0.0030 41 0.16 87 

Y 0.0030 64 0.13 155 

Ba 0.0055 169 0.14 173 

Ce 0.0027 162 0.013 144 

Pb 0.013 173 0.042 173 

Th 0.0058 141 0.020 136 

U 0.0000091 92 0.00023 110 

Average  114 26 112 

 

Table 5.3: Aerosol monitoring standard deviation results based on temporal variation between 

the three monitoring periods (12/10/11 to 13/12/11, 13/12/11 to 25/05/12 and 25/05/12 to 

25/10/12) within Jersey and Harrie Wood caves. Standard deviation (σ), is based on the 

comparison of average cave deposition from each monitoring period at each cave. Standard 

deviations as a percentage of average deposition flux rates (σ %) for each sampling period is 

displayed. 
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Figure 5.9: Average cave aerosol PAH deposition from surrogate surface monitoring 

throughout Harrie Wood and Jersey Caves. Compounds are ordered in terms of mass with 

napthalene being lightest and coronene being the heaviest compound. PAHs can be grouped 

into low molecular weight (LMW) and high molecular weight (HMW) classes representing 

napthalene to anthracene and fluoranthene to coronene representatively. 

 

PAH concentrations present a more uniform distribution across compounds, unlike the 

elemental variability that is observed in the deposition of inorganic constituents. The majority 

of PAH compounds present similar deposition flux rates (with the exception of naphthalene, 

benzo(a)pyrene and benzo(ghi)perylene). Care was taken to place surrogate surface samplers 

away from active drips. However, it is possible that part of the measured aerosol signature 

may be sourced from drip water aerosols produced from ‘splashing’ processes (as outlined in 

Chapter 2, section 2.3.3. in the ‘wet deposition’ section and illustrated in Figure 2.5).   
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5.3.3. Palaeofire indicators 

 

Speleothem PAH 

 

  

Figure 5.10: Comparison of white and black calcite PAH concentrations. PAHs not presented 

are below detection limits (0.017-0.25 pg/g calcite). 

 

Average PAH contents are greater in the black calcite (as shown in Figure 5.10) for all PAH 

compounds in which they are detected. However, benzo(e)pyrene, indeno(1,2,3-cd)pyrene, 

dibenz(a,h)anthracene, benzo(ghi)perylene are only detected in the white calcite. Results 

indicate that during the precipitation of black calcite a smaller range of compounds with lower 

molecular weight are incorporated at higher concentrations relative to white calcite.  
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Speleothem organic analysis 

 

Figure 5.11: Levoglucosan and methoxyphenol calcite content of white and black calcite.  

 

Previous studies have demonstrated the ability to utilise levoglucosan and methoxyphenols as 

proxies for forest fire occurrence (as outlined in Section 1). Figure 5.11 shows that greater 

concentrations of all forest fire proxies are observed in the black calcite. There is a clear 

association between PAH contents and other fire proxies in black calcite. The likely sources, 

mode of transport and level of incorporation of organic compounds will be explored in the 

discussion (Section 4).  
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5.3.4. Flowstone Geochemistry 

 

 

 

 

Figure 5.12: Black, red and white calcite solution analysis from YBJD1, of HF and HNO3 

calcite dissolutions, with HNO3 residue analysis presented for black calcite only. HNO3 

residue results are converted to represent concentrations in original calcite for comparison to 

dissolution values. HNO3 residue = Residue concentration (mg/kg) * (Residue mass 

(g))/(Calcite mass (g)). 
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Element B HF 
(mg/kg) 

B HNO3 
(mg/kg) 

B HNO3 Residue 
(mg/kg) 

HNO3/HF 
(%) 

HNO3 Residue/HF 
(%) 

Mg 141 142 1.1 101 1 

Al 15 2.5 38 17 257 

P 333 340 31 102 9 

Ca 403880 404738 69 100 0 

Mn 0.093 0.069 0.009 74 10 

Fe 1298 1285 2.9 99 0 

Zn 0.93 0.69 0.049 74 5 

Sr 8.5 8.4 0.019 99 0 

Y 0.022 0.020 0.009 93 42 

Ba 0.56 0.50 0.18 89 33 

Ce 0.0084 0.0053 0.013 63 160 

Pb 0.034 0.027 0.0027 79 8 

Th 0.0017 0.00067 0.0061 39 351 

U 0.059 0.059 0.0091 100 15 

 

Table 5.4: Comparisons of HNO3, HF dissolution and HNO3 residue analysis results for black 

calcite for a selection of elements.  

 

Results indicate that the residue accounts for a significant proportion of black flowstone 

geochemistry (averaging a contribution to the HF dissolution of 89% for all elements). 

Elements such as Al, Ti, V, Rb, Zr, Nb, Ce and Th present the highest concentrations in the 

residue.  HNO3 and HF dissolutions (Table 5.4) present similar elemental concentrations 

(with the exception of Al, Ce and Th) indicating that the majority of elemental release is 

occurring with a HNO3 dissolution and is greatest for Mg, P, Ca, Fe, Sr and U.  

 

In some cases, the relationship between HNO3 dissolution and HNO3 residue does not account 

for relative proportions in comparison to HF dissolution chemistry. These discrepancies 

suggest that residue remained after HF dissolution and so HF digestion does not necessarily 

represent total chemistry. However, by studying the relative concentrations as solutes from 

HNO3 and HF dissolution an indication of relative residue components can be determined for 

different calcite colorations (Figure 5.9).  
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Figure 5.13: ESEM image of black calcite HCl residue at 250x magnification at 15 kV. HCl 

dissolution residue sampled from 60g black calcite section sampled from YBJD1. 
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Figure 5.14: HCl residue ESEM image at 2500x magnification at 15 kV. Only one grain was 

present in the entire residue sample which displayed the optical properties that would indicate 

carbon (dark in colour – potentially displaying original organic features).  
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Figure 5.15: ESEM BSE analysis of black calcite HCl residue. Analysis was carried out of the 

entire residue sample.   

 

 

Figure 5.16: ESEM BSE analysis of black calcite HCl redisue. Analysis was carried out on a 

single black grain within the total sample (Total residue EDEM BSE analysis in Figure 5.15). 
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High Si contents and the presence of Al indicate the dominance of silicates in the HCl residue. 

Low levels of C suggest that limited or no carbonaceous material derived from forest fires is 

being observed in the calcite residue.    
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YBJD1 – Trace element chemistry 

 

 

 

 

 

 

 

Figure 5.17: LAICPMS results for some key elements for the YBJD1 flowstone. Results are 

presented against distance along the flowstone section. Data is presented raw, except Mn and 

Fe where a 100-point moving average line (black) is displayed over the raw data (grey). An 

image of the flowstone core is shown above for reference. Full LA-ICP-MS results are 

presented in the supplementary material section S.17, Figure S.21. 
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P, Sr, Mn and Fe presented in Figure 5.17 are of importance for the later discussion, other 

LA-ICP-MS element results are presented in the supplementary material (Section S.17.). The 

most prominent feature in the YBJD1 geochemical record is a change in chemistry occurring 

across the hiatus surface (at 52 mm, Figure 5.17). Fe and Mn display a clear short lived 

concentration increase associated with the hiatus, with a positive correlation between both 

elements being observed throughout the sample. A long-term sustained shift in concentrations 

is shown by Sr. P shows significant variation and is higher in black calcite. Three peaks are 

observed within the main section of black calcite, with the final peak reducing abruptly at the 

timing of the hiatus. Other short lived concentration increases occur at 0-3, 5, 8-10 and 78-80 

mm which are shown in Fe and Mn. Sr displays two cycles of decrease occurring after the 

timing of the 0-3 and 8-10 mm events, potentially indicating sample hiatuses.  The 8-10 mm 

and 78-80 mm events are clearly presented in the P record, with the other older events not 

being recorded.  
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YBJD1 PCA analysis 

Figure 5.18: YBJD1 PCA analysis results for a selection of elements indicative of 

palaeoenvironmental situations (Sr, Mg, U, P, Mn, Ce, Th, Al, Fe, Y). Upper graph presents 

element factor loadings. Lower graphs present factor 1 and 2 PCA outputs against distance, 

with the sample image for reference.  
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 PCA analysis (Figure 5.18) presents a clear distinction between Sr, Mg, U and P which load 

highly on factor two on the y-axis and Mn, Ce, Th, Al, Fe and Y which load on factor 1 on the 

x-axis, indicating two significant and separate geochemical controlling processes. Factor 1 

elements include those found at other sites to be dominantly colloidally sourced (Fairchild & 

Treble, 2009) (Ce, Y, Al and Th) together with Mn and Fe. The influence of Mg, Sr and U on 

factor 2 suggests the influence of elements in the dissolved phase, sourced from changes in 

the bedrock dissolution processes. The correlation between Sr and Mg is indicative of prior 

calcite precipitation processes influencing flowstone geochemistry. P presents a weak 

influence on factor 1 and factor 2 indicating predominant influence by an additional separate 

process.  

 

When observing the changing factor loadings with the flowstone core some dominant features 

are notable. Factor 1 presents a noisy signal with short lived large amplitude positive 

excursions. Factor 2 displays a smoother record with the most prominent feature being the 

change in chemistry associated with the hiatus event and sustained increased concentrations 

during the black flowstone coloration section.   
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YBJD2 Trace element geochemistry 

 

 

 

 

 

 

 

Figure 5.19: LA-ICP-MS results for the YBJD2 flowstone. Results are presented against 

distance along the flowstone section. An image of the flowstone core is shown above for 

reference. Full LA-ICP-MS results are presented in the supplementary material section S.17, 

Figure S.22. 
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YBJD2 presents several short lived events with large concentration increases and two longer 

duration periods of change associated with red coloration in the flowstone (Figure 5.19). Fe, 

Mn and P correlate positively with a period of elevated concentrations (28-40 mm) and two 

episode of further increase (29-32 and 38-40 mm). Sr presents a negative correlation with Fe, 

Mn and P at this point, with a sustained reduction relating to red coloration.   

 

One short lived event is clearly shown in P, Sr, Fe and Mn at ~6 mm distance. A period of 

variability is observed from 19-25 mm in Sr Mn and Fe with large amplitude excursions, a 

small sustained increase is also observed in P. A similar relationship between elements is 

observed at 60 mm. However, Mn and Sr show a peak at 47 mm which is potentially 

correlated by a small spike in Fe but is not recorded in P.  Abrupt increases in elemental 

concentrations which are observed for all elements may indicate hiatus events. Events at 5-6, 

19-23 28, and 39 mm present increases across all elements which correlate with changes in 

fabric suggesting potential hiatus events.  
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YBJD2 PCA Analysis 

 

Figure 5.20: YBJD2 PCA analysis results for a selection of elements indicative of 

palaeoenvironmental situations. 
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YBJD2 PCA analysis results (Figure 5.20) presents a much greater elemental separation than 

that observed with YBJD1 (Figure 5.18). Three broad groupings are displayed: Sr and Mg; U, 

Ce and Mn; Th, Fe, Al, Y and P. Some similarities are observed between YBJD1 and YBJD2 

in the grouping of elements. Sr and Mg display a correlation and influence on factor 2 as in 

YBJD1. The grouping of Th, Al, Y and influence on factor 1 is also similar to that observed 

for YBJD1 in Figure 5.18. Unlike YBJD1, Ce and Mn separated from the colloidally derived 

elements and group with U which in turn is separate from Mg and Sr.  

 

Factor 1 presents a clear relationship with the central red section of growth, with the two main 

horizons being reflected in elevated loadings on factor 1. Factor 2 displays the opposite 

loading for the main red section of growth and switches between positive and negative 

correlation with factor 1 for several of the short lived events.  
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5.4. Discussion 

 

5.4.1. Palaeofire record? 

Firstly, the likelihood of forest fires causing the black coloration in the Yarrangobilly 

flowstone will be evaluated based on the range of analytical techniques. 

 

Charcoal is often used as a palaeofire indicator in sedimentological studies (as outlined in 

Section 1.3) and is known to colour surfaces black and produce black aerosols during a fire 

event. Therefore, scanning electron microscopy was used to search for burnt material in HCl 

residues of black calcite. Characteristic charcoal microstructure was sought and elemental 

carbon content was measured in black Yarrangobilly flowstones to determine whether carbon 

was responsible for calcite coloration. Figure 5.13 shows an example of a typical SEM view 

presenting no evidence of charcoal fragments. Additionally, chemical analysis of multiple and 

single grains (Figures 5.15 and 5.16 respectively) did not present significant concentrations of 

carbon that would be indicative of input from forest fires. Therefore it is highly unlikely that 

flowstone coloration is occurring as a result of carbon aerosol deposits or from forest fire 

aerosol deposits as these would most likely also contain carbon particulates. 

 

The comparison of PAH calcite concentrations for black and white calcite in Figure 5.10 

shows that consistently greater PAH concentrations in the black calcite were detected. This is 

indicative of greater combustion and aerosol incorporation during the formation of the black 

calcite. However, PAHs are also present in the white calcite, indicating a supply of PAHs to 

the flowstone under both coloration formation conditions. Additionally, white calcite presents 

episodes of faster growth (YBJD1) which, assuming a constant PAH supply, would result in 
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the reduced PAH calcite concentrations. This is explored in Table 5.5, black calcite PAH 

concentrations (growth rate = 0.1 µm/year) are converted to represent PAH concentrations 

that would occur under white calcite growth rates (0.5 µm/year). Results show that PAH 

concentrations converted for growth rate are of similar levels, indicating growth rates as a 

predominant influence on Yarrangobilly speleothem flowstone PAH concentrations rather 

than changing supply. PAH supply could be taking place either through direct aerosol 

deposition to the flowstone surface, or via drip waters from deposition on the exterior ground 

surface. Speleothem PAH concentrations may be representing environmental background 

levels, with speleothem levels changing as a result of incorporation and transport processes 

separate from PAH production rates in the local region.  

