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EXTENDED ABSTRACT AND RESEARCH SYNOPSIS 

Background 

Understanding natural climate variability is a fundamental component of 

differentiating between anthropogenic climate change and natural forcing. Observational 

records are too short to adequately describe the influences of climate teleconnections and 

solar cycles with long periodicities such as the Pacific Decadal Oscillation, Gleissberg, 

de Vries, and Hallstatt solar cycles. Palaeo-climate proxy records are therefore required 

to investigate these forcings on longer climate patterns. Speleothems are cave deposits 

which are found in karst environments, and can contain a range of climate proxies. They 

are widely distributed, and may be absolutely dated using radiometric methods, making 

them excellent candidates for investigating past climates. The Holocene and the Last 

Interglacial are both important climatic intervals for placing in context anthropogenic 

climate change and for making better predictions of future climate. Understanding natural 

climate variability during the Holocene allows the current climate change signal to be 

placed in a deep time context of human history, while investigating natural variability 

during the Last Interglacial tells us what we may expect as global temperatures continue 

to rise in response to anthropogenic forcing. Together, both the Holocene and the Last 

Interglacial represent a range of interglacial climatic states (both cooler and warmer than 

present), which are useful analogies for current and future climate.  

Speleothem proxy climate records are a key to resolving these questions, 

although their application requires an understanding of field, laboratory, and statistical 

methods. Field methods in speleothem palaeo-climate science are largely related to 

investigating local karst hydrology, laboratory methods are targeted at the measurement 

of proxy concentrations, and statistical methods are used to interrogate the data. Within 

these areas there are key gaps in our knowledge related to the role of and for multiple 

field methods, opportunities for new analytical techniques, and how the structure of 

speleothem proxy climate community reflects the trend towards inter-disciplinarity 

reported elsewhere.  

This thesis makes a contribution in addressing these challenges and questions in 

addressing two main aims:  
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• Aim One: to explore and advance our understanding and application of 

methods in the speleothem proxy-climate community 

• Aim Two: to investigate the climate of southeast Australia during the 

mid-to-late Holocene (last 6,500 years) and during the Last Interglacial 

and its transition into the early glacial (across the period 124-103 ka BP). 

The thesis firstly explores the advancement of science within the speleothem 

proxy climate community in relation to field and analytical methods to understand 

speleothem records (Chapter 2), the potential for an alternative laboratory approach for 

speleothem analysis (Chapter 3), and the nature and characteristics of the speleothem 

proxy climate community including methodological changes over the last two decades 

and trends towards inter-disciplinarity (Chapter 4). The second part of the thesis places a 

focus on resolving the key drivers of climate in the alpine region of southeast Australia 

during the mid-to-late Holocene (Chapter 5) and also during the Last Interglacial and 

early glacial periods (Chapter 6).  

Methods 

A range of field, laboratory, and statistical methods were used to address the two 

aims of this thesis. Field methods including surveying and geophysics, discharge 

monitoring, and discharge modelling forms the basis of Chapter 2. Laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS) was used as the primary 

means for generating new trace element (25Mg and 88Sr) records from two speleothems 

which cover the Holocene (Chapter 5) the Last Interglacial and early glacial period 

(Chapter 6), both of which were collected from the Yarrangobilly Caves region of the 

Kosciusko National Perk in southeast Australia. Within Chapter 3 the use of laser ablation 

inductively coupled plasma atomic emission spectroscopy (LA-ICP-AES) is investigated 

against the more commonly used LA-ICP-MS. Social network analysis was used to 

investigate the structure and inter-disciplinarity of the speleothem palaeo-climate proxy 

community, where sub-communities were identified by the methods applied in the 

published literature (Chapter 4). 

The thesis then presents statistical analyses of the two new trace element records. 

Spectral analysis methods are used to identify statistically significant (≥ 95% confidence 
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interval) periodicities in the trace element (25Mg and 88Sr) proxy data to address the 

second aim of investigating the climate of southeast Australia during the Holocene 

(Chapter 5) and the Last Interglacial (Chapter 6).  

 

Results 

Results relating to the first aim of the thesis (to explore and advance our 

understanding and application of methods in the speleothem proxy-climate community) 

found dripwater monitoring modelling complemented geophysics results and identified a 

new Holocene record that is perennial, seasonally-responsive and at annual to sub-annual 

resolution. LA-ICP-AES, which is a cost effective and rugged alternative to the more 

commonly used LA-ICP-MS, was found to produce near identical results to LA-ICP-MS, 

based on statistical analysis of the trace element speleothem record as measured by the 

two methods. Social network analysis of the speleothem palaeo-climate proxy community 

demonstrated that it has become both more connected and more inter-disciplinary over 

time, suggesting that it is better able to collaborate, communicate, and capitalise on new 

information, allowing for complex questions to be solved. 

Results addressing the second aim (to investigate the climate of southeast 

Australia during the mid-to-late Holocene (last 6,500 years) and during the Last 

Interglacial and its transition into the early glacial (across the period 124-103 ka BP) 

indicate that the interglacial climate of alpine southeast Australia is impacted by a range 

of solar cycles (including the Gleissberg, de Vries, and Hallstatt cycles) and climate 

teleconnections (most notably the Pacific Decadal Oscillation), many of which are absent 

during the early glacial record. Notable results were evidence of a ~250-year cycle in the 

strength and mean position of the sub-tropical ridge during both the present and Last 

Interglacial, evidence of a persistent Pacific Decadal Oscillation during both interglacial 

periods, which supports other work which suggests that the Gleissberg solar cycle 

modulates the Pacific Decadal Oscillation, and suggests that the Pacific Decadal 

Oscillation will continue to affect the climate of southeast Australia as global mean 

temperatures increase. Results also indicate that the early glacial period had a more stable 

climate than either of the interglacial periods, despite sudden and abrupt climatic changes 

in the Northern Hemisphere at this time. 
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Conclusions and Implications 

This thesis contributed two new trace element palaeo-climate proxy records for 

southeast Australia during the mid-to-late Holocene and the Last Interglacial. Results 

demonstrated that the climate of southeast Australia is influenced by a range of solar and 

internal climate oscillations, particularly the Pacific Decadal Oscillation, the Gleissberg  

and de Vries solar cycles, and a 250-year cycle in the strength and position of the sub-

tropical ridge. The presence of these significant periodicities during the warmer (+2°C) 

Last Interglacial is significant for understanding and predicting future climate change as 

it indicates that their impact on southeast Australian climate will likely persist as global 

temperatures increase through the 21st Century.  

This thesis also demonstrated that LA-ICP-AES is a viable alternative to LA-

ICP-MS for the analysis of trace elements in speleothems, which has repercussions for 

the rapid and cost-effective analysis of speleothems and other carbonates. This thesis also 

contributed to our understanding of the structure of the speleothem palaeo-climate proxy 

community, and showed that the community has become better connected and more inter-

disciplinary over time. This has implications for the ability of the broader community to 

incorporate and share new knowledge to address new problems as they emerge.  
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1.1 Big Picture 

Climate change is one of the great challenges of the 21st Century. Global mean 

temperatures are expected to reach +1.5°C between 2030 and 2052 (Intergovernmental 

Panel on Climate Change 2018) and to reach +1.8 ± 0.5°C by 2100 (RCP 4.5) 

(Intergovernmental Panel on Climate Change 2013). Understanding natural climate 

variability underpins our ability to model future climate and separate the anthropogenic 

climate change signal from natural variability. Observational records are too short to 

adequately categorise all forms of natural variability, and palaeo-climate proxy records 

(contained within ice cores, tree rings, lake and marine sediments, coral cores, peat cores, 

and stalagmites, among others) can be used to extend climate records and improve our 

understanding of both natural and human-induced variability within the climate system.  

Calcareous speleothems (including stalagmites, stalactites, and flowstones) are 

formed by the dissolution of host carbonate rock, which is then precipitated to form a 

calcium carbonate (CaCO3) deposit. They have a wide geographic distribution, limited 

only by the presence of carbonate host rock and liquid water (Fairchild & Baker 2012). 

Speleothems make useful palaeo-climate archives since they host a range of climate 

proxies (e.g. growth rate, δ18O, δ13C, trace elements, organic matter), and may be 

absolutely dated using radiometric methods (Fairchild & Baker 2012).  

Collecting, analysing, and interpreting stalagmite proxy climate records requires 

the application and understanding of field, laboratory, and statistical methods. Field 

analysis is primarily directed towards contextualising the local hydrological processes 

that contribute to stalagmite formation, and may include discharge monitoring and 

modelling, tracer studies, and geophysics to investigate near-surface hydrology (Baker & 

Brunsdon 2003; Bradley et al. 2010; Campbell et al. 2017). Laboratory analytical 

methods are aimed towards both measuring proxy concentrations in the samples, and 

understanding proxy formation at small scales. For the former, methods are split between 

sampling and analysis. Samples are collected via micro-drilling, shaving, and laser 

ablation (Couchoud et al. 2009; McGowan et al. 2018; Allan et al. 2018), and proxy 

concentrations measured via mass or emission spectrometry, x-ray fluorescence, or ion 

probe (Treble et al. 2005; Borsato et al. 2007; Buhl et al. 2007; Allan et al. 2018). For the 

latter, a variety of field samples are analysed including bulk material and water samples, 
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and experiments have been undertaken to simulate and investigate calcite formation in 

the laboratory (Huang & Fairchild 2001). A wide range of statistical methods are applied 

to analyse speleothem proxy climate records. These include regressions against 

observational records in order to develop palaeo-temperature and/or palaeo-precipitation 

records, and time series analysis methods to investigate patterns and periodicities in data 

(Allan et al. 2018; McGowan et al. 2018). As such, the speleothem palaeo-climate proxy 

community is faced with a number of challenges related to two key areas; firstly, in 

advancing the methods that the speleothem proxy climate community uses, and secondly 

in advancing our understanding of the past climate, particularly during the mid-to-late 

Holocene (last 6.5 ka) and the Last Interglacial and early glacial period (124-103 ka BP). 

This thesis seeks to contribute to both our understanding of methods and their 

applications, and to our understanding of the climate of southeast Australia. 

The remainder of this chapter presents an overview of the literature and research 

context, followed by the specific research aims, a study site description, and discusses the 

thesis structure and organisation.  

1.2 Overview of the Research Context 

1.2.1 Speleothem Formation 

Dissolution of carbonate host rock by slightly acidic precipitation results in 

infiltration of CaCO3-rich waters. When these infiltrating waters (which carry the various 

chemical signals which comprise many of the climate proxies used in this research) 

encounter a region with an atmosphere with a lower partial pressure of CO2, the CO2 

degasses and CaCO3 precipitates, forming speleothems (Fairchild & Baker 2012). 

Stalagmites, rather than stalactites or flowstones, are preferred for palaeo-climate 

reconstructions due to their more consistent internal structure featuring distinct growth 

laminae (Genty & Deflandre 1998; Fairchild & Baker 2012). Speleothems have been used 

as palaeo-climate proxies since the 1960s and 1970s, and are well-established palaeo-

climate proxies (Hendy & Wilson 1968; Duplessy et al. 1970). Common speleothem-

derived proxies for palaeo-climate reconstructions include δ18O, δ13C, growth rate, 

organic matter, and trace elements.  
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Trace elements, primarily Mg, Sr and Ba in calcium carbonate, have been 

applied in palaeo-environmental research since the 1980s, when it was thought that Mg 

might be an appropriate palaeo-temperature proxy, although this was mainly unsuccessful 

since the small covariation of Mg with temperature is largely masked by variations in 

dripwater Mg concentration (Gascoyne 1983; Fairchild & Treble 2009). As a result, 

Mg/Ca is commonly applied as a palaeo-hydrology proxy (Tooth & Fairchild 2003; 

Treble et al. 2003). Trace element data are often referenced to Ca in order to account for 

differences in bedrock composition (Fairchild & Treble 2009). Mg and Sr are often 

observed to covary, and have thus been used as aridity indicators, since covariation has 

been linked to prior calcite precipitation (Fairchild et al. 2000; McMillan et al. 2005). 

1.2.2 Speleothem Palaeoclimate Analysis Methods  

The selection, construction, and interpretation of a proxy climate record based 

on the δ18O, δ13C, growth rate, organic matter, or trace element archive within a 

speleothem can be improved by understanding the conditions of formation, the methods 

of proxy record analysis, and the methods applied within the research community. An 

understanding of local hydrology and geomorphology contributes to the interpretation of 

the stalagmite proxy data and the type of record that may be contained within it. Methods 

used to accurately, precisely and economically measure the proxy data are equally 

important, as are the statistical methods applied. This may include methods that look for 

periodicities within a proxy record, as well as the more established approaches to 

palaeoclimate reconstruction through regression. The way the speleothem palaeo-climate 

proxy community has followed the trend towards inter-disciplinarity in science (Steele & 

Stier 2000; Klein 2008) may impact the capacity of the community to adopt new ideas 

and methods and therefore drive innovation and advance knowledge. These themes are 

key to advancing the methods that are applied in both the speleothem proxy and the 

broader palaeo-climate and Quaternary research communities. 

The sections below briefly expand on the themes of field methods and 

understanding formation processes, analysis methods, and the characteristics of the 

speleothem palaeo-climate community, which form the basis for Chapters 2, 3, and 4 of 

this thesis. These chapters are presented as detailed, stand-alone papers that explore these 

individual topics in detail, and each includes their own independent literature review. As 
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such, this content is not replicated here. The section following provides a brief exploration 

to introduce and frame the research context and the research aims, questions and chapters 

that follow.  