 

It is conceivable that solution PAH is sufficiently buffered by soil processes that PAH supply 

continues after forest fires have passed and provides baseline levels.  The observed disparity 

in PAH concentrations between calcite colours would therefore be due to the direct deposition 

to cave surfaces during fire events or growth rate incorporation processes resulting in greater 

than baseline levels. However, this mechanism does not account for the lack of HMW PAHs 

in the black calcite. The impact of PAH molecular weight on solubility and transport is 

explored further in the discussion section 5.5.2 ‘Environment and soils’. 

 

PAH aerosol monitoring has presented a supply across all PAH molecular weight compounds 

(Figure 5.9). Table 5.5 presents the results of aerosol contribution to speleothem calculations 

based on modern PAH deposition monitoring. 
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Table 5.5: White CaCO3 and black CaCO3 are the average of triplicate carbonate extraction 

analysis with results presented in pg g
-1 

of calcite. Black GR conv, is the converted data from 

black calcite PAH concentrations adjusted by growth rate to represent concentrations that 

would occur at white calcite growth rates. HWDep and JDep are surrogate surface aerosol 

deposition results averaged over several monitoring periods (as in Table 5.2 and 5.3) and 

several locations throughout the cave network, MeanDep is the average of HW and J caves. 

White and black contributions are calculated from the average deposition at HW and AJ. 

White and black % contributions = DepMean/[Colour]CaCO3.Calculations are based on the 

average growth rate of YBJD1 of 1.7 µm per year. 

 

Results indicate that PAH aerosol supply in the modern environment (in the absence of fires 

at the time of monitoring) is orders of magnitude greater than that required to result in levels 

observed in both white and black flowstone concentrations. Modern PAH emission from 

anthropogenic activity will likely cause much higher atmospheric levels than pre-industrial 

levels and will most likely not be representative of historical PAH deposition levels. 

Compound 
WhiteCaCO3 

(pg/g) 

Black 

GR 

Conv 

BlackCaCO3 

(pg/g) 

HWDep 

(pg/mm/yr) 

AJDep 

(pg/mm/yr) 
MeanDep 

White   Cont 

% 

Black   

Cont % 

 

Naphthalene 3.7 0.7 4.1 0.1 0.0 0.0 1534 1385  

Acenaphthylene 68 24 145.9 6.5 8.9 7.7 24262 11447  

Acenaphthene 431 77 462.2 1.0 4.2 2.6 1320 1230  

Fluorene 79 54 324.3 2.6 15.8 9.2 25152 6138  

Phenanthrene 281 212 1273.1 1.0 3.5 2.3 1734 383  

Anthracene 271.7 218 1307.8 0.6 2.1 1.3 1066 221  

Fluoranthene 59.8 50 300.0 10.9 19.3 15.1 54834 10921  

Pyrene 30.5 23 140.1 2.8 3.4 3.1 21945 4768  

Retene -  - 2.3 1.6 2.0 - -  

Benzo(a)anthracene 0.0 0 0.0 1.2 1.6 1.4 - -  

Chrysene 26.3 17 99.5 1.2 1.2 1.2 9866 2606  

Benzo(b)fluoranthene 13.5 5.3 31.7 1.1 0.9 1.0 16335 6926  

Benzo(k)fluoranthene 17.0 7.1 42.6 1.0 1.1 1.1 13810 5506  

Benzo(e)pyrene 0.0 1.6 9.7 0.5 1.4 0.9 - 20724  

Benzo(a)pyrene 0.4 0 0.0 567 91 329 187072605 -  

Indeno(1,2,3-

cd)pyrene 
4.8 

0 
0.0 1.3 2.6 2.0 89491 - 

 

Dibenz(a,h)anthracene 2.8 0 0.0 0.8 2.0 1.4 108030 -  

Benzo(ghi)perylene 7.1 0 0.0 65 84 75.1 2302179 -  

Coronene 0.0 0 0.0 1.9 2.2 2.0 - -  
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However, this suggests that forest fire PAH supply is not required to produce the PAH 

concentrations in black calcite. High levels of oversupply suggests that losses are occurring 

subsequent to capture within flowstone calcite, that PAH aerosol incorporation is at low 

efficiencies, or a combination of these processes is taking place.  

 

 

 

 

Figure 5.21: Comparison of average (black and white) Yarrangobilly calcite PAH 

concentrations to the results of Perrette et al. (2008).  

 

Greater concentrations of PAHs are found in Yarrangobilly samples covering the entire PAH 

mass spectrum in comparison to the stalagmites analysed by Perrette et al. (2008). A similar 

mass distribution is observed in both samples, with greatest PAH levels being detected in the 

lower masses compounds. Although stated tentatively, Perrette et al. (2008) attributed the 

observed mass fractionation to the mode of transportation, with PAHs being transported in 

solution rather than sorbed on organic or mineral fragments. Consequently, PAH 
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incorporations may be affected by solution–calcite partitioning similar to that observed with 

trace elements in speleothem. 

 

Levoglucosan and methoxyphenol have been effectively used as palaeofire proxies in 

previous investigations (as described in Section 1.3). Consistently higher concentrations of 

levoglucosan and methoxyphenol are observed in the black calcite (Figure 5.11). However, 

black calcite concentrations are not sufficiently greater than white calcite to be attributed to 

forest fires causing the black flowstone coloration.  Levoglucosan and Methoxyphenol 

differences may be solely due to differing growth rates and incorporation as explored in Table 

5.5.  

 

In conclusion, there is no distinct evidence to suggest that the difference in PAH, 

levoglucosan and methoxyphenol concentrations is occurring as a direct result of forest fire 

aerosol deposition to the speleothem from activity in the area surrounding Yarrangobilly 

caves, resulting in the black coloration. Evidence suggests that solution supply, changing 

incorporation efficiencies, differing growth rates and preservation rates are resulting in the 

differences between black and white calcite rather than variations in the level of direct 

deposition to the flowstone surface.   



Chapter 5  

242 

5.4.2. Drip water and aerosol contributions 

 Aerosol monitoring results have demonstrated elemental (Figure 5.7), temporal (Table 5.3) 

and spatial variability (Figure 5.8).  The distribution of black coloration throughout both 

caves is a line of evidence that had traditionally been used locally to suggest forest fire 

aerosols as the main cause of the coloration. Photograph K, Figure 5.2 displays evidence of 

preferential flowstone coloration on the entrance-facing surfaces. Additionally, black 

coloration is only observed on horizontal surfaces with normal coloration on vertical surfaces 

(Photographs J, K, L in Figure 5.2, and Photographs N and O, Figure 5.3). It has been 

established (Section 4.1.) that forest fires are not the likely cause of coloration events. 

However, the distribution of coloration still indicates a relationship with aerosol deposition 

from gravitational settling processes. This section explores the relationship of drip water and 

aerosol contributions to the Yarrangobilly flowstones. 
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Aerosol contributions to speleothem geochemistry are calculated as in Chapter 2. Annual 

aerosol deposition rates are compared to elemental masses accumulated through one year of 

speleothem precipitation. A summary of the results for these calculations are shown in Table 

5.6. 

 Sr (%) Mg (%) P (%) Al (%) Zn (%) 

      
Harrie Wood      

Max  352  577  1315  24509  41481  

Min 2  7  4  2  1  

STDEV 56  70  143  1718  967  

Average 100  255  122  1100  264  

      

Jersey      

Max  17  65  62  4101  58333  

Min 0  1  0  0  2  

STDEV 3  8  7  287  1360  

Average 5  29  6  184  371  

      

Average      

Max  185  321  688  14305  49907  

Min 1  4  2  1  1  

STDEV 29  39  75  1003  1163  

Average 52  142  64  642  318  

 

Table 5.6: Aerosol contributions to speleothem geochemistry % results. Results display the 

aerosol contribution as a percentage of total speleothem elemental abundance. Results are 

based on speleothem growth of 1.7 µm year 
-1

 (averaged from YBJD1) and compared to 

YBJD1 speleothem geochemistry.  Minimum, maximum and standard deviations apply to the 

range in results when a single deposition values was applied to the speleothem LA-ICP-MS 

data for the entire growth duration.  

 

Table 5.6 presents average contributions for YBJD1; during hiatus events the relative 

contribution of aerosols would increase further. Additionally, YBJD2 presents slower growth 

rates which would result in further elevated aerosol contributions relative to speleothem 

geochemistry. Characteristic aerosol enrichments of environmental significance are observed 

in Mg, Al, P and Fe aerosol deposition flux (Figure 5.7). The relationship between supply and 
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flowstone geochemistry suggests that low aerosol incorporation efficiencies are taking place. 

Table 5.7 presents the levels of aerosol and drip water elemental supply. Limiting drip rates 

present the drip water discharge rates that would be required to reduce elemental supply to 

that of aerosol supply. However, modern monitoring may not accurately represent conditions 

during flowstone formation. Opening of the cave to visitors may have caused increased cave 

ventilation and aerosol transportation processes resulting in elevated aerosol deposition flux.  

 

Sample Oversupply (%) Limiting drip rate 

(L/yr)   Drip Aerosol 

YBJD1       

Mg 36400000 1200 0.0019 

Sr 1030000000 382 0.000021 

YBJD2       

Mg 30800000 942 0.0017 

Sr 294000000 318 0.000061 

 

 

Table 5.7: Drip water and aerosol oversupply (%) and limiting drip rates (L/yr) based on 56 

L/yr discharge rate and 1.7 µm speleothem growth rates. Limiting drip rates are those at 

which drip water chemistry supply is equal to that of aerosol flux. Drip water oversupply (%) 

= 1/[ Mg of element per year calcite growth / Mg of drip water supply per year ×100] ×100. 

Aerosol flux oversupply (%) = 1/[Mg of element per year calcite growth / Mg of aerosol flux 

to speleothem surface per year) ×100] ×100. 

 

 

Speleothem geochemistry will therefore be evaluated with the understanding that aerosol 

supply has the potential to substantially increase flowstone concentrations under suitable 

incorporation scenarios.  
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5.4.3. Flowstone Geochemistry 

PCA analysis of the entire LA-ICP-MS results highlights the predominant geochemical 

groupings and allows deduction of the processes influencing flowstone geochemistry.  

 

YBJD1 PCA results (Figure 5.18) display a clear and distinct separation of elements into two 

groups: 1) Sr, Mg, U, P and 2) Mn, Ce, Th, Al, Fe, Y. Results indicate a shift between the 

influence of hydrological processes and colloidal transport to the flowstone. Colloidal 

influences on YBJD1 (Factor 1 loading, Figure 5.15) present short lived high amplitude 

events. Increased colloidal element concentrations are observed at red horizons and the main 

sample hiatus event. High discharge events and hiatus events often result in elevated colloidal 

influence (Treble & Fairchild, 2009). The loading of Sr, Mg and U on factor 2 indicates a 

dominant hydrological control with increased concentrations indicating drier conditions. 

There is a clear relationship between hydrological influences and black calcite, with elevated 

influence occurring at each section (Figure 5.15 – factor 2 results).  

 

YBJD2 PCA analysis (Figure 5.20) presents a similar grouping to YBJD1. Colloidally 

derived elements (Th, Fe, Al, Y) display a clear separation from hydrologically controlled Sr 

and Mg. However, the system presents more complexity than YBJD1 with U, Ce and Mn 

presenting a separate correlation to hydrological and colloidal influences. Additionally, P 

aligns with colloidally controlled elements which differ to YBJD1, where P presents a 

correlation with hydrological processes.  

 

Average chemistries of different calcite sample colours are presented in Table 5.8. For the 

majority of elements, the greatest concentrations are observed in the red calcite, in both 
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samples. High elemental variability is observed across all elements and calcite coloration, as 

demonstrated by section standard deviations (σ). Relative standard deviations (Table 5.8) 

demonstrate a high level of variability within each section of growth. The highest levels of 

variability are observed with Ce and Th, and overall with the white calcite.  

 

Microbial bioaccumulation processes may be occurring and influence the environmental 

signature observed in the Yarrangobilly flowstones. The evidence for bacterial colonisation 

and geochemical influencing processes are explored further in section 5.5.3.  
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YBJD1 

 

Mg Al P Mn Fe Sr Y Ce Th  U  

Total Average 191 81 166 0.32 121 21 0.061 0.024 0.0078 0.0187 

 

σ 248 307 216 1.02 91 31 0.127 0.142 0.0462 0.0251 

Black Average 169 25 563 0.26 110 8 0.024 0.007 0.0017 0.0557 

 

σ 46 57 267 0.58 86 2 0.033 0.013 0.0048 0.0276 

Red Average 223 178 87 0.38 157 14 0.073 0.054 0.0246 0.0121 

 

σ 54 659 77 1.28 203 5 0.302 0.183 0.0909 0.0117 

White Average 143 60 77 0.11 108 24 0.078 0.007 0.0004 0.0087 

 

σ 26 174 24 0.15 10 4 0.052 0.168 0.0017 0.0193 

 

YBJD2 

           Total Average 244 44 35 0.22 95 26 0.25 0.0352 0.0076 0.017 

 

σ 374 149 77 1.92 40 14 0.55 0.4206 0.0387 0.045 

Black Average 280 11 12 0.10 87 26 0.12 0.0075 0.0019 0.015 

 

σ 132 45 11 0.35 14 10 0.19 0.0287 0.0082 0.016 

Red Average 233 187 93 0.36 133 17 0.50 0.0864 0.0291 0.023 

 

σ 104 289 70 0.63 73 12 1.20 0.2129 0.0647 0.028 

White Average 224 14 12 0.26 87 30 0.30 0.0191 0.0029 0.016 

 

σ 596 64 9 3.07 21 18 0.22 0.3126 0.0314 0.068 

 

Table 5.8: Average flowstone element concentrations (ppm) and standard deviation values of 

entire samples, black, red and white sections of growth for samples YBJD1 and YBJD2 from 

LA-ICP-MS results. Highest concentrations for each element are highlighted in bold.  