Understanding the physical processes forming proxy records 

Field methods, which can include investigation of geomorphology, hydrology 

and hydrogeology, are primarily undertaken to characterise the impact of the karst 

environment on the transport and transformation of the regional climate signal. The 

heterogeneity of the karst landscape makes this difficult, since infiltration of precipitation 

happens via three potentially interacting modes of flow: primary (matrix), secondary 

(fracture) and tertiary (conduit flow), which can lead to variability in any calcite proxy 

record archive due to different flow pathways and mixing of old and new waters (Ford & 

Williams 2007; Lachniet 2009; Fairchild & Baker 2012). 

Approaches include stalactite discharge monitoring and modelling of both 

discharge behaviour and water chemistry, and geophysics to describe the structure of 

overlying karst. Geophysics are non-invasive, non-destructive techniques to investigate 

the sub-surface, and Electrical Resistivity Tomography in particular has been used in the 

karst landscape to identify sinkholes, image the bedrock, and image karst conduits and 

cavities (Zhou et al. 2000; Al-fares et al. 2002; van Schoor 2002; Roth & Nyquist 2003; 

Valois et al. 2010; Carrière et al. 2013). Monitoring of stalactite discharge is a widely 

used method to investigate local vadose hydrology and has been used to classify the 

related stalagmites according to the type of flow (e.g. shaft flow, vadose flow, seepage 

flow, etc.) and by the climate signal that may be expected to be incorporated in them 

(Friedrich & Smart 1982; Baker & Brunsdon 2003; Baldini et al. 2006; Fernández-Cortés 

et al. 2007). Modelling drip discharge can comprise either just the physical response, or 

may include dripwater chemistry in coupled hydrology and water chemistry models 

(Bradley et al. 2010; Treble et al. 2013; Markowska et al. 2015). Modelling can be used 

to improve understanding of the karst environment over time and to test the drip response 

to different climate regimes, although drip modelling generally relies on sub-catchment 

empirical observational data for calibration (Fairchild, Tuckwell, et al. 2006; Bradley et 

al. 2010).  
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The ways in which these methods can be integrated has been a growing area of 

research within the speleothem palaeo-climate community, yet few studies exist that 

combine the approaches of geophysics, drip monitoring and drip modelling to understand 

formation processes and the likely nature of a proxy archive. This theme forms the basis 

for Chapter 2. 

Laboratory and statistical approaches 

A range of laboratory methods have been developed to measure proxies in 

speleothems. The selection of any method needs to consider factors such as analytical 

precision, cost, and the publication record and acceptance of the method within the 

scientific community. For the rapid analysis of trace element concentrations in solid 

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

is commonly applied, although it typically has a higher detection limit than solution-based 

analyses via either MS or Atomic Emission Spectroscopy (Jarvis & Williams 1993; 

Durrant 2006; Fairchild & Treble 2009). LA-ICP-MS and Laser Ablation Inductively 

Coupled Plasma Atomic (or Optical) Emission Spectrometry (LA-ICP-AES or OES) are 

two similar methods for elemental analysis. Atomic Emission Spectrometry differs from 

Mass Spectrometry in that it uses the wavelength of emitted light as the sample is 

combusted to determine the elements, while mass spectrometry determines the elements 

based on the mass-to-charge ratio of ionised samples. While Inductively Coupled Plasma 

Atomic (or Optical) Emission Spectroscopy (ICP-AES) has been applied to measure 

palaeo-climate proxies in solution, there has been limited coupling of ICP-AES to laser 

ablation units for the analysis of environmental proxies (McMillan et al. 2005; Deng et 

al. 2010; Zhou et al. 2011; Schenk & Almirall 2012; Buckles & Rowe 2016).  

While LA-ICP-MS is a widely used analytical method in the speleothem palaeo-

climate community, LA-ICP-AES has potential as a rugged and more cost effective 

method. The application of time series analysis methods on the same speleothem record 

derived from LA-ICP-MS and LA-ICP-AES provide a unique opportunity to investigate 

the potential of the less common LA-ICP-AES, and forms the basis of Chapter 3. 

Climate reconstructions generally rely on correlations between observed and 

proxy data – the use of a transfer function (including regression) can introduce 
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uncertainty, especially where correlations are poor or local forcing of the proxy record is 

not well established. Since much natural variability is periodic (e.g. teleconnections and 

solar forcing, discussed below), signal decomposition to find significant periodicities may 

be used to avoid some of the uncertainty in direct climate reconstructions.  

Time series analysis broadly refers to the analysis of continuous data. Here, 

analysis of trace element data has predominantly involved using statistics to test for 

significance in the frequency and/or time domains through the application of Lomb-

Scargle periodograms and the continuous wavelet transform. The Lomb-Scargle 

periodogram is similar to the Fourier spectrum and has the advantages of being able to 

easily calculate the statistical significance of peaks, and being applicable to unevenly 

sampled time-series (Lomb 1976; Scargle 1982; Ruf 1999). While the Lomb-Scargle 

periodogram can only detect significance in the frequency domain, the continuous 

wavelet transform allows for the detection of significance in both the time and frequency 

domains. This is useful, as it can be used to show non-stationarity of the frequencies 

through time. Wavelet analysis has been shown to be applicable to climate data, although 

the method is limited to evenly sampled time series, which may require data to be 

interpolated (Torrence & Compo 1998; Velasco & Mendoza 2008; Turney et al. 2016; 

Theobald et al. 2018). While detrending climate data to filter larger trends out of the data 

is a common approach (Turney et al. 2004; Foullon et al. 2004; Nakariakov et al. 2010; 

Warrier et al. 2017), there is some discussion that detrending may result in false 

significance, and as such must be carefully considered (Nelson & Kang 1981; Auchère et 

al. 2016). Nonetheless, where Lomb-Scargle and wavelet transform results agree, these 

limitations are overcome since Lomb-Scargle periodograms are applied to data with the 

original sampling frequency and which are not detrended. The application of these 

methods to identify significant periodicities in proxy data is used to compare the LA-ICP-

MS and LA-ICP-AES methods in Chapter 3. These methods also provide a useful 

approach to analyse LA-ICP-MS derived proxy records over the mid-to-late Holocene 

(last 6.5 ka; Chapter 5) and Last Interglacial and early glacial period (124-103 ka BP; 

Chapter 6) in order to identify significant periodicities and potential climate drivers across 

these important periods. 
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Inter-disciplinarity in the speleothem palaeo-climate proxy community 

There has been a push towards inter-disciplinarity in the environmental sciences. 

High levels of collaboration have been shown to increase scientific impact and to facilitate 

the exchange of information (Newman 2001; McCarty et al. 2013). Inter-disciplinarity 

may allow the exchange of new information and methods between scientists. Following 

this, inter-disciplinary collaboration may facilitate the introduction of new information 

and ideas into existing research communities, enabling the communities to address 

research gaps with a larger and more diverse skillset. While the speleothem-derived 

palaeo-climate proxy community applies a range of methods at all steps of analysis, from 

field, to lab, to statistical analyses, there has been no meta-analysis of how new methods 

are adopted into the community, and whether the community is following the broader 

trend towards inter-disciplinarity.  

Social network analysis can be used to measure and visualise collaborative 

behaviour, and has previously been applied in other fields to investigate research 

collaboration, the relationship between co-authorship and h-index, inter-disciplinarity, 

and the structure of different fields, as well as to strategically plan research and 

development (Grossman 2002; Newman 2004; Morel et al. 2009; Huang & Chang 2011; 

McCarty et al. 2013; Zare-Farashbandi et al. 2014). By applying co-authorship analysis 

to publication datasets defined using keywords, the level of connectedness and inter-

disciplinarity in a scientific community can be determined. Results have implications for 

understanding how collaborative and open a community is to new ideas, and how rapidly 

new information may be adopted and shared within a community (Newman 2004). This 

has implications for how well-placed a particular community is to address new and 

complex problems. This is a theme that Chapter 4 investigates by applying social network 

analysis to look at the characteristics and structure of the speleothem palaeo-climate 

community. 

1.2.3 Understanding Past Climate 

The Earth’s climate is complex, and climatic changes during the Holocene have 

been implicated in the progression and decline of human settlements, including the 

decline of the Classic Maya (Hodell et al. 1995), expansion and contraction of settlements 
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in the Sahara (Kuper & Kröpelin 2006), and decline of Indigenous settlement in northwest 

Australia (McGowan et al. 2012). Climate patterns are determined by a range of internal 

and external forcings at various scales. At the largest scale, the Milankovitch cycle 

describes changes in the precession, obliquity, and eccentricity of the Earth’s orbit, and 

impacts the climate over thousands of years (Hays et al. 1976). At the shortest scale 

teleconnections like the Southern Annular Mode impact the climate at scales of days to 

months (Hall & Visbeck 2002). Other climate teleconnections such as the Pacific Decadal 

Oscillation have a multi-decadal influence on climate. The climate of southeast Australia 

is sensitive to a range of climate teleconnections including the Pacific Decadal 

Oscillation, El Niño-Southern Oscillation, Indian Ocean Dipole, and Southern Annular 

Mode (McBride & Nicholls 1983; Ashok et al. 2003; McGowan et al. 2009; Ashcroft et 

al. 2016; Theobald et al. 2016).  

The Snowy Mountains region of southeast Australia is strongly influenced by 

these climate drivers (Theobald et al. 2016; Theobald et al. 2018). This region is 

particularly significant as it is the only true alpine area within Australia, and runoff from 

this region supports significant water resources that underpin 32% of renewable energy 

production in eastern Australia and around $3 billion of annual agricultural production 

(Snowy Hydro Ltd 2018). 

Both the Holocene and Last Interglacial are important climatic intervals. 

Understanding natural variability during the Holocene allows us to improve climate 

models, and to differentiate between natural variability and anthropogenic climate 

change. Understanding the climate of the Last Interglacial tells us whether the current 

(pre-industrial) climate is consistent with the climate of previous interglacials, and may 

also inform our understanding of future climate under climate change scenarios (since the 

Last Interglacial was ~1.5-2°C warmer than pre-industrial climate) (Kukla, Bender, et al. 

2002; Turney & Jones 2010).  

Climate Teleconnections 

The Pacific Decadal Oscillation (PDO) is an ocean-climate teleconnection which 

operates in the Pacific Ocean and is characterised by two primary periodicities – one of 

15-25 years and the other of 50-70 years (Mantua & Hare 2002). During the warm (cool) 
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phase of the PDO, sea surface temperatures in the western (eastern) Pacific are 

anomalously cool (warm). Accordingly, the warm phase has been linked with 

anomalously dry periods in eastern Australia, and the correlation between the PDO (or 

the Inter-decadal Pacific Oscillation) and climate cycles is well established in Australia 

(Power et al. 1999; Kiem & Franks 2004; McGowan et al. 2010; Ashcroft et al. 2016; 

Theobald et al. 2016). Although the PDO produces climate anomalies in rainfall and 

temperature across southeastern Australia similar to those produced by the El Niño-

Southern Oscillation, they are generally less extreme (Mantua & Hare 1997; Minobe 

1997). While the PDO is well-established in the climate and palaeo-climate records, there 

is doubt about its role in ‘forcing’ climate, since it has been suggested that it is an 

expression of multiple tropical and extra-tropical processes (Newman et al. 2016). It has 

been suggested that the ~88-year Gleissberg solar cycle plays a role in keeping the PDO 

on time (Shen et al. 2006). The PDO also influences the climate of southeast Australia by 

modulating the El Niño-Southern Oscillation – that is, under cool (warm) PDO 

conditions, La Niña events are enhanced (suppressed) (Power et al. 1999; Gallant et al. 

2012).  

The El Niño-Southern Oscillation is a climate phenomenon that has been shown 

to be one of the primary drivers of global climate variability over time periods of 2-7 

years (Trenberth & Hoar 1997; Trenberth 1997). The cool (La Niña) and warm (El Niño) 

phases both impact the climate of eastern Australia. During La Niña events Australia 

experiences increased tropical convection and the Walker Cell moves closer, leading to 

above average rainfall, while during El Niño events tropical convection decreases and the 

Walker Cell shifts eastwards, leading to below average rainfall for eastern Australia 

(Murphy & Timbal 2008). In the Snowy Mountains, Theobald et al. (2016) showed that 

La Niña conditions resulted in increased mean monthly precipitation (of days with >1 

mm precipitation), relative to that recorded under El Niño conditions. Additionally, 

Theobald & McGowan (2016) showed that El Niño conditions suppress the transport of 

humid air to higher latitudes via atmospheric moisture pathways, while La Niña enhances 

this transport. As such, the El Niño-Southern Oscillation has the capacity to interact with 

and enhance or suppress the effects of the Indian Ocean Dipole. 

The Indian Ocean Dipole is an El Niño-Southern Oscillation-like coupled ocean-

atmosphere phenomenon that occurs in the Indian Ocean. It is formally defined by the 
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difference in sea surface temperature between the Arabian Sea and the Indian Ocean south 

of Indonesia (Saji et al. 1999). Warmer sea surface temperatures off northwest Western 

Australia during negative Indian Ocean Dipole events result in more frequent formation 

of precipitation-bearing northwest cloud bands, which have been shown to impact 

precipitation in southeast Australia (Gallant et al. 2012). Theobald et al. (2016) showed 

that negative Indian Ocean Dipole and combinations of the negative Indian Ocean Dipole 

with both La Niña and the negative phase of the Southern Annular Mode all increased 

mean monthly precipitation.  

The Southern Annular Mode (also referred to as the Antarctic Oscillation) is the 

primary driver of extra-tropical climate variability in the Southern Hemisphere (Hall & 

Visbeck 2002; Murphy & Timbal 2008). It is defined as the difference in zonal mean 

surface pressure between 45°S and 65°S (Gong & Wang 1999). The positive phase is 

associated with a poleward contraction of the mid-latitude westerlies (and associated 

precipitation-bearing cold fronts) over the Southern Ocean, while the negative phase is 

associated with an equator-ward expansion of the westerly wind belt (Thompson & 

Wallace 2000). In southeast Australia, the positive phases has been linked to lower winter 

precipitation, and higher summer rainfall (Hendon et al. 2007).  

Solar forcing of climate 

Solar radiation is the primary energy input into the Earth’s climate systems and 

can vary based on solar activity and the position of the Earth relative to the Sun (i.e. the 

Milankovitch Cycle). The 11-year Schwabe sunspot cycle was first identified in 1843 

(Schwabe 1844), and since then a range of solar cycles have been reported including the 

Gleissberg, de Vries, and Hallstatt solar cycles, which have also been observed in palaeo-

climate proxies (Gleissberg 1944; Beer 2000; Agnihotri et al. 2002; Galloway et al. 2013; 

Pérez-Rodríguez et al. 2016). Although solar forcing is most commonly detected in 

cosmogenic isotope records (14C and 10Be), these are generally spatially and/or temporally 

limited (tree-ring-derived 14C records that cover multiple millennia are rare, and 10Be 

records are largely limited to the poles). As such, relatively few terrestrial proxy records 

of solar forcing have been sourced from the mid-latitudes, although the signal is easily 

detected in these regions since periods of high solar activity have been shown to result in 

a weakening and poleward expansion of the Hadley Cell (Haigh et al. 2005). Therefore, 



CHAPTER 1 

13 

mid-latitude climate may be particularly sensitive to solar variability through solar 

modulation of circulation patterns that causes synoptic-scale variability, which may result 

in shifts in moisture pathways and mid-latitude hydro-climate state (McGowan et al. 

2010; Theobald et al. 2016; Theobald et al. 2018).  

Solar forcing is incorporated into natural archives both directly (as cosmogenic 

nuclides) and indirectly (through the climate-ocean response). Mechanisms suggested to 

link solar activity and the ocean-climate response include the better conservation of cloud 

condensation nuclei (and therefore increased precipitation), modulation of the Southern 

Annular Mode during late winter/spring due to increased troposphere-stratosphere 

coupling as a result of the Schwabe cycle, and a stronger South Pacific Split Jet, 

strengthening airflow over the mid-latitudes of the Southern Hemisphere when Northern 

Hemisphere summer insolation increases (Ney 1959; Kuroda & Yamazaki 2010; Chiang 

et al. 2014; Svensmark et al. 2017). Numerical modelling has suggested that solar forcing 

played a bigger part in modulating cloud condensation nuclei in pre-industrial times 

(Gordon et al. 2017).  

The Holocene 

Understanding Holocene climate is key to differentiating between anthropogenic 

climate change and underlying natural variability. Although there are many palaeo-

climate reconstructions for the Holocene, there is little reported research which 

investigate longer periodicities in the climate of Australia and the Southern Hemisphere 

in general. As discussed above, climate teleconnections such as the El Niño-Southern 

Oscillation, Pacific Decadal Oscillation, Indian Ocean Dipole, and the Southern Annular 

Mode are known to impact Australian climate (McBride & Nicholls 1983; Ashok et al. 

2003; McGowan et al. 2009; Ashcroft et al. 2016; Theobald et al. 2016). While the El 

Niño-Southern Oscillation, Indian Ocean Dipole, and Southern Annular Mode are well-

represented in observed records, the Pacific Decadal Oscillation, which has a longer 

periodicity, is not. As such, analysis of climate proxy data with the age control and 

resolution required to include the Pacific Decadal Oscillation (among other longer 

cycles), is important to understand regional climate variability.  
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The mid-to-late Holocene is a period over which great changes in human 

civilisations have occurred, with some linked to changes in climate (Hodell et al. 1995; 

Kuper & Kröpelin 2006; McGowan et al. 2012). The ability to understand the drivers of 

climate over this period can contribute to understanding the natural climate variability 

during this important period in human history and to inform better modelling of future 

climate, and better understanding of the impact of climate changes and variability on 

human civilisation. Potential Holocene climate forcing in the Snowy Mountains of 

southeast Australia is addressed in Chapter 5. 

The Last Interglacial 

Although orbital forcing parameters and CO2 levels were inconsistent with those 

of the Holocene, the Last Interglacial (~129-116 ka BP) may be an appropriate analogue 

for future climate at regional scales, as global mean temperatures were similar to those 

predicted to occur by 2100 (Kukla, Bender, et al. 2002; Otto-Bliesner et al. 2006; Turney 

& Jones 2010; Intergovernmental Panel on Climate Change 2013; Capron et al. 2014; 

Otvos 2015). The Last Interglacial is also more recent than either Marine Isotope Stage 

19 or 11, which are preferred proxies for future climate, meaning that high-resolution 

terrestrial climate proxy records, such as those from speleothems, are more likely to be 

recovered for the Last Interglacial than earlier interglacials. Resolving the timing, 

duration, climate conditions, and forcing of the Last Interglacial, especially for areas 

which are under-represented in palaeo-climate records, such as the mid-latitudes of the 

Southern-Hemisphere, will allow better understanding of the global Last Interglacial. 

This is critical in order to understand interglacial climate and natural variability, and is 

necessary for predicting and constraining predictions of future climate (Tzedakis 2003). 

Understanding regional climate patterns during the Last Interglacial can help us 

to understand potential future climate as the global mean temperature (and regional 

temperature) continues to increase due to anthropogenic forcing. An investigation of Last 

Interglacial and early glacial climate patterns forms the basis of Chapter 6.   

1.3 Research Objectives and Rationale 

This chapter has introduced a range of questions and challenges that face the 

speleothem proxy climate research community and the broader Quaternary science 
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community. These relate to our understanding of field, laboratory, and statistical methods, 

and the application of these to better understand critical periods across the Quaternary, 

such as the mid-to-late Holocene and the Last Interglacial. As such, this thesis has two 

main aims:  

• Aim One: to explore and advance our understanding and application of 

methods in the speleothem proxy-climate community 

• Aim Two: to investigate the climate of the Snowy Mountains region of 

southeast Australia during the mid-to-late Holocene (last 6.5 ka) and 

during the Last Interglacial and early glacial periods (across the period 

124-103 ka BP) 

Within these aims, a series of specific research objectives and questions related 

to the gaps in our knowledge and understanding outlined above form the basis of the five 

data chapters of the thesis: 

i. Advance our understanding of methodologies applied in the speleothem 

palaeo-climate proxy community and the development of the field over time. 

There is a trend towards inter-disciplinarity in the environmental sciences. No 

meta-analysis of the speleothem palaeo-climate proxy community had previously been 

undertaken to investigate the level of collaboration and inter-disciplinarity within the 

community, and how this has changed over time. Results have implications for the 

community’s ability to rapidly adopt new methods and techniques. Studies that apply 

multiple methods to understand the speleothem formation processes have the potential to 

provide important context to proxy climate research. 

ii. Evaluate laser ablation inductively coupled plasma atomic emission 

spectrometry (LA-ICP-AES) and LA-ICP mass spectrometry (LA-ICP-MS) 

to determine if LA-ICP-AES can be used to analyse trace elements in 

speleothems to produce similar results to LA-ICP-MS. 

While solution-based inductively coupled plasma atomic emission spectroscopy 

is commonly applied for the analysis of trace elements in speleothems, there has been 

limited application of LA-ICP-AES for the same purpose, despite promising results from 

analysis of corals. Stalagmite trace element concentrations are obtained through both LA-
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ICP-AES and LA-ICP-Mass spectrometry (a commonly applied method) and compared 

to demonstrate that LA-ICP-AES produces similar results. Results have applications for 

the preliminary rapid analysis of speleothems, as LA-ICP-AES is a cheap and 

mechanically robust alternative to LA-ICP-MS. 

iii. Investigate significant climate periodicities in the Snowy Mountains, 

southeast Australia, during the mid-to-late Holocene. Repeat identical 

statistical analyses on a reconstruction of total solar irradiance in order to 

determine if solar forcing signals are recorded in mid-latitude trace element 

proxy data.  

Understanding natural variability is key to extricating the anthropogenic climate 

change signal. There are relatively few terrestrial proxy records in the Southern 

Hemisphere of the length and resolution required to investigate climate forcing. By 

comparing the result of identical analyses on proxy data and a reconstruction of total solar 

irradiation, this objective contributes to our understanding of natural climate variability 

in the mid-latitudes of the Southern Hemisphere over the past 6.5 ka.  

iv. Investigate significant climate periodicities of the Last Interglacial and early 

glacial periods in the Snowy Mountains, southeast Australia, and compare 

and contrast results to the mid-to-late Holocene in order to compare 

interglacial climate to early glacial climate of this region.  

The Last Interglacial (LIG) may be a suitable analogue for the climate of the 

near future (2100 CE). There are few Australian high resolution terrestrial proxy records 

which may be absolutely dated that cover the end of the LIG and the early glacial period. 

By comparing results with those of objective (iii), dominant interglacial climate patterns 

are detected. This is significant as it contributes to our understanding of natural climate 

drivers in the mid-latitudes of the Southern Hemisphere under both contemporary and 

warmer conditions.  

1.4 Site Description 

The Yarrangobilly Caves (35.73°S, 148.49°E; ~1000 m above Australian Height 

Datum) are located in the northern end of the Snowy Mountains region in the Kosciuszko 

National Park. The Yarrangobilly Limestone is a massive Silurian limestone formation, 
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with a maximum depth of ~450 m and is approximately 14 km long and 1.5 km wide and 

is characterised by a series of north-south trending bluffs and well-developed joining 

(Osborne & Branagan 1988; Geoscience Australia 2007; Office of Environment and 

Heritage & New South Wales National Parks and Wildlife Service 2011). The limestone 

is situated in the Lachlan Fold Belt, and the intensity of folding has impacted 

karstification in the region (Osborne & Branagan 1988). More than 250 caves have been 

found in the area (Office of Environment and Heritage & New South Wales National 

Parks and Wildlife Service 2011), including the two study caves; the Jersey and Grotto 

caves.  

The Snowy Mountains experience a cool montane climate, and westerly winds 

prevail although precipitation sources range from the southern mid-latitudes to the tropics 

(Callow et al. 2014; Theobald et al. 2015). Regional climate is influenced by the northern 

extent of the mid-latitude westerly winds and key climate teleconnections including the 

El Niño-Southern Oscillation, Southern Annular Mode, Pacific Decadal Oscillation, and 

Indian Ocean Dipole (McBride & Nicholls 1983; Ashok et al. 2003; McGowan et al. 

2009; Ashcroft et al. 2016; Theobald et al. 2016). Mean annual precipitation at 

Yarrangobilly Caves is 1147 mm, and the greatest effective precipitation occurs during 

the cool, wet winter (Australian Bureau of Meteorology 2014c; Markowska et al. 2015; 

Campbell et al. 2017). While the Yarrangobilly Caves do experience snowfall, the site is 

below the mean seasonal snowline and no snowpack is maintained across winter. Mean 

annual temperature at Yarrangobilly is ~12°C, and the caves are situated at the 

contemporary boundary between energy- and water-limited systems (Desmarchelier 

1999; McGowan et al. 2018) 

The Jersey Cave, found relatively high in the landscape at Yarrangobilly (the 

entrance is at approximately 980 m above Australian Height Datum) is one of the most 

developed caves at Yarrangobilly. First ‘discovered’ in 1891, and with the entry widened 

and access improved, the Jersey Cave became one of the first show caves at 

Yarrangobilly, and between 1891 and 1892 the relatively remote caves had received over 

400 tourists (Kerry 1891; Anon 1891a; Anon 1891b; Mowle 1891; Anon 1891c; Anon 

1892a; Anon 1892b). While relatively small, with a length of approximately 200 m, the 

Jersey Cave is highly decorated; the part of the cave central to this thesis is a small 

antechamber that is no longer publically accessible (Australian Speleological Federation 
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2014). This small chamber which is found at the end of the southern arm of the cave is 

referred to as the ‘Grotto of Oddities,’ named for the many straw stalactites which 

decorate the chamber (Figure 1.1; Appendix 9.1.1) (Trickett 1906). Public access to the 

Jersey Cave is by guided tour only, managed by the New South Wales National Parks and 

Wildlife Service. A speleothem, JC001 was harvested from this cave in 2013, under 

Scientific Licence SL100538. 

 

Figure 1.1 The highly-decorated 'Grotto of Oddities' in the southern arm of the Jersey 

Cave.  

The Grotto Cave (not to be confused with the ‘Grotto of Oddities’ within the 

Jersey Cave) lies much lower in the valley near the Yarrangobilly River (cave entrance at 

~863 m above Australian Height Datum). Access to the Grotto is much more constricted, 

and the cave has fewer decorations than the Jersey or other show caves at Yarrangobilly. 

The sample stalagmite was removed from a small chamber approximately 60 m into the 

cave Figure 1.2. Access to the Grotto Cave is restricted, and managed by the New South 

Wales National Parks and Wildlife Service. A speleothem, GC001 was sampled from this 

cave in 2013, under Scientific Licence SL100538. 
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Figure 1.2 The study chamber in the Grotto cave. Photo: Nik Callow.  

The Yarrangobilly Caves were undoubtedly known to local Indigenous peoples 

prior to European ‘discovery.’ Although there is little evidence of systematic or intense 

use of the caves, there are early colonial reports of the removal of human remains, and a 

nearby excavation at Y259 recovered 16 stone artefacts and a variety of burnt animal 

bones, indicating human activity in the region during the period 9700-9120 cal. BP 

(Mowle 1891; Spate 1997; Aplin et al. 2010). This information is presented not to provide 

scientific context to the thesis, but to recognise the long history and custodianship of the 

Wolgalu people, who remain the Traditional Owners. I acknowledge the Traditional 

Owners of the land, the Wolgalu people, on which this research occurred and pay my 

respects to their Elders, past and present. 