 

Table 5.8 highlights elements of high concentration for different flowstone coloration. One 

feature of importance is the consistently high levels of Th in red calcite (to a lesser extent the 

black calcite). This is significant for the consideration of U/Th dating when considering 

samples of low detrital Th levels, where red calcite sections should be avoided. The following 

sections study each period of black and red calcite formation to identify characteristic features 

and processes which may be acting to cause coloration.  

 

 

  



Chapter 5  

248 

5.4.4. Flowstone coloration 

Coloration event timing 

Two main black coloration events have been identified from the dating of 8 flowstones 

presenting black calcite growth. Two broad horizons have been identified: interval one 

occurring within 20-80 ka and interval two 110-180 ka. A third potential episode is identified 

at 330 ka to 420 ka, but with little confidence since only being observed in one sample.  Red 

coloration events are poorly constrained as dating focused on identifying the timing of black 

horizons. However, two main red coloration events are identified at 0-40 ka and 240-300 ka. 

Figure 5.22 summarises the start and finishing times of some of the most notable black 

coloration horizons.  

 

Figure 5.22: Timing of two black and two red horizon events in all samples. The timing of 

coloration events are compared to the global LR04 benthic δ
18

O record (left of right panel) 

(Lisieki & Raymo, 2005) and Southern Australia Speleothem δ
18

O with warm interstadials 

marked by yellow highlights (right graph of right panel) (Ayliffe et al., 1998). 
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Due to the long duration of coloration events and uncertainty in the exact timing of event 

occurrence, palaeoclimate interpretations relating to coloration are tentative. However, results 

indicate that coloration events tend to begin during the transition to cooler global conditions 

and finish at the point of glacial termination. Therefore coloration occurs during the transition 

from wet vegetated periods to arid environments (Section 1.1). The dieback of vegetation 

occurring during the transition to glacial conditions may result in elevated organic acid release 

and transport from vegetation decay which could result in flowstone coloration. Specific 

surface and cave environmental conditions may be required for bacterial colonisation of cave 

surfaces, therefore colonisation may relate to environmental cycles. Surface bacterial growth 

may results in bioaccumulation processes or organic binding causing episodes of coloration, 

these concepts are explored further in section 5.5.3 and 5.5.4.  
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By considering sections of red and black calcite formation individually it is possible to 

identify reoccurring characteristics and features which separate each growth phase. The 

observations and comparisons underpin later process interpretations in Section 5.5.  

 

Red flowstone coloration 

Red sections of growth present a clear relationship with Fe and Mn when observing LA-ICP-

MS results in Figures 5.17 and 5.19. Red calcite chemical composition presents a similar 

composition in both YBJD1 and YBJD2. PCA analysis results for sections of red calcite 

chemistry are presented in Figure 5.23 and 5.24, for YBJD1 and YBJD2 respectively. Both 

samples display a strong influence from colloidally derived elements Ce, Y, Al and Fe with 

loading on factor 1. Sr and P display opposing loading on factor two, potentially as a 

consequence of P blocking sites for Sr in calcite incorporation.  

 

Differing acid dissolution strengths offer an insight into the amount of residue components in 

flowstone samples (Figure 5.12). Red calcite presents the highest levels of residue content for 

the majority of elements, which can be seen by the relative differences between elemental 

concentrations obtained via HF and HNO3 dissolution.  
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Figure 5.23: YBJD1 geochemistry PCA analysis of section of red calcite. 

 

 

Figure 5.24: YBJD2 geochemistry PCA analysis of section of red calcite. 
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Black flowstone coloration 

Black calcite offers less in terms of a definitive geochemical signature which is reproduced 

between samples. A study by Frisia et al. (2012) concluded that P concentrations are 

controlled by a diverse range of processes, which may not relate to seasonal infiltration. 

Additionally, it was observed that P peaks appear to not be related to an increase in colloidal 

transport from the soil in YBJD1, but to complex interactions between hydrological and 

microbial processes. P shows a clear relationship with the black section of growth in YBJD1 

(Figure 5.17). However, P correlates with red coloration in YBJD2 and does not respond with 

the transition to black calcite (Figure 5.19). The relationship of P to other elements in the 

PCA analysis of YBJD1 and YBJD2 indicates that P is controlled by a different process to 

colloidal (YBJD1) and hydrological processes (YBJD2). 

 

PCA analysis results highlight the different relationships between elements for YBJD1 and 

YBJD2, presented in Figures 5.25 and 5.26 respectively. The relationship between Sr and Mg 

differs between each sample, with YBJD1 presenting a strong correlation indicative of PCP 

processes and YBJD2 presenting a weak opposing influence of Sr and Mg. U and P present a 

strong correlation and influence on factor 1 loading in YBJD1. This relationship is not 

observed for YBJD2, with U and P presenting opposing influence on factor 2 and weak 

influence on factor 1. However, there are some overall consistencies in chemistry between 

samples. The most prominent constant feature is the correlation between colloidal element 

(Fe, Ce, Al and Th) influence. The extent of influence on the black calcite section chemistry is 

relatively limited in comparison to the factor 1 loadings observed in the red sections of 

growth. This indicates that colloidal element transport is occurring, but having a reduced 
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influence during periods of black calcite formation. Additionally, the opposition of P to Sr 

indicates element site competition for calcite inclusion as in the red sections of growth. 
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Figure 5.25: YBJD1 geochemistry PCA analysis of section of black calcite. 

 

 

Figure 5.26: YBJD2 geochemistry PCA analysis of section of black calcite. 
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Bacterial analysis of modern surfaces showed that extensive colonisation is taking place on 

regions with black calcite, and no evidence for microbial life was observed on white coloured 

surfaces. A total of 8 DGGE bands were detected, falling into 6 operational taxonomic units 

present (OTUs, here defined as equivalent to "genus"). Bacillus, Rhodococcus, Janibacter, 

Lechavalieria, Streptomyces bacteria were detected in the black calcite sample. Additionally, 

luminescence analysis of black and white calcite on sample YBF1 presents a clear increase 

with black coloration suggesting greater organic content (Figure 5.27).  

 

  

Figure 5.27: Enhanced Green Fluorescent Protein (EGFP) luminescence transitioning from 

white to black calcite (sample YBF1). 

 

Black calcite sections do not present reproducibly characteristic chemical features. However, 

it is clear from levoglucosan, methoxyphenol, PAH and luminescence results that organic 

contents are higher in the black calcite. However, sufficient levels are also observed in the 

white calcite indicating that supply processes occur across all calcite formation types. The 
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pattern of coloration within the cave suggests that aerosol deposition is controlling the spatial 

distribution of the coloration process. It has been established from contribution calculations 

that the aerosol supply of inorganic (Table 5.7, Oversupply %) and PAH aerosols (Table 5.5, 

White Cont. % and Black Cont. %) is potentially sufficient to account for all speleothem 

geochemistry. However, this Chapter has highlighted the lack of representation of modern 

aerosol monitoring to pre-industrial flowstone growth (e.g. Section 5.4.1), and that future 

investigations should consider monitored aerosol levels and their potential contributions 

carefully.  
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5.5. Final interpretation theories and conclusions 

 

In this section theories for calcite coloration based on evidence from this study are outlined 

and the conclusion presented. 

 

5.5.1. Forest fires 

Results presented in this study suggest that influences from regional forest fires are providing 

a constant signal to Yarrangobilly flowstones which is predominantly sourced through drip 

waters and significantly buffered by overlying soils (discussed in section 5.4.1). Increased 

levels of palaeofire proxies in black calcite have been predominantly attributed to reduced 

retention/increased incorporation due to climatic (Figure 5.22), soil and environmental 

processes  (summarised in Section 5.5.2) and variable growth rates (Table 5.5) rather than a 

consequence of changing levels of supply.  

 

5.5.2. Environment and soils 

A weak relationship has been observed between the timing of coloration events and global 

climate (Figure 5.22). Coloration events initiate during the transition to arid conditions and 

finish at the point of glacial termination and the onset of wet conditions. Consequently, the 

coloration of Yarrangobilly speleothems may be caused by changing soil conditions, which in 

turn reflect changing environmental conditions.  

 

Cave colouration as a result of metal oxidation has been observed in several cave locations 

(e.g. Lechuguilla Cave, Ochtin, Jaskinia Czarna) from ferromanganese deposits, occurring in 

a range of colours and chemistry with variable amounts of clay and Al-oxide minerals; all are 
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rich in Mn and Fe oxides (Spilde et al., 2005). Growth of red calcite is likely to occur during 

periods of oxygenated soils rich in Fe-oxide, with coloration simply being a representation of 

elemental transport from the overlying soils. When precipitation increases, soils begin to 

reduce and result in reduced oxide transport to the speleothem. The same process may be 

resulting in black coloration, with Mn oxides providing the source of colour.  

 

P has shown a correlation with black coloration in YBJD1 (Figure 5.17) and red coloration in 

YBJD2 (Figure 5.19). P transfer processes to speleothems have been shown to vary between 

sites (Frisia et al., 2012). However, P has generally been used to indicate mobilization during 

vegetation die-back and high infiltration situations (Fairchild & Treble, 2009). Additionally, 

the retention and release of trace elements from soil profiles through complexing with natural 

organic matter (NOM) is widely recognised (Hartland et al., 2012). Elevated P may mark 

vegetative die-back events and correlate with the transition to drier more oxic soils with Fe 

and Mn transport through organic complexing. 

 

An additional line of evidence for changing soil conditions is the organic supply to the 

flowstone sample. Assuming PAH supply to the speleothem is buffered to the extent where 

forest fire PAH emissions has no direct effect on speleothem concentrations, soil conditions 

may be the dominant control on supply. In a closed and less ventilated cave, the main source 

of PAH aerosols would be through the cave drip waters sourced from the overlying soils. 

Modern monitoring has demonstrated high levels of PAH supply across the entire mass range 

(Figure 5.6). Lower concentrations of PAHs would be supplied to the speleothem in high 

discharge scenarios due to dilution by drip water. Lower molecular weight (LMW) 

compounds are more easily degradable, more volatile and more water soluble than HMW 
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PAHs (Wilcke, 2000).  During low discharge scenarios, increased solution concentrations of 

PAHs may occur, with soil organic binding processes having a greater influence. This would 

occur in the fractionation of PAHs through retention of HMW compounds, resulting in the 

distribution shown in Figure 5.10. Elevated levoglucosan and methoxyphenol concentrations 

(Figure 5.11) and increased luminescence (Figure 5.27) are also observed in the black calcite 

indicating a similar organic supply processes.  

 

5.5.3. Microbial element fixation  

Bacteria and fungi are capable of colonizing almost every niche (Bastian & Alabouvette, 

2009) and a wide range of microbes are known to inhabit cave environments (reviewed in 

Northup & Lavoie (2001), and Barton & Northup (2007)). Bacteria are shown to be 

transported as an aerosol and distributed throughout cave networks in Chapter 2, Section 5.2.  

 

Black coloration of geological material as a result of manganese staining occurs in a range of 

environmental settings including deserts and deep-sea deposits. Microorganisms may 

contribute to the formation of Mn and Fe oxide-rich deposits (Northrup et al., 2003) since 

bacteria are known to concentrate metals from their environment, most probably from water 

(Dorn & Oberlander, 1981). Bacteria have also been known to increase the rate of manganese 

oxidation by up to five orders of magnitude (Tebo et al., 1997). Therefore bacteria may be 

acting to increase element concentrations during flowstone formation resulting in coloration 

from Mn and Fe oxide contents. Actinomycetes, a bacterial strain detected in Jersey Cave have 

been found to produce iron and manganese oxides producing coloured deposits on cave 

surfaces in Guadalupe Caves (Northup et al. 2000; Northup et al., 2003). 
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Clay minerals are of importance since the bacteria can adsorb on them and use nutrients that 

also adsorb on clay (Shahack-Gross et al, 1997). PCA analysis results (Figure 5.18 and 5.20) 

presents an association between colloidally derived elements and coloration. Greater solution 

bacterial supply may be occurring during periods of increased solution colloidal supply 

resulting in oxide bioaccumulation processes and coloration.  

 

Frisia et al. (2012) found that microbial processes may have been involved in P incorporation 

in Nullarbor speleothems,  and that the stromatolite-like layers mark periods of reduced drip 

rate and thus potentially indicative of dry phases. It is possible a similar process is taking 

place in Yarrangobilly, with drip water bacteria fixing P, Fe and Mn resulting in the 

correlation between coloration and P.  

 

Bacterial colonisation during periods of increased colloidal supply to cave surfaces may result 

in bioaccumulation processes which provide a secondary feedback elevating Fe and Mn 

concentrations even further. However, coloration of surfaces which are not directly exposed 

to drip water processes requires further explanation and may be due to bacterial staining 

processes covered in the following section.  
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5.5.4. Bacteria and fungi melanin staining 

In addition to microbiological bioaccumulation and concentration processes, bacteria may be 

directly causing calcite coloration. Dark brown and black pigments are known to be produced 

by fungi and bacteria.  