1.5 Structure of Thesis 

In accordance with the University of Western Australia Doctor of Philosophy 

Rules for the content and format of a thesis (Rules 39-45), this thesis is presented as a 

combination of published research papers (Chapters 2 and 4), a manuscript submitted for 

publication (Chapter 5), two manuscripts to be submitted for publication (Chapters 3 and 

5) and traditional unpublished thesis chapters (Chapters 1 and 7). Figure 1.3 presents a 
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conceptual model of the thesis structure, and detailed descriptions of each chapter and 

how they relate to the research objectives can be found below. These published works are 

presented as they were published and are unaltered aside from re-formatting for the thesis.  

The submitted and to be-submitted papers are formatted and presented in a similar style. 

1.5.1 Declaration of Other Related Work 

Chapter 2 builds on a portion of work previously submitted for the award of a 

Bachelor of Arts Honours (Geography) degree at the University of Queensland, under the 

supervision of Dr Nik Callow, Professor Hamish McGowan, and Dr Gavan McGrath 

(who also formed the PhD supervision team). This BA (Hons) research project formed 

the basis for some of the research that was extended and incorporated into this PhD. With 

respect to Chapter 2 only, collection and analysis of geophysics data were completed prior 

to PhD enrolment. This work is included as it provides critical context to the discharge 

modelling and monitoring presented in the same chapter. Data collection for the discharge 

monitoring and modelling was begun prior to the candidate’s PhD enrolment, but 

continued and was then completed during candidature. Preliminary monitoring and 

modelling results were completed prior to enrolment but significant work was done to 

refine and complete this analysis during candidacy. Chapter 2 is included within the 

thesis, as it contains substantial work that was completed during the PhD and because it 

forms the foundation for other subsequent research, such as Chapter 5. As such, the 

examiners should discount the analysis and discussion of geophysics when assessing the 

original contribution of this thesis. Other than that which is declared above, all work is 

new and original and was completed during the PhD candidature. 

Not presented within the body of the thesis, but attached as Appendix 9.1.2 (and 

related to the themes explored in Chapters 2 and 5) is an article by McGowan et al (2018), 

titled “Global warming in the context of 2000 years of Australian alpine temperature and 

snow cover”, which was published during candidature. As stated in the Author 

Contributions for this paper, there was a contribution towards the field data collection that 

underpins the understanding of that record, together with analysis and results, particularly 

the computation of the multiple-iteration StalAge age model (Scholz & Hoffmann 2011). 

This citation for this article is: 



CHAPTER 1 

21 

McGowan, H., Callow, J.N., Soderholm, J., McGrath, G., Campbell, M., Zhao, 

J.-x., 2018. Global warming in the context of 2000 years of Australian alpine temperature 

and snow cover. Scientific Reports, 8(1): 4394. 

 

Figure 1.3 Conceptual outline of thesis structure. Solid lines indicate a direct link between 

chapters, dashed lines indicate a conceptual or thematic link between chapters. *published 

papers, **submitted manuscript.  
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1.5.2 Chapter 1: Introduction 

This chapter introduced the thesis, provided context and background into the 

field and knowledge gaps, and presented the aims and objectives.  

1.5.3 Chapter 2: A Multi-method Approach to Inform Epikarst Drip 

Discharge Modelling: Implications for Palaeo-climate 

Reconstruction 

This chapter has been published, and is presented as formatted for publication.  

Campbell, M., Callow, J.N., McGrath, G. & McGowan, H., 2017. A 

multimethod approach to inform epikarst drip discharge modelling: Implications for 

palaeo-climate reconstruction. Hydrological Processes, 31(26), pp.4734–4747. Available 

at: http://doi.wiley.com/10.1002/hyp.11392. 

Chapter 2 details the hydrological context of the stalagmite analysed to address 

objective 3, and in doing so outlines a multiple method approach which is explored in 

objective 1. Understanding of local hydrological processes is considered to be 

fundamental to the correct interpretation of stalagmite palaeo-climate proxy records. This 

chapter takes a multi-method approach, combining geophysics, discharge monitoring and 

discharge modelling to understand the processes and controls of speleothem growth. 

Through presenting the supporting information for Chapter 5, and detailing the 

application of a range of methods, this chapter contributes indirectly to both objective 1 

and objective 3, and the first aim (to explore and contribute to the understanding and 

application of methods) of this thesis.  

1.5.4 Chapter 3: LA-ICP-AES to Analyse Trace Elements in Speleothems: 

Exploratory Analysis 

This chapter is to be submitted for publication 

Chapter 3 explicitly addresses objective 2 and contributes to the first aim of the 

thesis. Trace element concentrations obtained through laser ablation inductively coupled 

plasma atomic emission spectroscopy are compared to those obtained through lacer 

ablation inductively coupled plasms mass spectrometry to determine if the former 

produces similar results. Since atomic emission spectrometry is cheaper and the 
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equipment generally more robust than mass spectrometry, results present a pragmatic 

approach to the rapid preliminary analysis of speleothems for palaeo-climate applications.  

1.5.5 Chapter 4: Co-authorship Analysis of the Speleothem Proxy-climate 

Community: Working Together to Tackle the Big Problems 

This chapter has been published, and is presented as formatted for publication.  

Campbell, M., Callow, J., McGrath, G. & McGowan, H., 2018. Co-authorship 

analysis of the speleothem proxy-climate community: working together to tackle the big 

problems. International Journal of Speleology, 47(2), pp.165–172. Available at: 

http://scholarcommons.usf.edu/ijs/vol47/iss2/6/. 

Chapter 4 explicitly addresses objective 1, and shows that the speleothem 

palaeo-climate proxy community is adhering to the growing trend towards inter-

disciplinarity in the environmental sciences. This has implications for the ability of the 

community to adapt and adopt new methods in order to identify and address emerging 

complex problems.  

1.5.6 Chapter 5: Solar Forcing of Mid-latitude Terrestrial Hydroclimate of 

the Snowy Mountains over the past 6.5 ka 

This chapter has been submitted as a manuscript for publication, and is presented 

as it was formatted for submission. 

Campbell, M., Callow, J.N., McGowan, H.A., Wong, H. & McGrath, G.S., 2018. Solar 

forcing of mid-latitude terrestrial hydroclimate over the past 6.5 ka. Quaternary 

Science Reviews, Submitted. 

Chapter 5 explicitly addresses objective 3 and contributes to addressing the 

second aim of the thesis. The chapter builds on work begun in Chapter 2. A mid-to-late 

Holocene stalagmite (approx. 6.5 ka BP to 2013 CE) was analysed for trace element 

concentrations. Time series analysis methods were applied to identify significant 

periodicities in the proxy data. These periodicities were compared both to known 

periodicities in the palaeo-climate literature and to those found in a reconstruction of total 

solar irradiance in order to infer climate patterns in the mid-latitudes of Australia during 

the mid-to-late Holocene.  
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1.5.7 Chapter 6: Interglacial and Early Glacial Climate of the Snowy 

Mountains, NSW, Australia 

This chapter is to be submitted for publication.  

Chapter 6 explicitly addresses objective 4 and contributes to addressing the 

second aim of the thesis. The chapter builds on results presented in Chapter 5. A 

stalagmite that grew during both the Last Interglacial and the early last glacial period was 

analysed for trace element concentrations. Similar statistical analyses were undertaken as 

for Chapter 5, and the two interglacial records (the record presented here, supplemented 

by the record presented for Chapter 5) were compared to the early glacial record. Results 

indicate that interglacial climate is more variable than early glacial climate, and that 

established climatic teleconnections (such as the Pacific Decadal Oscillation) were active 

during the Last Interglacial.  

1.5.8 Chapter 7: Synthesis and Conclusions 

This chapter synthesises the findings across the data chapters (Chapters 2-6), and 

discusses the outcomes of this research in relation to the research objectives detailed in 

Chapter 1. This highlights the contribution of the thesis to the current body of knowledge, 

explores the significance and limitations of the research, and makes suggestions for 

potential future research.  
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2 
A  M U LT I - M E T H O D  A P P ROAC H  TO  I N FO R M  E P I K A R ST  

D R I P  D I S C H A RG E  M O D E L L I N G :  I M P L I C AT I O N S  FO R  

PA L A E O - C L I M AT E  R E C O N ST R U C T I O N .

This chapter has been published, and is presented as it is formatted for 

publication.  

Campbell, M., Callow, J.N., McGrath, G. & McGowan, H., 2017. A 

multimethod approach to inform epikarst drip discharge modelling: Implications for 

palaeo-climate reconstruction. Hydrological Processes, 31(26), pp.4734–4747. Available 

at: http://doi.wiley.com/10.1002/hyp.11392. 
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2.1 Introduction 

Speleothems contain palaeo-climate proxies which place them at the ‘forefront 

of paleoclimatology’ (Lachniet 2009, p.413). They can record data at a range of temporal 

scales (potentially seasonal to sub-annual), and with multiple proxies. An understanding 

of the local hydrological processes and pathways that result in speleothem growth 

underpins the correct and reliable interpretation of the palaeo-environmental proxies 

contained within them (Fairchild, Tuckwell, et al. 2006; Cobb et al. 2007; Lachniet 2009). 

Here, the results of a multi-method approach taken to understand the processes and 

controls that have impacted the growth of a stalagmite in New South Wales, Australia, 

and the associated palaeo-climate proxy, are presented. A combination of geophysics, 

stalactite discharge analysis, and discharge modelling were used. 

Understanding the hydrology associated with speleothems in karst is challenging 

due to the high degree of heterogeneity, with water movement occurring via the complex 

interactions of three modes of flow; primary (matrix-flow), secondary (fracture-flow), 

and tertiary (conduit-flow), as well as soil water and reservoir storage (Ford & Williams 

2007; Fairchild & Baker 2012). This heterogeneity can lead to drip-waters exhibiting 

variable stable isotope (and other proxy) values as a result of different flow pathways, 

and local reservoirs causing variable mixing of old and new waters (Lachniet 2009). The 

stable oxygen isotope (δ18O) values of coeval stalagmites within the same cave have been 

shown to vary by as much as 4‰ PDB (Peedee Belemnite), which may be attributed to 

complex flow pathways (Serefiddin et al. 2004). Water residence times can vary from 

several months to decades (Cobb et al. 2007), and the relationships between depth, 

discharge, residence time and mixing are complex. 

A recent study from Harrie Wood Cave also at the Yarrangobilly Caves found 

only a weak link between depth (-18 to -32 m) and mean (r2 = 0.3), and maximum 

discharge (r2 = 0.31), and the link between depth and discharge lag time was only 

marginally stronger (r2 = 0.52) (Markowska et al. 2015). Markowska et al. (2015) did not 

consider isotopic variability of drip-waters, however, other work from around the world 

has shown that drip-water geochemical and isotopic values can vary over a range of 

temporal and spatial scales, and that these values can be impacted by sub-surface 

processes (e.g. mixing and evaporation) (Baldini et al. 2006; Fairchild, Tuckwell, et al. 
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2006; Cobb et al. 2007; Riechelmann et al. 2011; Polk et al. 2012). Clearly, the 

heterogeneity of the medium does not allow for generalised assumptions between depth, 

hydrological pathways, and associated palaeo-climate proxy records. 

In the interpretation of speleothem palaeo-records a range of different 

approaches are applied. The simplest approach is to ignore the hydrological processes and 

to directly regress the proxy record against climatic records or other palaeo-climate 

reconstructions (Duplessy et al. 1970; Linge et al. 2001; Wang et al. 2001; Denniston et 

al. 2013). While this approach can appear successful, a growing trend has been to more 

explicitly consider the hydrological pathways and the conditions that have controlled and 

influenced speleothem growth, and therefore the palaeo-climate record (Lachniet 2009; 

Treble et al. 2013; Cuthbert et al. 2014). These approaches can be divided into three types; 

geophysical (to directly investigate the nature of the overlying karst), empirical drip 

response research, and drip modelling studies and are summarised below and within 

Table 2.1.  

2.1.1 Geophysics 

Traditional methods to study unsaturated zone hydrological processes are of 

limited value in karst speleothem hydrology studies; bore networks, slug and pump tests 

and other common methods are inappropriate due to the smaller sub-catchment scale (i.e. 

in cave drip-water hydrology), and heterogeneity of the medium including the proportion 

of by-passing and fractured pathway flows, the influence of local reservoirs and voids 

within the karst (White 2002; Carrière et al. 2013). Non-invasive and non-destructive 

geophysics methods have been used in the karst landscape to identify potential sinkholes, 

bedrock surface, karst conduits, and cavities (Zhou et al. 2000; Al-fares et al. 2002; van 

Schoor 2002; Roth & Nyquist 2003; Valois et al. 2010; Carrière et al. 2013). Martínez-

Moreno et al. (2014) used a range of geophysical methods to characterize the karst at 

Gruta de las Maravillas in Spain to determine the most informative methods. They used 

magnetic profiles, electrical resistivity tomography, induced polarisation, seismic 

prospection and ground penetrating radar, supplemented by topographical data. They 

concluded that a combination of microgravimetry and microtopography was the most 

effective to establish the main ducts, but that electrical resistivity tomography and 

induced polarisation were well-suited to cavity detection. Ground penetrating radar 
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(GPR) was also capable of detecting cavities, although only the top and laterals of cavities 

were well defined. Nonetheless, ground penetrating radar has been applied to analyse 

karst aquifer structure (Al-fares et al. 2002), although it is limited where clayey and wetter 

soils are present and over rough terrain due to signal attenuation (Butnor et al. 2001; Al-

fares et al. 2002; Roth & Nyquist 2003). Due to these constraints GPR was not considered 

to be an appropriate method for this study. 