 

The bacterial strain streptomyces in the actinobacteria tree, which was detected on black cave 

surfaces has been shown to produce melanin, creating a dark brown pigment 

(Vasanthabharathi et al., 2011). Streptomyces has been also been described to cause a wide 

spectrum of discoloration of mural paintings in ancient Egyptian tombs (Abdel-Haliem et al., 

2013). Groth et al. (1999) found that the majority of isolates from sampling in Altamira Cave 

could be assigned to streptomyces, with several streptomycete isolates producing pigments of 

different colour (reddish yellow, red, brown, black). 

 

In addition to bacteria, fungi have been found to colour cave surfaces. Black stains were 

detected on the ceiling and banks of passages in Lascaux Cave, France. Melanised fungi were 

mostly responsible for these stains (Bastian & Alabouvette, 2009 Bastian et al., 2010). In a 

more recent study two new species of fungi have been identified and isolated from the black 

stains (Martin-Sanchez et al., 2012). Fungal genera (Cladosporium and Epicoccum) detected 

in Altamira have the ability to form black stains and synthesize black phenolic polymers 

(Saiz-Jimenez et al., 1995). Additionally, bacteria and fungi may interact together to produce 

colouring. Some bacterial species may serve as sources of substrates for melanisation of 

different fungi in the environment (Frases et al., 2006). 
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Aerobiology of caves is still in its infancy (Porca et al., 2011). However, cave ventilation is 

known to distribute and provide nutrient distribution throughout cave networks (Porca et al., 

2011; Dredge et al., 2013). Consequently, there will be a supply of bacteria to all cave 

surfaces with colonisation only occurring when optimal conditions are met. A sufficient 

nutrient supply is required for colonisation, it has been established that a high amount of 

aerosol flux to cave surfaces is taking place (Table 5.6). Bacterial colonisation as a 

consequence of aerosol deposition may explain the distribution of coloration observed in 

Yarrangobilly caves (distribution on horizontal surfaces Photographs J, L, O). Additionally, 

modern surface bacterial analysis demonstrated colonisation only on black coloured surfaces 

(described in ‘Black Coloration’, Section 5.4.4).  
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5.5.5. Overall conclusion 

There is no evidence to suggest that flowstone coloration is occurring as a direct consequence 

of forest fire aerosol deposits from within the cave. Bacterial controlled processes are most 

likely resulting in speleothem coloration, either by melanisation processes on cave surfaces or 

by the bioaccumulation of Fe and Mn oxides. Melanisation by bacteria, staining cave surfaces 

accounts for the observed distribution of black coloration in Yarrangobilly caves on 

horizontal and windward surfaces. However, before the creation of artificial entrances when 

ventilation was lower, aerobiological fluxes to cave surfaces would have been lower and may 

not have caused the distribution of coloration occurring in the modern cave environment. 

Cave drip water and soil influences may have been of greater influence during times of 

reduced aerobiological and aerosol nutrient supply. During these phases coloration may have 

only occurred on actively forming flowstone surfaces. Figure 5.28 displays the processes that 

have been interpreted to cause Yarrangobilly flowstone coloration and characteristic features 

of the different calcite colours.  
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Figure 5.28: Environmental processes leading to coloration and the key chemical 

characteristics of red, black and white coloured flowstones. Similar features between red and 

black calcite are also outlined. 
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Conclusions to aerosol contributions to 

speleothem geochemistry 

 

 

 

 

 

 

Cave field work in Gibraltar (Cave location used in Chapter 4). 
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Chapter 6: Conclusions 

 

This project constitutes the first study of aerosol contributions to speleothem geochemistry. 

Issues surrounding cave aerosols and incorporation in speleothem have been explored and 

synthesized. 

 

6.1. Aerosols 

 

Aerosol introduction, distribution, deposition and incorporation are complex and variable 

processes dictated heavily by the specific cave situation (as explored in Chapter 1). Details on 

cave aerosol distribution and transport are described in Section 2.3.2. The type of speleothem 

formation and cave morphology (Chamber size, air flow rates and aerosol deposition, Figure 

2.19) has been determined to control deposition through impaction/interception processes. 

Gravitational sedimentation (Progressive suspended load losses, Figure 2.19) and cave 

entrance zone aerosol deposition (Figure 2.13) have been identified as dominant processes 

involved with influencing cave aerosol distribution.  

 

Surrogate surface (Chapters 2, 3, 4 and 5), active suspended aerosol sampling (Chapter 4) and 

particle counting methods (Chapter 2 and 3) were employed in this investigation. Methods 

were primarily chosen based on their ability to be transported to, and within cave networks, 

and operate without mains power. A summary of cave aerosol methods and analytical 

techniques are reviewed in Chapter 1, Section 2.2.  
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Cave aerosols are sensitive to environmental conditions (ventilation, drip water flow rates) 

and therefore will exhibit temporal and spatial variations. Chapter 2 shows that aerosol 

monitoring has the potential to be used in cave ventilation studies in place of existing CO2 and 

temperature work. Suspended aerosol concentrations show a clear correlation with cave pCO2 

indicating a ventilation control (Figure 2.10, Figure 2.14 and Figure 3.5). Cave aerosols are 

sensitive to anthropogenic influences (Discussed in Section 2.4.1, Figure 2.6 and Figure 2.7) 

and also present relatively fast recovery rates to baseline levels (compared to CO2 and T).  

Monitoring in Chapter 3 demonstrates that daily aerosol minima provide a unique indicator of 

natural seasonal ventilation processes, little perturbed by anthropogenic influences (Figure 

3.5). A summary of cave aerosol production and removal processes are illustrated and in 

Figure 2.5. 

 

Calculations in Chapter 2 have demonstrated that the ultimate aerosol contribution to 

speleothem geochemistry is predominantly dependent on growth rates, deposition flux, and 

aerosol incorporation factors (Relationship between aerosol deposition flux, speleothem 

growth rates and calcite concentrations presented in Figure 2.21). Results have shown that 

aerosol contributions to speleothem chemistry will commonly be of low significance (e.g. 

Obir Cave Austria Figure 2.22); but, in certain instances aerosols may provide considerable 

additions to geochemistry.  

 

Situations where aerosol deposition may provide noteworthy contributions to speleothem 

have been summarised: 

 Hiatus events (ceased/very slow speleothem growth) (explored in Chapter 2) 
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 Very high deposition flux rates as a result of a combination of efficient aerosol 

transport and large external suspended loads 

 Secondary microbial feedback processes resulting in increased concentrations (further 

confirmed in Chapter 5) 

 

In such instances aerosols, through speleothem incorporation, may provide a novel 

environmental indicator not yet constrained by existing proxies. Case studies of aerosol 

contributions to flowstones have shown location specific aerosol source additions of varying 

significance.  

 

External aerosol emissions can occur from a range of sources (summarised in Figure 2.1). 

Terrestrial and marine external aerosol contributions through surface deposition and solution 

transport have been identified in Gibraltar (Chapter 4, Section 4.4.4). Marine aerosols are a 

significant contributor to Gibraltar flowstone geochemistry, accounting for 18.5% of modern 

drip water Sr content (based on calculations in Section 4.4.4, results in Table 4.7). Al and Fe 

from terrestrial aerosol source have been determined as the most influential elemental 

contribution to be preserved in the Gib08 flowstone record from New St Michaels Cave, 

Gibraltar.  Additionally, temporal 
87

Sr/
86

Sr changes in the Gibraltar flowstone are attributed to 

small changes of highly radiogenic dust inputs associated with millennial scale global climate 

change (Sr isotope mixing presented in Figure 4.20).  

 

Bacteria transported in the form of aerosols have shown to be distributed throughout Altamira 

cave, Spain (Chapter 2, Section 2.5.2, Figure 2.23). In Yarrangobilly caves (Chapter 5) 

Actinomycetes bacteria has been detected and may be acting to increase element 
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concentrations during flowstone formation resulting in coloration from Mn and Fe oxide 

contents. In addition to microbiological bioaccumulation and concentration processes, 

aerosol-sourced bacteria (Streptomyces) may be directly causing calcite coloration through 

melanisation staining processes (Summary of Yarrangobilly flowstone coloration process in 

Figure 5.28). Results from Chapters 2 and 5 have shown that there will be a supply of bacteria 

to all cave surfaces, and it is suggested that colonisation will only occur when optimal 

conditions are met. It has therefore been concluded that inorganic aerosol deposition to cave 

surfaces is an influential component on the distribution of aero-microbiological colonisation. 
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6.2. Flowstones  

 

Flowstone geochemistry has been investigated in order to explore aerosol contributions to 

chemistry.  Modern drip water sampling in Gibraltar (Chapter 4) demonstrates evidence for 

prior calcite precipitation (PCP) processes taking place (Figure 4.6). Calculated indices for 

PCP evolution (FPCP) and dissolution source chemistry (FSOURCE) offer new measures for 

source type and the extent of PCP occurring throughout the flowstone (Gib08) growth period 

(explored in Section 4.4.2, Figure 4.16 presents the Gib08 FPCP and FSOURCE record). 

Comparisons of trace element compositions of coloured sections in Yarrangobilly flowstone 

growth (Chapter 5) have revealed the changing environments and processes throughout 

sample growth periods.  

 

U-series dating of flowstones have enabled the identification of hiatus events and comparison 

of well constrained fast growth sections in Chapter 4 and 5. A notable finding is that trace 

element geochemistry identifies potential smaller duration hiatus events not recorded in the 

geochronology, offering an additional tool for growth analysis. Hiatus occurrence has been 

established to be controlled by local rather than climatic processes, with each hiatus marking a 

change in the flowstone growth systems.  

 

Yarrangobilly flowstone coloration has been established (through geochemical analysis) as an 

indicator of increased colloidal contents (section 5.4.3), and increased detrital Th. Therefore 

coloration may provide a useful tool in avoiding high detrital Th concentration samples in 

future studies of coloured speleothem samples.  
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6.3. Palaeoclimate interpretations 

 

Based on the additional insights of aerosol contributions to flowstone geochemistry, 

palaeoclimate interpretations have been formed. Broad glacial-interglacial climatic shifts are 

observed in the Gibraltar flowstone core results, presented in Chapters 4. Fast growth events 

present a strong relationship with the timing of Mediterranean region sapropel events 

indicating a relationship with continental rainfall levels (Figure 4.18). Results have shown the 

strength of climatic processes over local processes such as PCP and bedrock dissolution 

during flowstone formation, further validating the use of flowstones in palaeoclimatic and 

aerosol investigations. Palaeoclimatic geochemical manifestations vary substantially between 

Gibraltar and Yarrangobilly.  

 

Relationships between 
87

Sr/
86

Sr and δ
18

O in the Gib08 flowstone record (Figure 4.21) 

potentially represent glacial-interglacial shifts associated with changes in air circulation 

patterns and dust budgets. Additionally, trace elements present a record of discharge and 

precipitation (Figure 4.17) resulting in the broad relationships between local processes (PCP 

and bedrock dissolution) and those occurring externally (precipitation chemistry, dust fluxes).  

 

A connection has been observed between the timing of coloration events in Yarrangobilly 

flowstones and global climate in Chapter 5. Consequently, the coloration of Yarrangobilly 

speleothem may be indirectly caused by changing soil conditions, which in turn reflect 

changing environmental conditions. Additionally, microbial colonisation may occur as a 

result of changing soil colloid transport and result in coloration through bioaccumulation or 

melanisation processes. 
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Aerosol processes which significantly contribute to speleothem geochemistry have been 

identified and investigated at two flowstone locations. The work presented in this thesis has 

successfully met the original project aims and objectives (Chapter 1, Section 1.4.).  

1. The transport, distribution and deposition of aerosols have been explored throughout 

several cave locations and successfully quantified (Chapters 2 and 3) 

2. Contributions of inorganic, organic and bio-aerosols to speleothem geochemistry have 

been defined and effectively quantified through theoretical and empirical modelling 

based on monitoring at several locations (Chapters 2, 4 and 5) 

3. Analysis of flowstone samples from Gibraltar (Chapter 4) and Yarrangobilly (Chapter 

5) have explored aerosol contributions from a range of processes and identified 

significant aerosol contributions at each site 

 

6.4. Project limitations, future work and wider implications. 

 

This investigation has explored a range of topics associated with cave aerosols, but has also 

identified avenues for further investigation. This section will describe opportunities for further 

research regarding aerosol contributions to speleothem geochemistry. Additionally, the wider 

implications and application of the research conducted as part of this thesis and future work 

will be explored. 

 

Aerosol palaeoenvironmental proxies 

Aerosol chemical signatures must be identifiable in order to fully utilise aerosols as a 

palaeoenvironmental proxy. Therefore, one of the primary aspects of future work will involve 

recognising aerosols chemistry contributions from specific sources preserved in the 
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speleothem record. Aerosol source chemistries are well known (Harrison et al., 2003), the 

greatest challenge is separating aerosol chemistry contributions from other sources. This can 

only be achieved in situations where a unique identifiable aerosol feature can be observed. It 

is possible that further information could be obtained through the combined investigation of 

speleothem and aerosol REE compositions. Therefore future research should focus on 

searching for specific markers of aerosol events which are not detected in speleothems as a 

consequence other environmental processes. For example, there is potential for processes such 

as PAH mass fractionation (as explored in Section 5.4.1) to separate drip water and aerosol 

supply processes effectively. Once aerosol signatures are effectively deciphered, records of 

currently undetectable environmental processes may be determined. Greater understanding of 

atmospheric processes has the potential to vastly improve our understanding of palaeoclimate 

processes. Aerosol science has had a recent increased research effort stemming from 

recognition of the impact that aerosols have on the climate system and the large uncertainties 

associated with the role of aerosols in the radiation budget (Engelstaedter et al., 2006). 

Speleothem have the potential to reveal the relationship between aerosols and climate, and 

most importantly, since much of current palaeoenvironmental data is sourced from marine or 

fluvial records, how this affects the terrestrial environment.  