Electrical Resistivity Tomography (ERT) has been used to investigate the near-

surface karst at a range of sites. Carrière et al. (2013) interpreted a region of moderate 

resistivity, in close proximity to a perennial discharge point, as a water-filled reservoir 

which may operate to maintain the associated perennial flow. Valois et al. (2010) applied 

a two dimensional (2D) ERT survey to highlight local karstic morphologies in relation to 

the preservation of an archaeological site. Their results showed an anomaly at the study 

site (a conductive structure), interpreted to be a karstic conduit, which had in-filled with 

water or clay. The technique has also been employed to detect cavities (Cardarelli et al. 

2010; Martínez-Moreno et al. 2014) and to assess the risk of sinkhole formation (Zhou et 

al. 2000). van Schoor (2002) used ERT to detect sinkholes, and concluded that the 

technique was ideal for discovering and monitoring such features. ERT was therefore 

deemed to be an appropriate method for investigating the near-surface structure of the 

epikarst in this study. 

Non-destructive geophysics techniques (including ERT, GPR, and other 

methods) may be useful to profile the epikarst, however, their resolution inherently 

decreases with depth.  As a result, the closer a speleothem is to the surface the more 

informative the geophysics will be about the hydrological conditions surrounding it, but 

the fine-scale heterogeneities will still remain unresolved. They are also limited by 

topography and other physical factors. Nonetheless, when possible, geophysical methods 

offer the potential to provide insight into subsurface conditions.  

2.1.2 Empirical Drip Studies  

Monitoring of stalactite discharge using acoustic and optical instruments has 

been widely used to investigate local karst hydrology (Baker & Brunsdon 2003; Tooth & 

Fairchild 2003; Baldini et al. 2006; Fernández-Cortés et al. 2007; Riechelmann et al. 

2011). Some of the earliest drip classification was undertaken by Friedrich and Smart 
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(1982) who used maximum discharge and discharge variability to distinguish four drip 

classes. The classes split flow broadly into quickflow and baseflow, and then into sub-

classes of shaft flow, vadose flow, seepage flow, percolation stream, and subcutaneous 

flow. Later, Smart and Friedrich (1987) discarded the idea of numbered class types but 

continued to categorise flow with descriptors (seepage, percolation, vadose, shaft, and 

subcutaneous). 

Baldini et al. (2006) adapted this framework to infer the potential resolution of 

the associated stalagmite palaeo-climate record. They defined three classes of discharge 

within Smart and Friedrich's (1987) matrix of discharge types (see Baldini et al. 2006, 

p.394). Class 1 drips had the potential to preserve palaeo-seasonality, Class 2 drips were 

not actively depositing stalagmites, and Class 3 drips were associated with annual-decadal 

signals. It should be noted that the classes used by Baldini et al. (2006) do not correspond 

to the flow classes developed by Friedrich and Smart (1982).  

While drip monitoring can give useful information, without accompanying drip 

chemistry data it is not possible to determine the age of water, mixing of event waters, or 

transmission time distributions. That is, although drip rates may respond rapidly to an 

event, the associated discharge may not have precipitated during that event. Monitoring 

of the hydrology of stream and hillslope waters suggests that discharge is likely to be 

predominantly ‘old’ water, i.e. primarily pre-event water that is mobilised by the rain 

event (Kirchner 2003). It is still unclear to what extent this mixing is evident in 

speleothem studies. Equally, drip monitoring only allows the inference of karst structure 

and processes occurring between the ground surface and the speleothem. The high degree 

of variability of δ18O in coeval stalagmites in close proximity shows the potential of karst 

hydrology to complicate the interpretation of the proxy record, and that even at the local 

cave level, individual speleothems need to be treated as being influenced by discrete 

hydrological factors and as potentially independent records (Serefiddin et al. 2004). 

Stalactite drip monitoring can be a useful tool to describe the local hydrology. A 

key strength of the method is that the instrumentation (i.e. Driptych Stalagmate or similar) 

is robust and economical, and can be left in situ for extended periods of time. This is 

helpful as many caves occur in rugged and remote environments that may not allow 

extended or frequent field-work. A key weakness is that, without water chemistry data, 

the extent of mixing and preferential flow cannot be ascertained. Overall, drip monitoring 
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is a useful tool for understanding the response of the hydrology to external climatic 

forcing. Drip monitoring often underpins and informs the development of drip models. 

2.1.3 Drip Modelling 

Modelling of drip hydrology is undertaken to understand the hydrology and may 

also include the drip-water chemistry. This can be a powerful approach to further the 

understanding of the karst environment, as integrated hydrology-geochemistry model 

outputs can indicate flow regimes and variation in water chemistry composition over time 

(Fairchild & Baker 2012). Fairchild et al. (2006b) constructed a two-component linear 

systems model to explain discharge behaviour and water chemistry variability. Their 

simple model successfully replicated the discharge characteristics, but not the hydro-

chemical behaviour. (Bradley et al. 2010) developed a generic lumped parameter model 

to investigate the physical processes that dictate water routing through the soil, epikarst 

and karst aquifer. They applied this model to three distinct climatic zones and successfully 

estimated the range of both drip-water and stalagmite δ18O for each climatic zone. Treble 

et al. (2013) used a version of (Bradley et al. 2010)'s lumped parameter model to simulate 

flow routing in a shallow dune calcarenite in south-west Western Australia, where they 

identified three hydrological regimes (low-flow, mixed flow, and high flow). 

Two broad philosophies have been identified in hydrological modelling: the 

bottom-up (upward) approach, and the top down (downward) approach (Sivapalan et al. 

2003; Sivapalan 2003). The conventional bottom-up approach has been described as a 

reductionist approach which starts with complex physical descriptions of processes at 

small scales and up- scaling these small scale processes to the large scale with models 

that attempt to explicitly account for the subsurface heterogeneity. Such approaches result 

in overly complex models that are difficult to apply, calibrate, and validate (Sivakumar 

2004). Conversely, the downward approach represents an alternative which encompasses 

a more data driven learning philosophy (Sivapalan 2003), and has been defined as an 

expansionist approach (Sivakumar 2004). Klemeš (1983, p. 7) described this approach as 

‘the route that starts with trying to find a distinct conceptual node directly at the level of 

interest (or higher), and then looks for the steps that could have led to it from a lower 

level.’ Most speleothem-scale hydrological modelling has followed the downward 

approach (even if their philosophical basis is not explicitly stated) as much sub-catchment 
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karst hydrological modelling is built on empirical observational data (Fairchild, 

Tuckwell, et al. 2006; Bradley et al. 2010; Treble et al. 2013).  

Like drip monitoring, drip modelling is an effective method to improve the 

understanding of the hydrological processes that contribute to stalagmite formation. 

Hydrological modelling allows researchers to investigate the drip behaviour over time. 

An advantage of this method is that the drip can be modelled both forward and backward 

in time, allowing for researchers to investigate the response to different climatic regimes. 

However, like all modelling, drip hydrology models are a simplification of the processes 

and may miss key aspects of the behavioural response. And, like discharge monitoring, 

drip modelling only allows us to infer which hydrological processes are operating, 

although it does allow inferences to be statistically tested. Overall, drip modelling is a 

useful tool for understanding the contemporary hydro-climatology of speleothem records. 
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Table 2.1 Summary of methods that may be applied to investigate karst structure and hydrology relating to stalagmite formation 

Method Advantages Limitations Applications  References 

Geophysics  Non-invasive, non-destructive, 

techniques can be combined; see 

below for breakdown by method. 

Individual techniques may not 

provide high resolution results in 

karst, see below for breakdown 

by method. 

See below for breakdown by 

method. 

El-Qady et al. 2005; Leucci 

2006; Carrière et al. 2013 

 Ground Penetrating 

Radar (GPR) 

Can be applied to image a large 

variety of structures and 

properties. 

Results may be impacted by 

depth, uneven ground (signal 

attenuation), clayey soils, wet 

soils. 

Geologic structure: gross 

epikarst structure, presence of 

large voids and fractures, 

conduits, bedding planes, 

karrens, compact and massive 

rock, karstified rock. 

Groundwater.  

Butnor et al. 2001; Al-fares et al. 

2002; Roth & Nyquist 2003 

 Electrical Resistivity 

Tomography (ERT) 

Flexibility to scale nodes and 

application to trade-off depth and 

resolution 

 

May not provide high resolution 

results in karst, especially 2D 

ERT. 

Geologic structure: voids, 

bedrock, sinkholes, karstic 

dissolution zones.  

Groundwater: location of wet/dry 

areas, local reservoirs and zones 

of soil water storage. 

Zhou et al. 2000; Schoor 2002; 

Valois et al. 2010; Cardarelli et 

al. 2010; Carrière et al. 2013; 

Martínez-Moreno et al. 2014 

Empirical Drip Studies Widely used and accepted; 

techniques are robust and 

commonly used in the 

community. Drip monitoring 

allows for statistical 

classification of hydrology (e.g. 

‘type’ of flow). 

Without water chemistry, drip 

monitoring cannot tell age of 

water, level of mixing, or 

transmission times. Geological 

structure/hydrology as inferred 

from drip monitoring may be 

erroneous. 

Used to describe the hydrology 

that has formed a speleothem, 

heterogeneity of karst means 

studies are highly localised. Drip 

monitoring often used as 

baseline for drip modelling. 

Smart & Friedrich 1987; Baker 

& Brunsdon 2003; Tooth & 

Fairchild 2003; Baldini et al. 

2006; Fernández-Cortés 2007; 

Riechelmann et al. 2011 

Stalactite Drip 

Modelling 

Discharge can be modelled 

forward or backwards in time, 

and can be used to investigate 

the hypothetical response to 

changing climate. 

Like all models, stalactite drip 

models represent a simplification 

of the processes – key behaviour 

may not be replicated. 

Used to characterise drip 

response and explore variables 

(e.g. mixing, preferential flow, 

and lag) that may impact the drip 

response. 

(Bradley et al. 2010; Fairchild & 

Baker 2012; Treble et al. 2013) 
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2.1.4 Multi-Method Approach 

As outlined above, the conventional approaches to study hydrological processes 

in karst environments are of limited value by themselves. Much past work has focused on 

approaches applying either geophysics, drip monitoring, and/or drip modelling, each of 

which has limitations. The overall aim of this paper is to determine whether a multi-

method approach is able to resolve the conditions under which a stalagmite (JC001) 

formed. In forthcoming work (see Chapter 5) JC001 will be analysed to develop a palaeo-

climate record for the Australian Alps. We evaluate whether geophysics (electrical 

resistivity tomography) can be used to characterize the near-surface karst, and to preclude 

the presence of any intermediate structures or cavities. Conventional approaches to 

classification of drip monitoring data are used. Both the geophysics and the drip 

monitoring data are then used as the basis for the development of a conceptual model to 

inform the construction of a simple drip model, following the philosophy of the 

downward approach. By using multiple methods we hope to mitigate the effects of 

limitations associated with each method. 

A critical result of this research is to demonstrate the application of a multi-

method approach to investigate some of the controlling factors that dictated the growth 

of a stalagmite. This will aid the (future) interpretation of a detailed palaeo-climate record 

from that stalagmite.  

2.2 Study Region and Methods 

2.2.1 Study Setting 

The Yarrangobilly limestone is a massive Silurian formation located in the sub-

alpine area of the northern region of Kosciusko National Park, southeastern Australia 

(Figure 2.1). The region may provide critical data to understand the palaeo-climate of 

both southeastern Australia and the Southern Hemisphere, due to the location of the caves 

complex which experiences precipitation sourced from southern mid-latitudes to the 

tropics (Callow et al. 2014; Theobald et al. 2015). Despite this, there is very little 

published research conducted on the speleothems and associated hydrology of this region 

(Spate et al. 1976; Webb et al. 2014; Markowska et al. 2015). 
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The Yarrangobilly Caves complex is located between 950 to 1050 m above 

Australian Height Datum (AHD). The climate is characterised by a cool-season 

precipitation regime which includes both snow and rainfall, although rainfall is dominant. 

Annual precipitation displays inter-annual variability, (σ = 236.2 mm; μ = 1147 mm; 

range = 976.1 mm) (Australian Bureau of Meteorology 2014c). While snowfall does 

occur at the site during the winter, there is no permanent snowpack maintained throughout 

the season. Data from the proximal Snowy Hydro Limited snow course site at Three Mile 

Dam (1460 m AHD and 18 km distant) show that at this altitude a snowpack is maintained 

from June to mid-October that peaks at 30 cm deep on average (based on 1957-2002 data) 

(Hennessy et al. 2008). The caves are therefore well below the mean seasonal snowline. 

Mean annual air temperature is approximately 12°C (Desmarchelier 1999), and the 

temperature in the Jersey Cave ranges between 10-11°C. Data collection was primarily 

associated with the “Grotto of Oddities,” a small, highly decorated section of the Jersey 

Cave that is located south of the main entrance, approximately 7-8 m below the surface. 
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Figure 2.1 Site map showing the Yarrangobilly Karst, the position of the Jersey Cave, and 

the ERT transects. 

2.2.2 Surveying and Geophysics 

The hillslope overlying the Jersey Cave and the position of JC001 within the 

cave were surveyed using a Leica Flexline TS02plus Total Station to position three 2D 

ERT survey transects, and interpolate a ground surface model for the ERT using ArcMap 

10.2.1 (ESRI 2013) (Figure 2.1). The ERT survey was conducted using the dipole-dipole 

array as it provides a compromise between lateral and vertical resolution, measurements 

could be obtained rapidly, and the near-surface resolution was high (Loke 2004). 

Electrodes were placed at 2 m intervals along the ground surface, with transects 

concentrated around the site above JC001. Up to 56 electrodes were used on each transect. 

Results were processed with EarthImager 2D Resistivity and IP Inversion Software 

(Advanced Geosciences Inc. 2007) with the aim of minimising error between the 
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measured and modelled apparent resistivity pseudo-sections (Leucci 2006). 

Topographical coordinates were added to the final inversion model.  

2.2.3 Drip Monitoring 

A Driptych ‘Stalagmate’ acoustic drip monitor was installed to monitor 

discharge to JC001 between April 2013 and February 2015, consistent with methods 

described by Genty and Deflandre (1998). Statistical analyses of discharge variation were 

undertaken following methods developed by Friedrich and Smart (1982), Smart and 

Friedrich (1987), and Baldini et al. (2006). Plotting the coefficient of variation of 

discharge against maximum discharge enables the inference of the hydrological pathways 

and potential palaeo-climate proxy resolution. Although drip volume was not measured, 

two assumed values were used for this analysis; 0.15 ml drip-1 is a common volume 

(Baker & Smart 1995; Baker & Barnes 1998; Baldini et al. 2006; Fairchild, Tuckwell, et 

al. 2006), while 0.37 ml drip -1 was derived from a linear equation developed by Genty 

and Deflandre (1998) who showed that, under low flow conditions, drip volume increased 

as drip rate decreased. The drip rate observed here was slower than those used by Genty 

and Deflandre (1998), and we assume the linear relationship holds for such slow 

discharge rates. However, 0.37 ml drip-1 is a useful endpoint, as the actual mean drip 

volume likely lies somewhere between the two assumed volumes. 

2.2.4 Stalactite Discharge Model 

A parsimonious (downward) approach was taken to iteratively develop a drip 

discharge model, with increases in complexity included only as required. The model 

described daily drip rates and had one input, effective precipitation, i.e. precipitation 

minus potential evapotranspiration. Precipitation data for the Yarrangobilly Caves were 

sourced from the Australian Bureau of Meteorology (Australian Bureau of Meteorology 

2014c), and daily potential evapotranspiration was estimated using the Priestley-Taylor 

equation (Priestley & Taylor 1972) as applied in the EcoHydRology Package in R (Fuka 

et al. 2014). Inputs to the package included maximum, minimum, and average 

temperature, as well as aspect, slope and latitude. Temperature data were sourced from 

nearby Cabramurra, NSW (Australian Bureau of Meteorology 2014a; Australian Bureau 

of Meteorology 2014b). While the equation assumes zero ground heat flux, which may 
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not be correct, the parsimonious philosophy of the downward approach and the agreement 

of the modelled and observed discharge, as well as the use of this equation in similar 

studies (Mahmud et al. 2016) and at the catchment scale (Teuling et al. 2010) means that 

it was not necessary to add additional detail. However, this discrepancy may add some 

uncertainty to the drip hydrology model. The model was optimised to maximise the Nash-

Sutcliffe Efficiency (NSE; Equation (2.1): 

𝑵𝑺𝑬 = 𝟏 −  
∑ (𝒀𝒊 

𝒐𝒃𝒔 −  𝒀𝒊
𝒔𝒊𝒎)𝟐𝒏

𝒊=𝟏

∑ (𝒀𝒊 
𝒐𝒃𝒔 −  𝒀𝒎𝒆𝒂𝒏)𝟐𝒏

𝒊=𝟏

 (2.1) 

where Yi
obs is the ith observed value, Yi

sim is the ith simulated value, and Ymean is 

the mean of the observed values. 

The model development was informed primarily by the analysis of discharge 

behaviour, and was calibrated using 493 days of observed discharge. Although discharge 

was measured as drips per ten minute interval, it was aggregated to daily data and 

converted to a volume (with an assumed volume of 0.15 ml per drip). Some of the model 

structure and function was informed by interpretation of the geophysics results. 

Principally, the absence of overlying cavities and the presence of a region of local water 

storage, which suggested a relatively simple hydrological link between the surface and 

the cave. The store of water present above the cave in summer appears to sustain flow 

during dry periods. These results (Section 2.3) suggested that rapid non-Darcian flow was 

less likely to be a dominant mechanism for water flow.  

The model describes a simple mass balance for a set of interconnected leaky 

stores. The equations for the final model (Equations 2.2 - 2.9) are below and the rationale 

for its development follow. All discharges (Q1 to Q5, Equations 2.3, 2.5, and 2.6-2.9) are 

constrained to positive values (≥ 0). An upper soil store is described by: 

𝐝𝒔𝟏

𝐝𝒕
= {

𝑨𝟏𝑬𝑷 −  𝑸𝟏  −  𝑸𝟐 𝐟𝐨𝐫 𝒔𝟏 > 𝟎
𝟎 𝐟𝐨𝐫 𝒔𝟏 = 𝟎

 
(2.2) 

where s1 is the volume of water in bucket one, A1 is the surface area of bucket 

one, EP is effective precipitation, Q1 and Q2 are discharges from bucket one. Discharge 

Q1 contributes to the quickflow component of drip discharge as described by:  

𝑸𝟏 = 𝐦𝐚𝐱 (
𝒔𝟏

𝝉𝟏
, 𝟎) 

(2.3) 
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where  1 is a rate constant. The contribution from s1 to the more slowly 

responding epikarst store, s2, was given by: 

𝑸𝟐 = 𝐦𝐚𝐱 (
𝒔𝟏 − 𝑻𝟏

𝝉𝟐
, 𝟎) 

(2.4) 

where T1 is a threshold that must be exceeded for Q2 to be initiated, and 2 its 

rate constant. The mass balance for the baseflow store, s2, is given by:  

𝐝𝒔𝟐

𝐝𝒕
= {

𝑨𝟐𝑬𝑷 + 𝑸𝟐 −  𝑸𝟑  −  𝑸𝟒 −  𝑸𝟓 𝐟𝐨𝐫 𝒔𝟐 > 𝟎
𝟎 𝐟𝐨𝐫 𝒔𝟐 = 𝟎

 
(2.5) 

where A2 is its area and Q3, Q4 and Q5 are its discharges. Discharge Q3 which 

represents the baseflow component of the modelled discharge and makes up the largest 

proportion of modelled discharge is given by: 

𝑸𝟑 = 𝐦𝐚𝐱 (
𝒔𝟐 − 𝑻𝟐

𝝉𝟑
, 𝟎) 

(2.6) 

where T2 is a threshold and 3 the associated rate constant.  

The sum of Q1 and Q3 comprises the simulated discharge (Qmod): 

𝑸𝒎𝒐𝒅 = 𝑸𝟏 + 𝑸𝟑 
(2.7) 

Discharges from s2 that bypass the measured stalactite as baseflow are given by 

Q4:  

𝑸𝟒 = 𝐦𝐚𝐱 (
𝒔𝟐

𝝉𝟒
, 𝟎) 

(2.8) 

And, following saturation of s2, by Q5:  

𝑸𝟓 = 𝐦𝐚𝐱 (𝒔𝟐 − 𝑻𝟑, 𝟎) 
(2.9) 

where, as before, T3 is a threshold storage and 4 a rate constant. These discharges 

represent contributions to discharge from other stalactites in the highly decorated “Grotto 

of Oddities”. Lateral transport of epikarst water at large scales (> 80 m) has been observed 

in such systems (Williams 2008). 
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Equations 2.2 to 2.9, above, and Figure 2.2C describe the final hydrologic model. 

This model was developed in iterations. In each iteration, the conceptual model was 

designed and calibrated, and model behaviour was evaluated both quantitatively, through 

the use of the Nash-Sutcliffe and Root of the Mean Squared Error, and qualitatively. After 

each iteration, a new model structure was hypothesised to attempt to capture missing 

aspects of the simpler model (Figure 2.2). For example, the initial model (Figure 2.2A) 

could capture rapidly variable discharge dynamics or the seasonal pattern but it could not 

do both, nor could it describe the threshold jump in discharge seen early in the season. 

The second model (Figure 2.2B) incorporated two buckets with variable flow rates and 

thresholds. While this model replicated mean behaviour, especially of the seasonal 

recession, it still did not capture the threshold response. The final model (Figure 2.2C) 

consisted of coupled buckets; one representing a slowly responding store and the other 

rapid flow. Coupling occurred via a threshold. The model structure allowed discharge to 

vary seasonally in proportion to the stored volume, that is, discharge was greater (lesser) 

when the stored volume of the bucket was larger (smaller). This was achieved through 

the use of proportional drainage functions (rate constants). Inflows into this store 

increased rapidly when the smaller and more dynamic store s1 filled and spilled thus 

providing for a seasonal threshold dynamic. The threshold response is simulated by the 

interplay between the climate and the different buckets, and occurs when a storage value 

is exceeded that allows for increased discharge from the bucket. Other flows simulate 

lateral movement of water away from the contributing stores. These are represented in 

Figure 2.2 by Q4 (baseflow) and Q5 (rapid flow). The parameters, initial values, and their 

descriptors for the final iteration can be found in Table 2.2. Parameters and their 

descriptors for all iterations of the model are in Appendix 9.2.1 for comparison. Appendix 

9.2.1 also includes the physical basis for parameters and variables and their initial values 

of the final iteration of the model. 
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Figure 2.2 The progression of the Jersey Cave Conceptual Drip Hydrology Model, 

showing conceptual models, equations, and modelled (Qmod) and observed (Qobs) 

discharge for each iteration. 3.2A: initial conceptual model (single bucket with threshold). 

3.2B: two connected buckets to represent quickflow and baseflow – simulated the 

recession limb but not the threshold response. 3.2C: two connected buckets with lateral 

flows added (Q4 and Q5) that do not contribute to Qmod. 3.2C simulates mean discharge 

behaviour and the threshold response. 3.2C is the final iteration of the conceptual model. 

EP (effective precipitation); A, A1, A2 (area of the bucket); S, S1, S2 (volume of the 

stored water in buckets); Q1 (baseflow from S1 to Qmod); Q2 (overflow from S1 to S2); 

Q3 (threshold discharge from S2 to Qmod); Q4 (lateral baseflow away from S2); Q5 

(lateral overflow away from S2).



CHAPTER 2 

42 

Table 2.2 Parameters, their initial values and their descriptors for the final iteration of the 

model. 

Parameter Initial Value Purpose  

A1 161.84 cm2 Surface area of bucket one 

A2 5.82 cm2 Surface area of bucket two 

T1 5200.57 ml Threshold to impede overflow discharge from 

bucket one to bucket two 

T2 50 ml Threshold to impede contribution of bucket two 

to Qmod 

T3 6654.38 ml Threshold to impede overflow from bucket two 

to other parts of the system (does not contribute 

to Qmod). Acts as maximum volume of S2. 

S1 10000 ml Volume of water in bucket one 

S2 184.3 ml Volume of water in bucket two 

τ1 8031.73 Proportional drainage function that controls rate 

of flow from S1 via Q1 to Qmod 

τ2 67.9 days Proportional drainage function that controls rate 

of flow from S1 via Q2 to S2 

τ3 200.59 days Proportional drainage function that controls rate 

of flow from S2 via Q3 to Qmod 

τ4 2786.96 days Proportional drainage function that controls rate 

of flow from S2 via Q4 out of the model 

The model was calibrated by a quasi-Newton method to maximise the Nash-

Sutcliffe efficiency (Equation 2.1) by comparing modelled drip-rate to the observed drip 

rate data (Nash & Sutcliffe 1970; Moriasi et al. 2007). Model development and calibration 

continued until the NSE reached an acceptable value of between 0.75 and 1.00 which 

reflected ‘very good’ model performance, while a NSE of less than 0.50 was considered 

‘unsatisfactory’ (Moriasi et al. 2007). Parameters were constrained to be positive (≥ 0) 

and parameterisation was done iteratively using box-constraints (Byrd et al. 1995). Over 

the calibration period (19/04/2013 – 25/08/2014), the model performed well (NSE = 0.84; 

RMSE = 21.12 drips per day). The calibration period is shown by the black bar in Figure 

2.3. A limited validation period (172 days) was included which included part of the 

seasonal recession limb of 2014. While the model did not perform well during this period 

(NSE = 0.12; RMSE = 25.78 drips per day), it captured the trend of the recession limb 

(see the grey bar in Figure 2.3). The short validation period was due to the short 

observational record. While it would have been preferable to include the 2014 threshold 

response in the validation, it was more pragmatic to include it in the calibration to ensure 

that that behaviour was simulated by the model. The NSE for the entire observed period 

was 0.8, and the RMSE was 22.42 drips per day. 
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Mean behaviour was simulated well, although daily variability was not (Figure 

2.3). The model also simulated the threshold response observed in June 2013 and again 

in April 2014, which is a key feature of the inherent heterogeneity of the karst system. 

 

Figure 2.3 Effective precipitation, daily observed (Qobs) and simulated (Qmod) 

discharge, 19/04/2013 to 16/02/2015 with calibration period (black bar) and validation 

period (grey bar). 

2.3 Results 

2.3.1 Geophysics 

ERT results show the “Grotto of Oddities” void as indicated by areas of high 

resistivity (≈10 000 Ω∙m; Figure 2.4, A) located about 7-8 m below ground level. Also 

noticeable in these images is the area of very low resistivity (≤100 Ω∙m; Figure 2.4, B), 

just above the void where JC001 was located. This void was named the “Grotto of 

Oddities” by Trickett (1906) because of the high concentration of decorations in this area, 

which indicate it is anomalously wet in comparison to other parts of the Jersey Cave. 
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Regions of low resistivity are generally associated with enhanced soil water storage 

and/or clay material.  