 

Aerosols and speleothem stratigraphy 

This study has confirmed the importance of hiatuses when investigating aerosols in 

speleothem (section 2.5). If aerosols can be detected in speleothem effectively then hiatuses 

offer two perspectives of study. The accumulation of aerosols can be used to confirm the 

length of an already detected growth hiatus by through rates of vertical accretion (as 

conducted in sections 2.4.2 and 5.3.2). Alternatively, aerosol signatures can be utilised to 
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determine the presence of unknown hiatuses. Hiatuses in samples of complex stratigraphy 

may be numerous and short-lived, and undetectable by currently available dating resolution. 

Therefore aerosol accumulation identification would reveal the intricacies of sample 

stratigraphy, improving age models and palaeoclimatic interpretations. Further research could 

conduct specific analysis of hiatus event geochemistry to explore aerosol contributions. SEM 

imaging of hiatus horizons would potentially allow for identification of specific aerosols 

grains. Targeted chemical analysis could then be utilised to investigate specific aerosol 

accumulation events associated with growth hiatuses. Additionally, aerosol accumulation has 

the potential to provide palaeoenvironmental insights during hiatus periods, improving 

incomplete data sets. The focused (high resolution) investigation of hiatus events will most 

likely yield the greatest advances in the understanding of aerosol additions to speleothem in 

the future.  

 

Aerosols and cave ventilation/environments 

Aerosol monitoring in cave environments has demonstrated the relationship between the cave 

environment and suspended aerosol concentrations, especially with ventilation processes as 

explored in Chapter 3. This sector of cave aerosol science demonstrates promise in its ability 

to develop cave ventilation monitoring. The sensitivity of cave aerosols (explored in Chapter 

2) allows for the determination of cave atmospheric recovery and the quantitative 

determination of ventilation rates. Furthermore, such calculations of natural ventilation 

processes can potentially be carried out in anthropogenically influenced environments through 

the separation of baseline natural ventilation and human activity. Future research could 

develop the ability to utilise aerosols as a ventilation proxy by monitoring in more cave 

locations. Due to the limitations of this investigation (and flooding) the combination of spatial 
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and temporal monitoring was not achieved. Monitoring in this investigation was limited to the 

summer-winter transition, due to time constraints. Therefore, monitoring suspended aerosols 

over long time durations (>2 seasons), in multiple cave sites, with multiple intra-cave 

locations would offer further insight into the potential of aerosol monitoring. Additionally, 

monitoring different aerosol size groups would provide further information on aerosol 

transport processes based on suspension velocities (Figure 2.3). Combining suspended aerosol 

monitoring, aerosol deposition monitoring and aerosol sample geochemical analysis would 

provide insight into the relationship between aerosol supply, distribution, ventilation and 

chemistry. A combined study could potentially reveal new discoveries regarding ventilation 

and speleothem chemistry further contributing to the value of aerosols as a 

palaeoenvironmental proxy.  

 

Aerosol imaging 

Further imaging of residue analysis (imaging results, section 5.3.4, Figure 5.13 and Figure 

5.14) especially of hiatus sections may provide more details on speleothem aerosol contents, 

and the type and size of incorporated aerosols.  Combining imaging (e.g. SEM analysis) of 

calcite residue, external aerosols and cave aerosol samples would allow for the identification 

of potentially consistent aerosol incorporations.  Imaging would provide further evidence 

regarding aerosol accumulation and incorporation which could be applied when searching for 

aerosol contributions at hiatus events, and within speleothem formation.  

 

Bioaeorosls 

Chapter 5 (section 5.5.4) proposed the relationship between aerosol deposition, bioaerosol 

transport, microbial colonisation of cave surfaces and speleothem coloration in Yarrangobilly 
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Caves, Australia. The science of bioaerosols is in its infancy (Porca et al., 2011), 

consequently there are many avenues for further investigation that build on the work of this 

thesis and the literature. However, studying the relationship between bioaerosol and inorganic 

aerosol deposition to cave surfaces and microbial colonisation would be a very useful addition 

to speleothem science. There is potential for microbial colonisation to significantly influence 

speleothem geochemistry and speleothem formation. Understanding the extent to which 

aerosol deposition contributes to colonisation processes, combined with a better 

understanding of speleothem aerosol contents could improve knowledge of how colonisation 

influences speleothem geochemistry. Ultimately, this sector of investigation could lead to the 

discovery of further environmental proxies.  
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S.1. Aerosol sampling methods 

 

Surrogate surfaces 

There is no generally accepted method to directly measure or estimate dry deposition (Chu, 

2008). However, it has been established that a smooth horizontal surrogate surface provides a 

lower bound estimate of the dry deposition flux onto a horizontal surface (Sehmel, 1978; 

Holsen et al. 1992). The utilisation of the surrogate surface method for sampling was selected 

to provide a sample of aerosols which will closest represent the quantity and type of aerosol 

that may become incorporated into speleothem growth. The use of surrogate surfaces also has 

the benefits of being easy to transport and do not require any power which is important 

considering the logistics of working in a cave environment. The specific method of using 

Petri dishes (displayed in Figure S.1.) was chosen to allow for sealing and therefore reduce 

the potential of contamination during transportation from the laboratory to the field site and 

back to laboratory once the sampling duration has completed. 

 

 

 

 

 

 

 

 

 

 

 

Figure S.1: Surrogate surface sampling apparatus, consisting of a Petri dish containing a 

collection surface.   

 

The collection surface is selected, dependent on the aerosol species of interest, since certain 

properties are required for differing aerosol species collection. Specific preparation and 

extraction procedures are required for the collection and analysis of the different aerosol 

species. Quartz filters were used as a collection surface for samples where the aerosol 
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component under investigation was Polycyclic Aromatic Hydrocarbons (PAH). The quartz 

filter’s properties allow it to be heated at very high temperatures without degradation of the 

filter medium, which is an important step in the surrogate surface preparation process. It was 

also necessary for the filter medium to withstand Dichloromethane (DCM), critical to the 

extraction procedure. Polytetrafluoroethylene (PTFE) filters were used as a surrogate surface 

collection medium in samples where the inorganic aerosol component was to be analysed. 

PTFE filters are resistant to strong acids, particularly nitric acid which is important for the 

cleaning and extraction processes. PTFE filters are cleaner (reduced blank levels) than other 

filters available reducing any potential inorganic sample contamination from the filter 

medium.  

 

Pumped samples 

Filters were prepared as described in ‘preparation and cleaning’ and transported to the field 

site in the same manner as the surrogate surfaces. At the field site the pumps and in-line filter 

holders were prepared and put into position as displayed in Figure S.2. The filters were then 

removed and placed in the cleaned in-line filter holder, using tweezers to handle the filter 

(Teflon and metal tweezers were used for PTFE and quartz filters respectively).  The pump 

start and finish times were noted as well the run time displayed on the pump in order to 

determine the volume of pumped air. The pumps were calibrated to 3 L min
-1

 and this was 

verified in the field before the sampling period initiated to ensure that a quantitative 

calculation of suspended aerosol concentrations could be obtained.  
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Figure S.2: Pump and inline filter apparatus setup. 

 

Moisture has the ability to saturate filters and consequently reduce the permeability of the 

filter and even stop the flow of air completely. High humidity is typical of cave air and 

therefore a drier was produced to reduce the potential effect of high humidity on flow 

velocities. Figure S.3 displays the first design for an in-line silica crystal diffusion drier which 

was implemented during 24 hour active sampling during this field visit to test its necessity 

and effectiveness.  
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Figure S.3: Illustration of silica diffusion drier implemented during active sampling. 

 

The silica diffusion driers were attached on the flow line to reduce the pumped air’s moisture 

content before passing through the filter. Pump flow rates were unaffected by the connection 

of the silica driers and ran for the full 1440 minutes. The humidity did not to affect the flow 

rate of pumps it was therefore concluded that the potential added benefit of marginal drying 

was out weighted by possible sample contamination and the likely loss of aerosols due to 

impaction processes. 
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Preparation and Cleaning 

Surrogate surfaces and filters were cleaned in the lab prior to deployment to reduce any 

contamination. This is of significant importance when collecting air samples from the cave 

environment since it was anticipated that the samples would be of low concentrations. The 

method of preparation differed dependent on the type of aerosol species under investigation. 

Surrogate surfaces with the intended use of PAH collection were prepared as follows: glass 

Petri dishes and quartz filters were heated at >450°C for a minimum of 5 hours to 24 hours (as 

of: Leister & Baker, 1994; Odabasi et al 1999; Vardar et al., 2002; Bozlaker et al., 2008) to 

ash any potential organic contamination. Those being used for inorganic collection had a 

differing preparation method: glass Petri dishes and filters were placed in a 5% HNO3 acid 

bath for a minimum of 24 hours. PTFE filters float, therefore a weight was added to the top of 

the PTFE filters to ensure they remained submerged for the entire cleaning duration. The Petri 

dishes were then triple-rinsed with double de-ionised water (DDIW) ensuring water quality 

was maintained at 18 MΩ (as with all stages of laboratory work).  PTFE filters were placed in 

a DDIW water bath for 24 hours and rinsed again in clean DDIW. Upon completion the 

cleaned filters were placed in the clean Petri dishes, closed with their lids and sealed with 

cling wrap. Once cleaned all handling of filters was with cleaned Teflon tweezers for PTFE 

and metal tweezers cleaned with Dichloromethane (DCM) for quartz filters within a clean air 

hood (the hood provides a positive laminar flow of filtered clean air over the samples during 

handling). The sealed Petri dishes were then placed in a sealed clean container for transport. 
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Surrogate surface deployment and collection 

Gloves were worn for handling sampling equipment during deployment and collection to 

minimise contamination. During deployment and collection of the surrogate surface samplers 

(Petri dishes) any likely sources of aerosol contamination and minimise these throughout the 

procedure e.g. not leaning over samplers.  

 

Surrogate surface sample deployment: 

1) At sample site the Petri dish was removed from the sealed container and cling wrap 

removed 

2) Surrogate surfaces were placed in dry locations which are not directly influenced by 

drip waters. The Petri dish base and filter were placed on the most horizontal surface 

possible so samples did not move (or fall) during the sampling period. In show caves 

care was taken to place samples out of reach and away from direct influence by 

visitors. If in sight of a main tourist route a notice outlining the purpose and owner of 

the surrogate surfaces was placed 

3) Lids were taken from the sealed box and used to seal the Petri dishes which were then 

secured with cling wrap 

4) The date, sample number and location was noted 

 

Surrogate surface sample collection: 

1) Sample numbers and locations of Petri dishes being collected was recorded 

2) Wearing gloves 

3) The Petri dish lid was removed from the clean container at the sample location  

4) The Petri dish lid was placed onto the Petri dish and totally sealed lid and base Petri 

dish containing the filter with cling wrap at sample location 

5) The sealed Petri dish was placed into the sealed container for transport 

6) Process repeated for each sample 
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Sample storage 

Optimal sample storage conditions were met as close to the time of collection as possible 

(samples were always completely sealed from collection through storage), but due to the 

logistics of working in the cave environment and often overseas from the research institution 

samples were exposed to a period during transportation when optimal conditions could not be 

met.  Ideal storage conditions are that samples are stored in refrigerated conditions below -

4°C to minimise any loss of volatile compounds, that the sample seal was maintained and that 

there is minimal physical disturbance of the filter to reduce particles from becoming 

dislodged. 

 

  



Supplementary material 

317 

S.2. Extraction for inorganic analysis  

 

At completion of the sampling duration samples are sealed and transported as outlined in 

‘Surrogate surface deployment and collection’.  

 

All extraction was carried out in high density polypropylene vials with tightly fitting screw 

caps to avoid losses of volatile species during any heating steps. Filters were cut in half, in 

order to allow for separate extraction procedures for both ICP-AES and ion chromatography 

analysis. The filters were cut in half with a cleaned ceramic knife within a laminar flow clean 

air hood and immediately placed into extraction vial or returned to their corresponding 

collection Petri dishes. 
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Ion Chromatography 

Extraction method: 

1. Half of the filter was placed in 10 ml of DDIW and ultrasonicated for 120 mins (98% 

recovery (Chu, 2008)) for ion chromatography analysis. Extraction was carried out 

within 24 hours of anion analysis and the solutions refrigerated to maintain sample 

stability 

2.  Eluent removed and place in cleaned vials 0.5 ml cartridges and placed in the auto 

sampler ready for analysis 

3. Initial inorganic samples were collected on quartz filters and filtration was required 

due to degradation of the filter during the extraction process between steps 1 and 2 

 

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) 

Extraction method:  

1. Half of the filter was placed in Aristar grade HNO3 at 2% concentration 

2. Samples shaken for 1 hour 

3. A combination of ultrasonication and heat was used for extraction. Samples were 

heated to 80°C and ultrasonicated for 120 minutes. This method was chosen as an 

alteration of the often employed Harper method (Harper et al.,1983)  which uses  60 

mins of ultrasonication at 100°C. HNO3 was chosen as opposed to Aqua Regia to 

better replicate any future carbonate analysis that may be carried out which uses a 

HNO3 dissolution method 

4. Sampled were left for 3 days at room temperature 

5. Quartz filter samples filtered due to the degradation of the filter medium resulting in 

particulates in the solution 

6. Vials were directly placed in the auto sampler  

7. Analysed with ICP-AES  
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S.3. Inorganic analysis calibration and data analysis 

 

Procedural and field blanks were used to determine the presence of contamination throughout 

the sampling and preparation procedures for all analytical procedures. 

 

ICP-AES 

Sample concentrations are determined by calibrating an intensity from the analysis to an 

actual know concentration value. Both in house and international reference materials where 

used to produce standards for data calibration. The standards used are multi-element and are 

therefore for all the analytes of interest.  

 

At Royal Holloway 0.2 g of standard was used to make up to 20.8ml, including the acid 

weight resulting in a 1:100 dilution. Analysis of external standards from Birmingham 

University determined this to actually be a 1:112 scaling.  During the analysis an in-house 

monitor standard was run every 8 samples to determine analytical drift. Data was then 

corrected assuming a linear drift across the group of 8 samples. The ICP-AES remained stable 

and drift proved to be very small during the analysis and had little influence on sample values.  
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Ion Chromatography 

Cation analysis was carried out using a Dionex DX500 ion chromatograph and anions were 

measured using a Dionex ICS2000 ion chromatograph. Both anion and cation analysis was 

carried out in the Environmental Health Science laboratories at the University of Birmingham. 

Single element standard solutions were produced. Standards were prepared for each analyte of 

interest and diluted to produce a range of concentrations (0.5, 1.0, 2.5, 5.0, 10, 15, 15, 50 

ppm) in preparation for analysis. All standards were weighed and dilutions prepared in 

glassware acid washed for a minimum of 24 hours. The compounds used for each specific 

analyte of interest are listed below: 

 

Cations: 

 NaCl –Na 

 (NH4)2SO4 – NH
+
 

 KCl - K 

 MgCl2 - Mg 

 CaCl2 – Ca 

 

Anions: 

 NaCl - Cl 

 NaNO3 – N 

 Na2SO4 - S 

 Na2HPO4 - P 

 

For both anions and cations a chromatograph is produced for each analyte which is intensity 

against time with each analyte having a specific retention time. Each chromatograph is 

integrated to determine an intensity value which is then calibrated against the standard 

intensity values of known solution concentration. Each of the standard to intensity values are 

plotted to determine a calibration line, of which a high r
2 

value is required >97% to ensure an 

acceptable level of accuracy is reached.  
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Data analysis 

ICP-AES data is produced in parts per million (ppm) concentration values as calculated from 

a linear calibration between intensity (counts) and standard concentrations. The ppm 

concentrations are those of the extraction solutions.  

 

Solution concentrations need to be transformed into atmospheric concentrations which are 

expressed as mass per unit of volume over a period of time in this investigation this will 

usually be displayed using µg m
-3

 for pumped samples and  surrogate surfaces expressed as 

mass per area over a period of time µg m
-2 

day
-1

. 

 

A ppm concentration is calculated on the basis of this calibration. The concentration must 

then be converted into a mass per unit area per time value for samples collected with 

surrogate surfaces or a mass per volume of air per time period for those collected with pumps. 

The calculation for this is outlined below and applicable for both ICP-AES and Ion 

Chromatography since the same extraction volume was used of 5 ml. 

 

Ppm concentrations are equal to µg ml
-1

. 1 Each extraction was carried out in 5 ml of solution. 

Each sample is an extraction from half the filter and therefore represents half the total 

atmospheric abundance. Therefore each ppm concentration value must be multiplied by a 

factor of ten to obtain the mass value per filter. 

 

  



Supplementary material 

322 

Pumped samples 

Each sample is the product of a time (minutes) period of pumping at a pumping rate 3 L min
-

1
. The total volume of air collected is a total of the period of sampling multiplied by the 

pumping rate, time in minutes multiplied by 3 L. To produce the data per metre, litres must be 

converted to m
3
 where 1000 L equals 1 m

3
. Therefore the volume of air in m

3
 = time 

(minutes) × 3 / 1000. The final expression for conversion is displayed below: 

 

                               

  
                

    
  

  = µg m
-3

 

  
                          

  
                

     
  

  µg m
-3

 

 

Surrogate Surfaces 

 

Surrogate surfaces sample dry deposition of aerosol over a time period. Data is expressed a 

mass per unit area over a period of time.  Each filter has a diameter of 47 mm equating to an 

area of 1735 mm
2 

or 0.0017 m
2
. The final expression is shown below: 

 

                               

                       
 = µg m

-2 
day

-1
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S.4. PAH extraction method 

 

Step Action Reason 

1 Sampling glassware and quartz filters heated at 500°C for 

a minimum of 5 hours 

 

Ash any organics 

therefore removing 

contamination 

 

Lab glassware may 

need to be combusted 

to further reduce lab 

blank levels. 

 

2 All lab glassware cleaned with DCM (triple rinsed) before 

use  

3 Sample filter placed in glass container 

 

For extraction 

4 50µL of PAH internal standard added (PAH 15) 

 

To check extraction 

efficiency in order to 

correct data output 

5 10ml of DCM added to cover the filter completely 

 

Solvent extraction 

6 Samples placed on shaker for 20mins  Homogenise sample 

 

7 Filters constructed (1 per sample) in pipette with glass 

wool and sodium sulphate anhydrous 

Remove particles and 

moisture respectively 

 

8 Filter container rinsed to DCM and run through filter 3 

times 

 

Ensure complete 

sample collection 

9 Filter then washed through with DCM  

10 Nitrogen blow down - Blow down to 2ml and transfer 

solution into analysis vial 

Concentrate sample 

11 Blow down to <0.5ml in analysis vial 

 

12 Transfer solution into vial inserts 

13 Blow down to base bead level 

 

 14 Rinse container at each step and add to new container Ensure complete 

sample transfer 

16 Add 25µL of nonane for long time period storage of 

sample and place in freezer 

 

To reduce and sample 

loss – predominantly 

light PAHs 

17 Add 25µL of paraterphenyl 

 

Added as a check of 

sample dilution to 

correct GCMS output 

data 
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S.5. GC-MS PAH analysis 

Data correction 

 

1. External standards A-E with varying concentrations are analysed to produce a 

calibration for each PAH. These consist of natural PAHs of concentrations A = 

20µg/µL, B = 50, C = 200, D = 500, E = 1000, deuterated PAHs always at 1000 

µg/µL and p-tephenyl at 1000 µg/µL. 

2. This calibration is the response ratio (STD natural response against the corresponding 

deuterated STD response) against known concentration 20-1000 µg/µL. 

 

 

 

 

              STD response ratio 

 

 

                                                       

 

Concentration 

 

 

3. The PAH 15 internal STD is made up of the deuterated PAHs 1000 µg/µL. 

4. Each sample analysis produces a response. This sample response is compared to its 

corresponding deuterated STD response in the PAH15 producing a response ratio. The 

response ratio is then checked against the calibration line for each PAH and a 

concentration determined.  
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        Sample response ratio 

 

 

                                                     

 

Concentration 

 

5. This method takes into consideration any sample losses during the extraction 

procedure or any dilution/concentration effects since the STD solution as the initial 

step in the extraction. E.g. If 50% sample loses occur 50% of the STD PAH15 will 

also be lost, therefore the response ratio will not be affected. Therefore when 

compared to the calibration line constructed from STD solutions A-E the final 

concentration value will not be skewed as a result of any sample loss. 

 

The software automatically corrects the data for any losses. In order to check the recovery 

efficiency p-terphenyl is added at the final step. The response of this p-terphenyl is compared 

to the p-terphenyl response of the STD providing a dilution ratio. The total sample recovery 

% is calculated as below and should be ~>80%. 

 

(PTsample/PTstandard) = dilution ratio 

 

(STD sample/STD calibration) = extraction efficiency 

 

(p-terphenyl ratio/STD ratio) * 100 = total % sample recovery 

 

To determine the total sample mass of PAH the concentration must be multiplied by 50 since 

there is a 50µL total sample volume and the GCMS analysis is undertaken on 1µL. Therefore 

the concentration in pg/µL is converted to a mass value in pg.  
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For pumped filter samples the atmospheric concentration is determined by dividing the mass 

of PAH by the total volume of air that passed through the filter during the sampling period. 

This produces an atmospheric concentration in mass/air volume e.g. pg/m
3
. 
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S.6. Surrogate surface method testing 

 

A car park experiment was set up in order to test various different collection methods. At this 

time early in the investigation quartz filter media were used.  
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Figure S.4: ICP-AES elemental totals for Al, Fe, Mg, Ca, Na, K, Ti, P, Mn Ba, Ni, Sr, V and 

Zn. DRY = Empty dry glass petri dish, FG = Filter medium in a glass petri dish, FPH = Filter 

in a plastic petri dish with high sides, FPL = Filter in a plastic petri dish with low sides, WET 

= Glass petri dish containing water. 

 

The dry Petri dish showed the highest collection (as shown in Figure S.4 sample named 

‘DRY’) of dry deposition. For this sample 2% HNO3 was used to wash out the Petri dish base 

and the solution then diluted to 5 ml volume. This process has much less potential for there to 

be aerosol remaining in the Petri dish. In the filter extraction method (as described in the 

extraction section) only the filter exposed to the extraction anything that is not retained by the 

filter medium will remain in the Petri dish and not be analysed. The ‘DRY; method does not 

represent 100% of all dry deposition as there will be losses in both sampling and extraction 

procedures.  Even though it is has been established that a general increase of downward flux 
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is observed with increasing collector surface roughness (Vawda et al., 1990) the extraction 

method involved with using a filter medium results in more losses than the likely increase of 

collection as a result of the increased collection surface roughness. This could be easily 

avoided by washing out the Petri dish in order to collect any remaining aerosols that have 

become dislodged from the filter during handing and transportation. However this step is not 

possible when sample splitting is required for different extractions and analytical techniques. 

 

The result displayed in Figure S.4  do not demonstrate the same as the finding of work by Wai 

et al. (2010)  that demonstrated that in general  water collects more materials (about or more 

than ten times of acidic and alkaline species), while glass collects similar or lesser amounts of 

various species than polystyrene. In this car park study the sample using water as a collection 

medium did not collect as much as the dry technique. Except from phosphorus, which 

collection was vastly improved by the wet collection technique.  

 

Data suggests an 8% advantage for inorganic collection in having high Petri dish sides 

compared to low (percentage relative to maximum DRY collection total). The method that 

was chosen for inorganic analysis was use of a PTFE filter due to its low blanks and a glass 

Petri dish. Glass Petri dishes were chosen since they proved to be more robust which is 

important during sample transportation.  Collection efficiency and the differences between the 

techniques will be compared to the DRY collection as this proved to collect the most aerosol 

deposition. The totals vary down to 70% of the DRY collection therefore there is a 30% 

variance in collection across all techniques. Of the samples with filters there is only a 15% 

variance and less than half the difference for the two plastic collection dishes at 8%. This 

demonstrates that deposition collection does vary, but the average difference in collection 

relative to the DRY collection is 23%. Although not ideal depending on the environmental 

situation it may be possible to detect environmental change even across sampling methods  
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Figure S.5: Anion results from methods testing. 

 

The anion results shown in Figure S.5 demonstrate that glass provides greater collection 

efficiency in comparison to the plastic for all the anions. Figure S.6 shows that superior 

collection is also obtained for the cations. This is complementary to the data obtained from 

the ICP-AES analysis and demonstrates that a glass collection device is superior.  

 

 

Figure S.6: Cation results from methods testing. 

 

Less flexibility was available for the organic sampling since a filter medium and container 

that could withstand the high temperature ashing cleaning and strong solvents was required. 

Therefore glass Petri dishes and a quartz filter were required. It is possible to use a larger 

filter surface but this would have introduced new logistical issues since a Petri dish could no 

longer be used. But this was not deemed necessary since initial studies demonstrated that a 
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large enough signal was being obtained during the shortest deployment of one month at 

Cheddar Gorge, UK.  
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S.7. Surrogate surface method reproducibility  

 

To test the ability of surrogate surfaces to precisely record environmental aerosol deposition 

test duplicate samples were deployed. Figure S.7 displays 18 PAH compounds for two 

surrogate surface samples deployed in a controlled setting over the same time period.  

 

 

 

 

 

 

 

 

 

 Figure S.7: PAH dry deposition for two replicate surrogate surfaces deployed in the same 

aerosol environment over the same time period.  

 

The duplicate samples in Figure S.7 show that 8 out of the 18 compounds fall within error 

range of each other (limit of detection error displayed in Figure S.7 as calculated from blank 

analysis).  
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The ratios between the two samples are displayed in Figure S.8 and demonstrate a good level 

of precision with an average of 90% reproducibility ((1 - mean difference)*100)) between the 

samples, ranging from 69% to 99%. This indicates that a change over 10% can be considered 

of environmental change. A systematic bias is observed in this comparison with one sample 

presenting higher levels across all compounds with the exception of Coronene. Compounds 

should be viewed individually since there may be consistent procedural and analytical errors 

associated with specific PAH compounds. Further investigation into sample variability will 

also clarify this.  

 

Figure S.8: Percentage compound reproducibility ((Sample A/ Sample B)*100) of replicate 

surrogate surface samples. Average reproducibility marked in red. 

 

Errors displayed in Figure S.7 are element specific limit of detections (LOD) as determined 

from the standard deviation of the blanks. These are displayed in order to be comparable to 

the error used in the inorganic analysis. The LOD determined from integration of the inter 

peak baseline is lower for compounds where a blank value was detectable.  Figure S.9 

displays a comparison of the two type of LOD. The baseline LOD provides an indication of 

purely analytical variance, the blank LOD also takes into consideration the procedural 

variability of contamination as is a better indication of the deviation associated with the 

complete extraction and analytical procedure.  
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Figure S.9: Comparison of integrated LOD from baseline chromatograph fluctuations and 

LOD obtained from the deviation of blank analyses (instrumental variation only).  