ERT results supported Total Station surveying. Surveying of the site surface 

topography and inside the cave to determine the location of the “Grotto of Oddities” 

indicated that the cave is located 7-8 m below the surface. Furthermore, results showed 

that the overlying epikarst and vadose zone is free of any large cavities which may 

significantly impact the hydrological pathways. Of particular interest is the region of low 

resistivity (denoted by a “B” on Figure 2.4). This area of low resistivity directly overlies 

the cavity and extends to the surface and is associated with a change in the surface profile 

(Figure 2.4, C), suggesting that the surface-subsurface flow network results in localised 

preferential recharge to this area and is responsible for the increased decorations and 

speleothem formation activity in the “Grotto of Oddities.”  

 

Figure 2.4 Inverted resistivity sections of ERT transects 1, 2, and 3. The “Grotto of 

Oddities” is clear (1A, 2A, 3A), as is the region of anomalously low resistivity (1B, 2B, 

3B) and the dip in topography (1C, 2C, 3C). 
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2.3.2 Drip Monitoring 

The dripstraw above JC001 maintained a mean drip rate of 225 drips day-1 and 

discharge consistently exceeded 70 drips day-1 during the observational period 

(19/04/2013 – 16/02/2015). Discharge was hysteretic (Appendix 9.2.2) and displayed 

seasonal variability with a distinct threshold switch in June 2013 and again in April 2014. 

The drip rate jumped from 118 to 239 drips/day over a period of two days in 2013, and 

from 150 to 240 drips/day over three days in 2014 (Figure 2.3). In both instances this 

threshold response came after low discharge rates at the end of summer, followed by an 

increase in precipitation, and therefore discharge, at the onset of wetter conditions at the 

start of autumn/winter. Seasonally responsive drips are widely reported in studies of drip 

typologies and this relates to both the climatic regime (see section 2.2) and localised 

hydrology. Although there was no clear rain-event response, discharge was more variable 

during periods of high flow than during periods of low flow (high flow μ = 253.16 drips 

day-1, σ = 26.58 drips day-1; low flow μ = 143.48 drips day -1, σ = 18.29 drips day -1). 

Results also suggest that water storage in the epikarstic reservoir has an upper limit, as 

indicated by the lack of response of the monitored drip to discrete precipitation events 

after the change in flow regime from low to high flow. This observation informed the 

development of the discharge model as we implemented maximum storage to the model 

‘buckets’. 

Following Friedrich and Smart (1982), Smart and Friedrich (1987) and Baldini 

et al. (2006), the JC001 drip is primarily fed by seepage flow which is consistent with the 

structure of the hydrological model (see Section 2.2.4) and can be classified as either 

Class III or Class I (Figure 2.5). Figure 2.5 shows coefficient of variation of discharge 

plotted against maximum discharge for two different assumed drip volumes (0.15 or 0.37 

ml drip -1. 0.15 ml drip -1) is a commonly cited drip volume (see Baker and Barnes, 1998; 

Baker and Smart, 1995; Baldini et al., 2006; Fairchild et al., 2006b) while 0.37 ml drip-1 

is a drip volume based on a linear relationship between drip rate and drip volume 

identified by Genty and Deflandre (1998), who noted that drip volume increases as drip 

rate decreases. However, 0.37 ml drip-1 is unlikely to be correct for this site as drip rates 

observed here were much lower than those observed by Genty and Deflandre (1998), and 

it is unknown at what point the linear relationship fails. As such, it is likely that the drip 

volume for this site lies somewhere between 0.15 and 0.37 ml drip-1.  
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Figure 2.5 Drip classification of the study speleothem after Smart et al. (1987), where 

drip volume, coefficient of variation, and maximum discharge dictate the ‘class’ of the 

drip. Dotted lines indicate drip classes from Baldini et al. (2006), the black point indicates 

the Coefficient of variation plotted against the maximum discharge with an assumed drip 

volume of 0.15 ml (based on Baker & Smart 1995; Baker & Barnes 1998; Baldini et al. 

2006; and Fairchild et al. 2006), with the grey point based a similar approach but adopts 

a potential drip volume of 0.37 ml based on Genty & Deflandre (1998). 

2.3.3 Stalactite Discharge Model 

The model simulated continuous discharge for the entirety of the continuous 

Yarrangobilly Caves precipitation record (01/01/1978 – 16/02/2015) (Figure 2.6). After 

initial model spin-up (i.e. the model ran through one hydrological year), discharge did not 

fall below 70 drips day-1. The maximum modelled daily discharge was 327 drips day-1, 
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and mean simulated discharge was 235 drips day-1 (excluding the first year to allow for 

model run-up). Variations in drip behaviour conform well to known environmental events 

such as the Millennium Drought (2001 – 2009). The dry periods in the 1980s and during 

the Millennium Drought are amongst the driest periods for the last 500 years based on a 

reconstruction of Murray River inflows (McGowan et al. 2009).  

 

Figure 2.6 Simulated discharge, 01/01/1978 – 16/02/2015, shaded area indicates the 

duration of the Millennium Drought (2001 – 2009). Daily precipitation (Australian 

Bureau of Meteorology 2014c) and daily mean temperature are also shown.  

The model parameterisation and interpretation of the geophysics appear to be 

consistent. The geophysics suggests a soil depth of ~7 m over the cave that is relatively 
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wet (Figure 2.4). Assuming a porosity of 0.5 cm3/cm3 and a field capacity of 10% (Ford 

& Williams 2007), this would give ~700 mm of water storage above the cave. This is 

close to the estimated mean annual effective precipitation of ~660 mm, suggesting that 

during an average year there is enough recharge to maintain the storage to sustain flows 

through the unsaturated zone. The combined maximum storage capacity of the two model 

buckets (S1 and S2) is 66 mm. This would suggest that ~10% of the storage capacity, as 

inferred by the geophysics, and similarly ~10% of the annual effective precipitation, may 

be contributing to the drip discharge. This behaviour may account for the threshold 

behaviour and long recession limb in the observed discharge. While these numbers are 

not absolute, and bypassing behaviour may occur in karst, the relative proportions of 

catchment area and volumes in the model appear to be not unreasonable.  

2.4 Discussion 

2.4.1 Geophysics 

A key aim of this project was to apply multiple techniques to inform our 

understanding of the hydrological processes and the nature of the epikarst that have 

controlled the formation of a speleothem palaeo-climate record. Geophysical techniques 

were used to characterise the morphology of the karst overlying the “Grotto of Oddities”. 

Geophysics and traditional surveying agreed that the cave was relatively shallow (7-8 m 

below the surface). The results allowed for a better understanding and conceptualisation 

of the local hydrology and eliminated the possibility of moderate to large voids overlying 

the site. This implies that the hydrological pathways for the transport of meteoric 

precipitation are, for karst, relatively straightforward, and that the incorporation of an 

isotope signal into JC001 is in principle likely to be simpler and with less lag time than 

for speleothems in other caves at Yarrangobilly, which are lower in the landscape and 

with known caves overlying them.  

Geophysics results also presented evidence of a local region of enhanced water 

storage in the epikarst, or an epikarstic reservoir. Although it has been asserted that the 

epikarst is a region capable of storing large volumes of water (Smart & Friedrich 1987; 

Perrin et al. 2003; Williams 2008), ERT allowed the presence of this region over the 

“Grotto of Oddities” to be verified, and showed its position relative to JC001. The 
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presence of this epikarstic reservoir also provides further supporting evidence that the 

local hydrology is equipped to supply sufficient discharge to create a continuously 

growing stalagmite. 

A key limitation of near-surface sites is the limited potential for soil-water 

storage which is required for perennial drip behaviour and the preservation of a 

continuous palaeo-climate archive. Changes in slope were aligned with changes in 

electrical resistivity; local surface depressions were collocated with a region of low 

resistivity, which we assume to represent the epikarstic reservoir. Williams (2008) noted 

that solution dolines are an indicator of the epikarstic aquifer, and we propose that these 

local depressions may also act to concentrate groundwater in the area, and allow for 

enhanced storage in this epikarstic reservoir relative to other parts of the landscape. The 

presence of this region of low resistivity supports the findings of Carrière et al. (2013) 

who attributed perennial water flow in the low-noise underground laboratory in Fontaine 

de Vaucluse basin, France, to a zone of moderate resistivity. This is a significant result 

which relates locally enhanced water supply to the many dripstraw stalactites which are 

a key feature of the “Grotto of Oddities” originally noted by Trickett’s survey of the cave 

(Trickett 1906).  

GPR and ERT are commonly used in concert (El-Qady et al. 2005; Leucci 2006; 

Carrière et al. 2013), and some have maintained that individual geophysical techniques 

do not provide high resolution results when applied to karst (Carrière et al. 2013). The 

use of 2D ERT (as opposed to 3D ERT) in highly heterogeneous media has also been 

criticised (Carrière et al. 2013). Nonetheless, the method has been used to highlight local 

karstic morphologies such as infilled karst conduits (Valois et al. 2010), and van Schoor 

(2002) concluded that the method was ideal for monitoring features such as sinkholes. 

This research has shown that ERT is an effective geophysical method for the investigation 

of the near-surface karst. Results clearly showed the “Grotto of Oddities” and an 

overlying region of water storage which we interpreted to represent the epikarstic aquifer.   

Geophysics may not be appropriate for all situations and studies, however, these 

methods are perhaps underutilised tools and may be useful for the palaeo-climate 

community to adopt in order to more easily investigate karst flow pathways, particularly 

in near-surface systems. ERT has been able to identify that this site is likely to comprise 

relatively simple hydrological pathways to a near-surface cave which lacks large fissures 
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and voids, and that there is an important local region of increased water storage collocated 

with JC001 and with changes in surface topography. 

2.4.2 Drip Monitoring 

Drip monitoring showed that discharge was relatively slow in comparison to 

available published data. Genty and Deflandre (1998) in the Père Noël Cave (Belgium) 

observed drip rates ranging from 7 to 500 drips per ten minute interval, while the 

maximum observed discharge here was 4 drips per ten minute interval, with a mean 

discharge of 1.56 drips per ten minute interval. The JC001 drip showed seasonal variation 

with a distinct threshold switch occurring in June 2013 and April 2014, when discharge 

moved to a new regime of high discharge associated with the onset of autumn/winter 

precipitation. Drip behaviour slowly transitioned back to a low flow regime in the 2013-

2014 and 2014-2015 hydrological years. Discharge was more variable during periods of 

high flow which is consistent with Baldini et al. (2006). 

Drip classification indicated that the drip is primarily fed by seepage flow, either 

Class III (potential to preserve an annual or decadal palaeo-climate signal) or Class I 

(potential to preserve palaeo-seasonality) type drips. The discrepancy arises from the 

assumed drip volume used in the calculations. Ongoing collection of drip and meteoric 

precipitation samples for geochemical analysis will assist in constraining these results and 

allow the more adequate description of the transport and mixing pathways through the 

epikarst in future work. However, these preliminary data and the ERT results imply that 

JC001 is a speleothem of high fidelity, with little chance for the hydrology to obscure the 

palaeo-climate signal contained within the stalagmite, assuming that runoff and storage 

characteristics remain the same. 

2.4.3 Stalactite Discharge Model 

Optimised parameters of the hydrology model are physically realistic, based on 

the current literature that partitions karst discharge by type of flow (through conduits, 

fractures, and the matrix) (Fairchild & Baker 2012), and the geomorphology and 

chareristics of the site. Since discharge through the matrix is generally negligible 

(Fairchild & Baker 2012), the parameters represent both relatively slow and relatively 

quick movement through the pore space. 



CHAPTER 2 

51 

Model results indicated that flow was likely maintained to JC001 for at least the 

length of the continuous observed precipitation record (01/01/1978 – 16/02/2015), 

including during the Millennium Drought (2001 – 2009) which is the most severe drought 

on record for south-east Australia (McGowan et al. 2009; van Dijk et al. 2013). The year 

2006 was the driest in the Yarrangobilly Caves precipitation record, with 552 mm 

compared to the long-term annual average (1978 – 2014) of 1147 mm (Australian Bureau 

of Meteorology 2014c). Continued simulated discharge through these events adds to the 

integrity of JC001 as a continuous palaeo-climate record, as consistent flow is important 

to avoid growth hiatuses. 

Although the model did not simulate daily-scale variability, mean behaviour was 

well-replicated. Fine-scale variability may be attributed to other local conditions such as 

barometric pressure, which has been shown to impact discharge rates (Fernández-Cortés 

et al. 2007). Improvements to the model to better represent this daily-scale variability 

could inform our knowledge of local surface-subsurface links (e.g. barometric forcing, 

spatial variability in soil water pressures) which might improve the interpretation of 

meso-scale climate forcings at long time scales. However, the model did allow inferences 

to be made about the seasonal hydrology of the overlying karst through the downward 

approach. No lags were incorporated in the simulation equations. Optimised parameters 

indicated that the drip included both slow and quickflow components, with interactions 

between them, and that local water storage is limited, i.e. excess water is diverted, 

potentially to other dripstraw stalactites in the “Grotto of Oddities”. This is consistent 

with observations from research in the United Kingdom which showed that waters 

covered distances of up to 80 m laterally in karst (Williams 2008). Mixing may occur 

during this lateral transport or at any point during the transport period, but these effects 

have yet to be investigated in the Jersey Cave. The importance of discharge flux and tracer 

data has been identified in catchment hydrology, where untangling velocity, celerity, and 

residence time is made possible by using both flux and tracer data (Perrin et al. 2004; 

Lange et al. 2010; McDonnell & Beven 2014; Kogovsek & Petric 2014). The lack of 

tracer data is a key limitation of the present study and an area of future research. 
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2.5 Conclusion 

A field-based geophysics and drip monitoring approach was undertaken to 

investigate local karst hydrology of a near-surface system and to infer the potential of the 

JC001 speleothem as a palaeo-climate archive. ERT and discharge monitoring and 

modelling methods were applied, in what is believed to be the first use of ERT, discharge 

monitoring and drip modelling in a multi-method approach to underpin palaeo-climate 

reconstruction. 