 

The lack of errors for the lower molecular weight compounds as determined from the blanks 

is likely due to volatile losses during the extraction process. Assuming the integration error 

for the lighter PAH compounds would bring the duplicates closer to being within analytical 

error of each other rather than random sampling error. However, blank error still provides a 

more accurate estimate for the error associated with both extraction and analysis.  
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Figure caption on following page 
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Figure S.10: ICP-AES results of cave surrogate surface samples. Final two graphs display 
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totals, with the penultimate displaying all elements and final displaying all elements except 

Ca. Ca was removed due to the large errors.  

 

Car Park duplicates 

Although not exact duplicates FPH and FPL both use plastic collection dishes and display an 

average difference across all elements of 8%. In subsequent studies often the environmental 

variation far exceeds 8% and therefore this level of repeatability would prove satisfactory for 

environmental interpretation of the data. One observation is that, with the exception of P, the 

only elements to show higher concentrations (beyond error) in FPL than FPH are Na and K 

since these group I elements are likely to enter as part of water soluble compounds.  

 

Ion Chromatography 

At Obir cave the environmental signal is greater than that of the combined analytical and 

sampling errors and can still be determined across the majority of elements. That may be a 

lack of sampling repeatability can also be interpreted as a true environmental signal. Local-

scale depositional processes may result in large depositional differences over small distances. 

This would result in the large relative differences observed within the samples. In addition to 

this the same processes may also result in aerosols of different properties being deposited to 

each surrogate surface. As a consequence the observed disparity in elemental concentrations 

between replicate samples would occur which display high levels of reproducibility in with 

other elements. Reproducibility is poor for sampling and ion chromatography analysis for 

both anions and cations. 

 

The car park location where the methods testing were carried out has much higher aerosol 

concentrations. Figure S.5 and S.6 displays a comparison of 3 collection techniques. FPH 

(filter paper high) and FPL (filter paper low) both use plastic Petri dishes as surrogate surface 

collection containers. All cation duplicates are within analytical error. Cation results do not 

demonstrate the same level of difference between high and low Petri dishes. At these high 

concentrations reproducibility is good; therefore it is a suitable technique for sampling. 

Anions also demonstrate reasonable repeatability with only nitrate not showing collection 

within analytical error, Chloride and sulphate are reproducible using this surrogate surface 

technique.  
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S.8. Aerosol method conclusions 

 

Currently adopted methods are suitable for aerosol collections where the environment signal 

vary temporally or spatially in the order of between samples of 50% for low concentrations 

and 8% in high depositional environments. Obir samples for ICP-AES demonstrates the 

potential environmental variability, with location D averaging at 88% lower than location 3, 

well beyond the highest sampling error observed. Certain elements respond better to 

environmental change such as Sr, Ba and Mg. Sr also demonstrates this in other field sites; 

Spain shows a 99.78% difference between two locations. Therefore the environmental 

influence far exceeds any sampling variability that is observed.  
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S.9. 
87

Sr/
86

Sr chemical separation method 

 

Strontium isotope analysis was carried out at the University of Melbourne Earth Sciences 

department using a Nu Plasma MC-ICP-MS instrument. Solution samples were run manually. 

The chemical separation methods are presented below.  

 

Both waters and acid are processed through a two stage distillation process. 

 

Beaker preparation 

1) Using pre cleaned Teflon beakers (3-7 ml)  

2) Reflux with concentrated HNO3  for at least one hour (best overnight)  

3) Once reflux complete discard acid and rinse with DDIW checking for ‘sticky’ spots. 

‘Sticky’ spots will be residue from previous samples and therefore contaminate any 

future analyses 

 

No solution splitting 

1) Label beakers with sample names 

2) Weight beaker 

3) Place sample in beaker record combined weight 

4) Cap beaker 

 

Solution splitting 

1) Beakers must be cool and dry 

2) Label beakers 

3) Weigh beaker and lid and record 

4) Weigh beaker alone and record then tare 

5) Place sample in the beaker and record weight  

6) Cap beaker 
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Sample cleaning 

If sample is in chips or crystals they may be leached in weak HNO3 and rinsed with DDIW to 

reduce surface contamination. Powders cannot be cleaned. 

 

Dissolution 

1) Add 0.5 ml of DDIW to each sample 

2) Add concentrated HNO3 adding one drop at a time, only adding the next drop when 

the dissolution reaction has ceased  (to a maximum of 3 drops) 

3) Add 1 ml of 2M HNO3 to each sample 

4) If no sample splitting for ICPMS is required samples are now ready for Sr extraction 

 

Solution splitting 

1) Solutions can be split in order to analyse the sample for trace elements by ICP-MS 

2) Weigh the entire beaker, lid and solution  

3) Remove 0.15 ml (approximately 10%) of the solution and place into new cleaned 

beaker 

4) Weight the original beaker again and record weight 

5) The difference in the mass used for to determine masses from ICPMS analysis 
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Sr Extraction 

 

Column preparation 

1) Eichrom Sr resin is highly selective of Sr and Pb only providing good separation with 

small resin and reagent volumes 

2) Columns are constructed of glass (4 mm stem and 6ml acid reservoir size). These are 

set up in column stands 

3) Columns are pre cleaned with a few drop of concentrated HNO3 followed by a DDIW 

rinse 

4) Columns are then filled with a 3-5 mm bed of EICHROM prefilter resin and a 12-

15mm bed of pre-cleaned Sr resin. Resin is pre cleaned with 6M HCL then 0.05M 

HNO3 followed by 2M HNO3 

 

Clean resin 

1) Resin cleaned using  5 ml 0.05M HNO3 (takes 1hr to drip through) 

2) Resin equilibrated with 1 ml 2M HNO3 

3) Loading samples with 1-2 ml 2M HNO3 

4) Elute Ca, Rb and REE etc with 3, 1 ml 2M HNO3 reservoirs 

5) Elute Ba with 3 ml of 7M HNO3 

6) Nitric is then washed through using 0.5 ml 2M HNO3 

 

Collect Sr  

1) Cleaned beakers now placed under columns with samples name and noted at being the 

Sr fraction 

2) Elute Sr with 0.5 ml of 0.05M HNO3 followed by 1ml of 0.05M HNO3 

3) Dry down collected samples on a hotplate 

 

Packing up 

1) Remove resin from columns 

2) Place column in dilute AR grade acid on a hotplate overnight 

3) Rinse columns inside and out  

4) Store columns in distilled HCL or HNO3 in a 1L Savillex teflon jar 
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S.10. Melbourne ICP-MS extraction methods 

Analysis was carried out using an Agilent Technologies 7700 series Quadrupole Inductively 

Coupled Mass Spectrometer (Q-ICP-MS) in the University of Melbourne Earth Sciences 

department. 

 

Surrogate surfaces 

All acid used are double distilled AR grade acids. 

 

Filters:  

1) Filter cut in half 

2) Half filter placed in a test tube the other return to the surrogate surface and sealed for 

storage and later analysis by IC 

3) 5 ml DDIW added to test tube 

4) 100 μl of concentrated HNO3 added to sample solution to acidify to ~2% 

5) Samples ultrasonicated with heat for 120 mins 

 

No filter: 

1) 5ml DDIW added to Petri dish in stages 

2) 1ml rinses were used with 0.5ml going to separate vials. This step is to ensure the best 

mix of the solution is separated between the sample used for ICPMS and IC analysis. 

3) 2.5ml is stored for later IC analysis 

4) 50μl of concentrated HNO3 added to acidify 2.5 ml of sample solution to ~2% for 

ICPMS analysis. 

 

Calcite 

Analysis of three different calcite colours 

1) Three sections of ~0.3 g (exact masses in appendix) calcite were sampled one of each 

of the Red, Black and white calcite 

2) 1ml of DDIW was added to cover the sample 

3) Concentrated 15M HNO3 was added to the samples in 2 drop addition steps to ensure 

a controlled dissolution reaction 
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4) When the reaction was completed a further 10 drops were added to ensure complete 

calcite dissolution to a total of ~1 ml of 15M HNO3 

5) Sample were then diluted with 2% HNO3 to 18 ml 

6) Samples contained a residue which did not dissolve. The samples were left to settle 

overnight allowing the residue to sink to the base of the vial 

7) 9ml of sample solution was removed from the upper water column within the vial 

without disturbing the settled residue. The HNO3 sample solution aliquot was then 

centrifuged to ensure that no residue had been collected during the sampling. This was 

stored for ICPMS analysis. 

8) The remaining solution was dried down  

9) HF was then added 

10) Samples were dried down again  

11) Samples were dissolved in 2% HNO3 ready for ICPMS analysis 

 

Spiking 

 Samples were then spiked with an internal standard. 

 Samples were spiked to a target concentration of 2 ppb from the stock standard 

solution concentration of 50 ppb 

Therefore the dilution factor required is: 

 

Calcite 

 DF= solution weight/sample weight 

 Target DF = 4000 

 Solution total is 10 ml 

 Aliquot of sample required is =DF/4000*10 ml 

 

Aerosol samples 

Since the sample mass is unknown. Calculations were based on previous sample masses from  

ICP-AES data.  

 

Solution weight×2 ppb/ (stock solution 50 ppb-target concentration 2 ppb) 
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S.11. U-Th dating methods 

 

All U-Th laboratory work is carried out in the University of Melbourne Earth Science clean 

laboratory. Protective/clean cover clothing, gloves and dedicated clean lab shoes are worn to 

protect the lab user and reduce outside contamination into the lab. The lab environment is 

temperature controlled and air is HEPA filtered (HEPA filter air must remove at least  99.97% 

of particulates of size less than 0.3µm). 

 

Method Summary 

Radiometric disequilibrium dating was conducted at the University of Melbourne, Australia. 

Samples were dissolved and chemically separated to elute non-analyte elements. Isotopic 

analysis ( of 
229

Th, 
230

Th, 
232

Th, 
233

U, 
234

U, 
235

U, 
236

U) was carried out using a Nu Plasma 

multi collector inductively couples mass spectrometer (MC-ICP-MS). Internal standards 

(Yarrangobilly flowstone stock, YB-1) and external standards (Harwell Uraninite, HU-1) 

were analysed to determine accuracy. Full details of the analytical procedure can be found in 

Hellstrom (2003) and Hellstrom (2006). 

 

Sample mass 

 U-Th separation chemistry is prepared in groups of 24. Each group typically consists of two 

standard reference material samples, two lab blanks (one spiked, one unspiked).  

 

A target sample mass can be calculated from the known or predicted sample Uranium (U) 

concentration. U concentrations can be determined from (LA) ICP-MS analysis of the sample 

or predicted from similar samples. In cases where very little is known about samples it is best 

to determine U concentrations in order to optimise sampling and the separation chemistry. 

The range of U is constrained by instrument sensitivity and the efficiency optimisation of 

separation chemistry. This will vary dependent on the instrument for analysis and the 

laboratory setups. The University of Melbourne instrument is setup to work best with between 

10 and 20 ng of U. Therefore if a sample has a known U concentration of 0.2 ppm between 

100 and 200 mg of samples will be required. Often U contents will vary throughout the 

formation period of the speleothem. Sample masses can be adjusted incorporate known 

changes in the U concentration between samples; where done this will be carried out in 
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groups for 5-10 samples. However, this is not critical due to the flexibility in the U-Th dating 

procedure, it only become necessary when variations in orders of magnitude are reached in U 

concentrations.  

 

Sampling 

Several sampling methods exist, but the most appropriate one is dependent on the laboratory 

setup and sample concentrations.  

 

Hand drilling – Probably the quickest and cheapest method of sampling is a small hand held 

drill with a 1 mm diameter drill bit to produce powders for analysis. Where only small 

samples are required it is often difficult to obtain high spatial resolution (dependent on user’s 

skill).  

 

Automated drilling / milling – This method is far superior to hand drilling in terms of control 

and therefore spatial resolution. It is a slower sampling method and involves more sample 

preparation. Samples need to be completely flat in order to be mounted to the XYZ stage; this 

can be achieved by smoothing a sample or mounting the sample in resin. The sample is then 

clamped tightly to the XYZ stage (shown in Figure S.11). The drill is then brought to the 

sample and the stage moves beneath the drill. The stage is controlled via computer software 

and can be moved in extremely small increments drilling as shown in Figure S.12. The system 

used at Melbourne University is MPS 2000, this system does not have optics. Other systems 

incorporate optics into the software allowing for extremely accurate drill positioning and 

intricate drilling paths.   
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Figure S.11: XYZ drill setup. 

 

In both hand drilling and automated drilling the powders must be collected manually. This is 

done in various ways, but all powder must be collected and then weighed to ensure that it falls 

within the sample mass range required. It is critical that the samples, all surfaces and tools are 

cleaned with ethanol, removing all powder. Any remaining powder could result in cross 

contamination of samples resulting in poor sample accuracy.  

 

 

 

Figure S.12: Automated drilling of Yarrangobilly speleothem sample following growth 

laminations to maximise spatial resolution.  
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Figure S.13: Drilling stage setup and stage control interface. 

 

Solid sampling 

This method is used in situations where sample contamination is of concern. Samples of 

required mass are removed as a solid block. This reduced the surface area for contamination 

and allows for cleaning. Samples are generally cleaning by leaching the sample in weak acid 

to remove the out surface region that may have been exposed to contamination.  
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U-Th separation chemistry 

 

1. Column stand preparation 

1) Waste containers and column holders are kept in weak acid for cleaning. 

2) Plastic ware is removed from acids and washed with DDIW 

3) Waste vials and number column holders are placed on wipes on a cleaned bench in 

numerical order 

4) Column sleeves are stored in DDIW, and washed with DDIW then placed in Column 

in the column stand 

5) U-Th dissolution tubes are removed from storing acid and rinsed with DDIW three 

times. They are then placed in the column sleeves as shown in Figure S.14 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.14: Column stand with dissolution tube, column sleeve and collection vial in place. 

 

6) Cleaned 7ml beakers are placed in numerical order in front of column stands. The vial 

numbers and column stand numbers are noted to their corresponding sample numbers. 

All ordering is numerical to reduce the possibility of sample confusion 

 

 

Dissolution tube/ Column 

Column sleeve 

Waste/ collection vial 

Column stand 
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2. Weighing samples 

1) Calibrate scales 

2) Sample IDs and vials numbers are noted on running sheet 

3) Vials are weighed without their lids, placed on scales and any static build-up is 

removed with a static gun 

4) The vial mass is tared 

5) Samples are then placed in their corresponding vials, the sample mass is then weighed 

and recorded 

6) Standards are weighed out in this stage 

 

3. Sample dissolution 

1) Vials are placed under column stands and DDIW added to cover the sample through 

the dissolution tube 

2) Two drops of concentrated HNO3 is added to the samples 

3) This is then repeated until the dissolution reaction stops. 10 more drops are then added 

to ensure complete dissolution 

4) Vials are then filled to 60% of capacity with 1.5M HNO3 

 

4. Spiking samples 

1) U-Th spike 4 is used 

2) Spike amount calculation based on estimated sample uranium quantities as shown in 

Figure S.15 
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Figure S.15: U-Th spike 4 weight and spike calculator.  

 

3) The stated volume is added to the samples using one pipette for each sample. The 

spike is added directly into the liquid to ensure complete addition.  

4) Spiked samples are then caped and placed on a hot plate at over 100˚C overnight to 

homogenise. 

5) Once completed dissolution tubes are removed and placed in Aqua Regia.  

 

5. Column preparation 

1) Columns are removed from acid storage and triple rinsed with DDIW.  

2) Columns placed in column stand. 

3) A full reservoir of DDIW is poured into columns to remove any bubbles 

 

6. Applying resin 

1) TRU spec/ Pre filter is mixed in DDIW 

2) The resin slurry is pipette into the column to the base of the upper reservoir as shown 

in Figure S.16.  
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Figure S.16: Column with resin depth height displayed. 

 

3) Once the target resin height has been achieved samples are left to stabilise for 

approximately 12 minutes. After which, if any air bubbles remain these are removed 

with a pipette. 

 

7. Resin cleaning 

The following steps are intended to thoroughly clean the resin and elute all elements. HNO3 

and HCL remove all elements except U and Th, and HF to remove U and Th. 

 

1) A full reservoir of 1.5M HNO3 is added 

2) 2 times 0.5 ml of 1.5M HNO3  

3) 4 times 0.5 ml of 4M HCl 

4) 4 times 0.5 ml of 0.1M HCl – 0.2M HF mix 

5) 2 times 0.5 ml 1.5M HNO3 

6) Once the above cleaning steps have been completed the waste acids are disposed of 

 

8. Sample addition and element elution to waste 

1) Samples are removed from the hotplate and shaken to homogenise. 

2) The sample is poured into the column and vials placed in beaker for cleaning (see vial 

cleaning).  
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3) All element except U and Th are now removed by the addition of HNO3 and HCL. 

4) 4 times 0.5 ml 1.5M HNO3 

5) 4 times 0.5 ml 4M HCl 

 

9. Elute U-Th and collect 

1) U-Th 3 ml sample beakers are placed in numerical order and beaker numbers are 

recorded with corresponding column stand and sample numbers 

2) Five drops of concentrated HNO3 are added to the U-Th beakers and then placed 

beneath columns 

3) U and Th are eluted using the HCl-HF mix. 

4) 4 times 0.5 ml 0.1HCl – 0.2M HF 

5) The U-Th vials are then closed and placed on a cleaned hotplate with lids off at 80˚C 

for 18 hours. Once completed samples are stored in a sealed box marked ‘U-Th ready 

to run’ 

 

Clean up 

1) Columns are cleaned and the resin removed with DDIW. They are then placed in a 

beaker with HCl/HNO3 for cleaning 

2) Column holders are grouped into six and placed in a beaker with DDIW and 

concentrated HNO3 

3) Bench is wiped down 

 

Vial cleaning 

4) Beakers are washed in detergent (Micro 90) for 2-3 days. Lids in one bottle vials in 

another 

5) The beakers are then rinsed to remove all detergent 

6) Reflux acid is placed at the base of the vial and closed vials are placed on a hot plate at 

over 100˚C overnight 

7) The acid is removed and the vial triple rinsed with DDIW. The vial is also checked for 

‘sticky spots’, which are the result of residue from previous samples and if remain 

would result in sample contamination 
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Analysis 

1. Prepared samples are re-dissolved in a 1ml 5% HNO3 + 0.5 % Hf mix and placed on a 

hotplate to equilibrate for a minimum of 30mins 

2. Sample introduction is carried out by a DeSolvation Nebulizer system (DSN-100) by 

an Argon gas stream (at 30-40 PSI pressure) creating an aspirated aerosol for analysis 

3. Analysis is then carried out on a NU Plasma multiple collector inductively coupled 

mass spectrometer (MC-ICP-MS). Machine setup involves warm up and tuning, in 

which signal strength and peak is optimised and background noise minimised. Tuning 

is achieved by finding optimal conditions for the Ion beam by altering: nebuliser gas 

flows, plasma position, beam focus and beam position 

4. Both internal standards (Yarrangobilly flowstone stock, YB-1) and external standards 

(Harwell Uraninite, HU-1) to determine accuracy 
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S.12. Residue extraction method 

 

Residue extraction was carried out by calcite dissolution in HCl. Early attempts produced a 

slurry formed of CaCl2 which, once dried, would then absorb water from the atmosphere and 

return to a slurry. This early extraction when analysed using a PHILIPS (FEI) XL30 ESEM 

TMP. Consequently it was decided that a larger sample was required to obtain more residue, 

and that more cleaning was required.  

 

Sample dissolution 

1. In the later residue extraction a larger sample size was used of 61g of calcite. 

Progressive addition of concentrated HCl was used to dissolve the sample over two 

nights in a large beaker 

2. The remaining solution was then dried down at 100˚C 

 

Washing 

The following steps were used to clean to sample of all chloride crystals that may have 

formed as a result of the dissolution in HCl. 

1. Double de-ionised water (DDIW) was then added to the dried-down remains to 

produce 100 ml of solution for centrifuging 

2. The solution was then shaken to homogenise and centrifuged for 30 minutes at 3000 

revolutions per minute, until the solution was clear 

3. The wash solution (containing dissolved chloride) was then removed and clean DDIW 

added. The sample was shaken to ensure cleaning of the entire residue. The mix was 

then centrifuged again for 2 mins (until clear) and the wash solution removed. This 

process was repeated 5 times 

4. The final wash water was removed and a triple rinse with DDIW was used to transfer 

the residue from the centrifuge tube into a cleaned and pre weighed Teflon vial for 

drying dow 

5. The vial was then placed on a hotplate at 100˚C overnight to dry down 

6. The vial was then weighed to obtain the residue mass 
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Residue dissolution 

The residue sample was then sub sampled for HNO3 dissolution and half retained for 

reference.  

1. Residue was covered in 2% HNO3 

2. This was left overnight and then dried down 

3. The same washing procedure as described above in ‘washing’ was used again with 5 

washes 

4. The final residue was transferred to the vial and dried down 

5. This residue was also weighed 

6. All stages of the extraction method are displayed diagrammatically in Figure S.17 
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Figure S.17: Residue extraction methods 
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S.13. LA-ICP-MS method 

 

Laser ablation sample acquisition trace element analysis was performed on polished thick 

sections. Two separate systems were utilised during this investigation for Gibraltar and 

Yarrangobilly samples at Royal Holloway University of London and the University of 

Melbourne respectively. Gibraltar analysis by LA-ICP-MS was carried out as part of an MSc 

project in 2010.  

 

Sample preparation and loading 

Samples for analysis at RHUL were prepared in thick sections. Samples at Melbourne were 

combined into set blocks of resin and polished. Before analysis cleaning was carried out with 

ultrasonication in a water bath and cleaned with methanol. Delicate thin samples were not 

ultrasonicated. 

 

Samples were placed into universal sample holders making sure that the polished surface of 

samples were level, and aligned with the reference material surface (NBS-19). Sample cells 

was sealed and purged with N gas and backfilled eight times to remove air and 

contaminantation. Sample holders were scanned and registered in the Resonetics laser 

ablation software in order to create ablation paths. Ablation path and ablation parameters were 

programmed to obtain the most data from each sample section at the most efficient resolution. 

Pre-ablation was used to remove the upper surface of the sample to reduce the risk of sample 

contamination. This was carried out at 25hz and 0.1mm/sec along the predetermined ablation 

path which runs the length of the sample growth axis.  
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Figure S.18: Screenshot displaying ablation path (blue line), mounting of the sample in the 

Laurin Technic universal sample change and the Resonetics laser ablations control software.  

 

The custom-built excimer laser-ablation system consistin of a two volume laser-ablation 

coupled to a quadrupole inductively coupled mass spectrometer (LA-ICP-MS) located at 

Royal Holloway, the same (but older) system was location at the University of Melbourne. 

The 2 volume laser ablation cell has the advantages of accommodating large samples in its 

universal sample holder whilst maintaining rapid (<1.5s for 99%) washout and a high 

sensitivity (Müller et al., 2009).  

 

  

NIST standard 
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Data Analysis 

The National Institute of Standards and Technology (NIST) series standard is widely used in 

laser ablation calibration and is internationally certified for 5 elements. NIST synthetic glass 

contains 40 mg kg
-1

for every element and was used in the calibration of data from intensity in 

counts per second (cps) to concentrations in part per million (ppm).   

 

Data was calibrated with the NIST 612 standard from intensity values obtained by ICP-MS by 

using the equation expressed below (from Heinrich et al., 2006): 

 

 

 

 

 

Where: 

C refers to the concentration of the subscripted element  

r is a reference element or internal standard 

 i is unknown elements  

I refers to the corresponding background-corrected signal intensity in counts per second 

(counts/s)  
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S.15. Gibraltar LA-ICP-MS results 
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Figure S.19: Gibraltar LA-ICP-MS results.  
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S.16. Gibraltar FPCP and FSOURCE line calculations (Chapter 5) 

 

As displayed in Figures 5.14 and 5.15, the PCP vectors have a line equation of: 

(Sr/Ca)S = 0.0023(Mg/Ca)S + C 

Where: 

(Tr/Ca)S = Speleothem trace element values corrected to present original drip water values through the 

application of their respective KTr values. 

 C = The original source Mg and Sr before the influence of PCP, which is represented by the intercept between 

the source line and sample PCP vector.  

 

As displayed in Figures 5.14 and 5.15, the Source line has line equation of: 

(Sr/Ca)S = -0.0021(Mg/Ca)S + 1.5632 

 

In order to determine the extent of progression along the PCP vector for each sample, the 

original source value must be determined for reference. This can be calculated by solving the 

source mixing line with the sample PCP evolution line at the point of intersection. 

Subsequently the initial Mg and Sr values can be obtained, this method can be described by: 

 

0.0023(Mg/Ca)i + C = - 0.0021(Mg/Ca)i + 1.5632 

 (((Sr/Ca)i -1.5632)/(-0.0021)) = (((Sr/Ca)i - C)/0.0023) 

Where, 

 C = y intercept of the sample PCP vector. 

(Tr/Ca)i = Source line-PCP vector intersection point 

 

Each sample has its own PCP line and therefore y-intercept (C). This can be obtained for each 

PCP evolution line by: 

 

(Sr/Ca)S = 0.0023*(Mg/Ca)S + C  

C = (Sr/Ca)S - 0.0023*(Mg/Ca)S 

 

By rearranging for (Mg/Ca)i and (Sr/Ca)i gives and using the above formula for C the PCP 

evolution-Source intercept can be expressed by: 
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(Mg/Ca)i = ((1.56 - ((Sr/Ca)S - 0.0023*(Mg/Ca)S))/0.0044 

(Sr/Ca)i = (0.48*((Sr/Ca)S -0.0023*(Mg/Ca)S)) + 0.8171 

 

With the original source point determined and the final PCP influenced sample value known, 

the extent of PCP influence can be determined. This requires calculating the distance of 

progression along the PCP vector line, which can be expressed by: 

  

FPCP = √(Δ(Mg/Ca)
2
 + Δ(Sr/Ca)

2
) 

Where, 

Δ(Mg/Ca) = (Mg/Ca)S - (Mg/Ca)i    

Δ(Sr/Ca) = (Sr/Ca)S - (Sr/Ca)i 

FPCP = The extent of PCP influence index. 

 

Similarly, the type of source can be quantified by determining each samples origin along the 

source line. This can be determined by comparing the PCP evolution-source intercept for each 

sample with the source line y-intercept, as expressed by: 

 

Fsource = √(((Mg/Ca)C - (Mg/Ca)i)
2 

+ ((Sr/Ca)C -(Sr/Ca)i)
2
) 

Where, 

(Tr/Ca)C = the y-intercept value of the source line. 

Fsource = Type of source geochemistry index 

 

Since, (Mg/Ca)C = 0 

Fsource = √((Mg/Ca)i 
2 

+ ((Sr/Ca)C -(Sr/Ca)i)
2
) 
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S.17. Yarrangobilly LA-ICP-MS Results 

 

Figure S.20: Solution ICP-MS analysis comparison of HF, HNO3 dissolution and residue 

analysis. 
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Figure S.21: Yarrangobilly flowstone YBJD1 LA-ICP-MS results.
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Figure S.22: Yarrangobilly flowstone YBJD2 LA-ICP-MS results. 
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