Results indicated that the overlying epikarst is relatively simple in structure. 

Geophysics and topographical surveying agreed that the “Grotto of Oddities” cavity was 

located approximately 7 m below ground level. Geophysics showed that changes in 

hillslope above the “Grotto of Oddities” are collocated with a region of very low 

resistivity which is proposed to form an epikarstic reservoir acting to supply enhanced 

discharge to the JC001 speleothem, relative to other parts of the Jersey Cave. The novel 

application of the ERT methods allowed for unprecedented insight into the local 

‘wetness’ above the “Grotto of Oddities” and the ability to independently resolve the 

depth of the vadose zone and to ascertain that no large voids existed between the surface 

and the roof of the “Grotto of Oddities”. 

Drip monitoring showed a distinct threshold response at the onset of the wet 

season (observed in 2013 and 2014), but limited response to discrete precipitation events. 

Discharge was hysteretic, which is indicative of non-linearity. This is consistent with the 

heterogeneous nature of karst, and has been observed in other studies (Goldscheider et al. 

2008). A simple drip classification indicated the potential for the JC001 speleothem to 

record palaeo-seasonality or an annual-decadal signal. 

A stalactite drip discharge model indicated that discharge was comprised of both 

slow and quick flow pathways. Significantly, the model showed that discharge was 

continuous since at least January 1978, including the Millennium Drought of 2001 – 2009. 

Model parameterisation also indicated that the storage volume is subject to a maximum 

limit.  

Through the application of traditional and novel techniques in this study, results 

show that the growth of the JC001 speleothem is primarily modulated by the presence of 

an epikarstic reservoir which maintains perennial flow to the speleothem. Results indicate 
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that the speleothem likely represents a palaeo-climate proxy record that is representative 

of the regional hydroclimate and which will significantly enhance current knowledge of 

the climate of southeast Australia. Future work aims to evaluate the factors influencing 

the incorporation of the stable isotope and geochemistry environmental signal into the 

JC001 palaeo-climate archive. This work has implications for the development of a 

palaeo-climate proxy record from the Jersey Cave, Yarrangobilly, and for the use of a 

multi-method approach in similar studies so that more accurate interpretations are made 

of speleothem palaeo-climate records. Specifically, it constrains the likely hydro-climate 

coherency of speleothem palaeo-climate records for JC001 and shows that a multi-

method approach can be highly effective in compensating for the shortfalls of each 

method. 
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3 
LA - ICP- AES  TO  A N A LY S E  T R AC E  E L E M E N T S  I N  

S P E L E OT H E M S :  E X P LO R ATO RY  A N A LY S I S  

This chapter has been written and formatted as a manuscript for publication.  
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3.1 Introduction 

Analysis of environmental proxies is fundamental to extend observed climate 

records in order to improve our understanding of global climate patterns. A range of 

laboratory methods have been developed for these applications, but Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) is one of the most 

commonly applied for the rapid analysis of trace elements in solid samples (Jarvis & 

Williams 1993; Durrant 2006; Fairchild & Treble 2009). While Inductively Coupled 

Plasma Atomic (or Optical) Emission Spectroscopy (ICP-AES) has been applied to 

palaeo-climate proxies in solution, there has been only limited coupling of ICP-AES to 

laser ablation units for the analysis of environmental proxies (McMillan et al. 2005; Deng 

et al. 2010; Zhou et al. 2011; Schenk & Almirall 2012; Buckles & Rowe 2016).  

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

and Atomic or Optical) Emission Spectroscopy (LA-ICP-AES or OES) are two similar 

methods for elemental analysis. Atomic Emission Spectrometry differs from Mass 

Spectrometry in that it uses the wavelength of emitted light as the sample is combusted 

to determine the elements, while mass spectrometry determines the elements based on the 

mass-to-charge ratio of ionised samples. While ICP-AES is typically applied to samples 

in solution (Rommers & Boumans 1996), there has been some limited coupling of ICP-

AES systems to laser ablation units to overcome the shortfalls of traditional ICP-AES 

(primarily the additional sample preparation required) (Deng et al. 2010; Schenk & 

Almirall 2012; Buckles & Rowe 2016).  

The first practical application of LA-ICP-AES was undertaken by Thompson et 

al. (1981), who developed a method of laser microprobe and optical emission 

spectrometry for analysis of geological samples. This came at a time when there was 

broad interest in the laser ablation of solid samples, and soon after Ishizuka & Uwamino 

(1983) constructed a laser-inductively coupled plasma system for the direct analysis of 

solid samples (steel, brass, aluminium, alloy, and titanium-based alloy). In the 1990s, 

interest turned to the application of LA-ICP-AES to fluid inclusions, and it was 

demonstrated that accurate and precise element ratios could be determined by LA-ICP-

AES (Ramsey et al. 1992; Wilkinson et al. 1994). However, by this time, LA-ICP-MS 

was increasing in popularity, and it has since been shown to have very low detection 

limits, to be highly accurate, and as such has become a common method to directly 
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analyse solid samples (Rommers & Boumans 1996; Durrant 2006; Stankova et al. 2011; 

Trejos et al. 2013). Nonetheless, there has been some application of LA-ICP-AES to 

environmental samples in the last 20 years. 

Goodyear et al. (2000) applied LA-ICP-AES to analyse river snail shells and 

pebbles to determine if it produced accurate concentrations of Pb/Fe and Zn/Mn ratios. 

They found that LA-ICP-AES was suitable, although the main benefit they identified was 

the non-destructive analysis, which is an attribute shared by LA-ICP-MS (Goodyear et 

al. 2000). More recently, Deng et al. (2010) used LA-ICP-AES to determine Sr/Ca and 

Mg/Ca ratios in corals, and found that the precision was comparable to solution 

nebulisation ICP-OES and concluded that the method was promising for applications in 

carbonates (including stalagmites). LA-ICP-AES has also been used to analyse plant 

material, solid soil samples, stream precipitates, and in forensics and materials science 

(Moenke-Blankenburg et al. 1994; Jaselskis et al. 1995; Hemmerlin et al. 1997; Alloncle 

et al. 2009; Trejos et al. 2013; Gomes et al. 2014; Siqin et al. 2014). Despite reports of 

comparable performance to LA-ICP-MS (e.g. Trejos et al. (2013)), the application of LA-

ICP-AES to stalagmites is very limited (Buckles & Rowe 2016). Despite some recent 

applications of the method in corals and stalagmites (Deng et al. 2010; Buckles & Rowe 

2016), any progress in developing LA-ICP-AES has been overshadowed by the more 

widespread use of by LA-ICP-MS, now considered to be the leader in the direct analysis 

of solid samples (Schenk & Almirall 2012). Nonetheless, LA-ICP-AES has several 

advantages which may justify its application, including its robustness and the lower cost 

of analysis. These attributes are summarised in Table 3.1.
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Table 3.1 A comparison of advantages and limitations for LA-ICP-MS and LA-ICP-AES.  

Method Advantages Limitations References 

Laser Ablation 

Inductively Coupled 

Plasma Mass 

Spectrometry 

Highly accurate 

Low detection limits 

Rapid analysis 

High replicate 

precision 

Spatially resolve 

concentration data 

Essentially non-

destructive 

More expensive 

Susceptible to isobaric 

and polyatomic 

interferences 

Davis et al. 1980 

Thompson et al. 1981 

Rommers & Boumans 

1996 

Durrant 2006 

Alloncle et al. 2009 

Stankova et al. 2011 

Trejos et al. 2013 

Gomes et al. 2014 

Laser Ablation 

Inductively Coupled 

Plasma Atomic 

Emission Spectrometry 

Flexibility 

Sufficient accuracy for 

most applications 

Detection limits 

usually sufficient 

Rugged 

Cheaper 

Rapid analysis 

High replicate 

precision 

Spatially resolve 

concentration data 

Essentially non-

destructive 

Simultaneous analyses 

Accuracy may be 

insufficient for some 

applications 

Higher detection limits 

than LA-ICP-MS – 

may be insufficient in 

some instances 

Susceptible to spectral 

interferences 

This chapter seeks to make a contribution to this very limited body of work and 

present an explicit comparison between LA-ICP-AES and LA-ICP-MS by comparing 

stalagmite Mg and Sr data from a mid-to-late Holocene record from southeast Australia, 

as measured by both methods. Comparison is made by direct visual analysis, basic 

statistics, cross-covariance, linear regression, and time-series analysis, and is a 

complementary analysis of results presented earlier in this thesis.  

3.2 Methods 

3.2.1 Sample Preparation 

Seven 50 mm  8 mm  10 mm sections were sampled from the growth axis of 

the JC001 stalagmite. These were polished to 1 μm and cleaned with Milli-QTM water in 

an ultrasonic bath, then baked at 60°C until dry.  

3.2.2 LA-ICP-MS 

Concentrations of 43Ca, 88Sr and 25Mg data were obtained by Laser-Ablation 

Inductively-Coupled Plasma Mass-Spectrometry (see also Chapters 5 and 6) at the 
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Australian Nuclear Science and Technology Organisation using a Resonetics M50 193 

nm Excimer laser ablation system coupled to a Varian-820 –ICP MS. A rectangular laser 

spot (340 μm  50 μm) and a laser pulse frequency of 10 Hz were applied. Ablation paths 

were cleaned by laser at a rate of 150 μm s-1 prior to analysis at 30 μm s-1 with helium and 

nitrogen flow rate of 600 and 5 ml/min respectively through the sample cell. Mass 

spectrometry was conducted with a dwell time of 50 ms. All elements were referenced to 

NIST SRM612 (Webb et al. 2014). As the NIST glass references are not certified for Mg, 

the reference value supplied by the Iolite software (77 ppm) was used (Paton et al. 2011). 

Mass spectrometry data were processed with Iolite normalised to 43Ca as the Internal 

Standard.  

3.2.3 LA-ICP-AES 

Laser-Ablation Inductively Coupled Plasma Atomic Emission Spectroscopy at 

the Australian Nuclear Science and Technology Organisation was used to obtain Ca, Sr 

and Mg concentrations. A Resonetics M50 193 nm Excimer laser ablation system was 

coupled to a Thermo Fisher 7600 Inductively Coupled Plasma Atomic Emission 

Spectrometer. A rectangular laser spot (340 μm  50 μm) and a laser pulse frequency of 

10 Hz were applied. Data were collected at 0.5 second intervals. Mg was referenced to 

NIST SRM 610 and Sr referenced to NIST SRM 612. Sr and Mg are presented as ratios 

to Ca (i.e. Sr/Ca and Mg/Ca). Due to instrument configuration, the sampling resolution 

of the LA-ICP-AES data is greater than that of the LA-ICP-MS data.  

3.2.4 Statistical Analyses 

Similar to Chapters 5 and 6 of this thesis, spectral analyses (Lomb-Scargle 

periodograms and continuous wavelet transform) were applied to both records, to find 

significant frequencies and periodicities at the 95% confidence level. Note that depth was 

used as the independent variable rather than age, to avoid the propagation of uncertainty 

introduced by error in the age models. As such, periodicities are presented as cycles per 

mm. Lomb-Scargle periodograms were conducted using the Lomb package in the R 

statistical language on cleaned data (Ruf 1999; R Core Team 2018). For the continuous 

wavelet transform, AES data were subsetted to the length of the MS data by matching the 

closest depths in the two records. Data were then linearly interpolated to ensure regular 

spacing. The continuous wavelet transform of the residuals was computed with 
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significance at the 95% level with a morlet mother wavelet and plotted as the power 

normalised by the variance (Gouhier et al. 2016). The morlet mother wavelet was chosen 

as it provides information about both the amplitude and phase of the time series (Janicke 

et al. 2009). The mean, median, and standard deviation are presented as computed from 

the raw data. Cross-covariance and linear regressions were conducted on the depth-

matched subset AES and MS data.  

3.3 Results and Discussion 

3.3.1 Visual Comparison 

A visual comparison between LA-ICP-AES and LA-ICP-MS indicates that both 

methods produce time-series with the same trend and variance (Figure 3.1, Figure 3.2). 

This similarity is made more pronounced by smoothing the LA-ICP-AES series with a 

20-point centred running mean (Figure 3.1A, Figure 3.2A). Both LA-ICP-AES and LA-

ICP-MS produce data spikes, which are likely a product of sample contamination, 

although the LA-ICP-MS Mg record includes the most outliers (Figure 3.1B).  
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Figure 3.1 Mg as measured by LA-ICP-AES, with a 20-point running mean (A; n = 

22263), and by LA-ICP-MS (B; n = 7155). Note that the y-axis for B is limited to 0.8 

mmol/mol in order to reduce the visual impact of outliers.  
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Figure 3.2 Sr as measured by LA-ICP-AES (A; n = 22263), with a 20-point running mean, 

and by LA-ICP-MS (B; n = 7155) 

3.3.2 Basic Statistics 

A comparison of the mean, median, and standard deviation of the Mg and Sr data 

indicates that the distribution and variance of data produced by the two methods are very 

similar (Table 3.2). The Sr data as measured by LA-ICP-MS and LA-ICP-AES show 

nearly identical mean, median, and standard deviation rounded to 3 decimal places. The 

LA-ICP-MS Mg data show more variance, likely related to outliers (Figure 3.1B; Figure 

3.3A). Despite this, Mg mean and median are broadly consistent between LA-ICP-MS 

and LA-ICP-AES.  
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Table 3.2 Mean, standard deviation, and median of Sr and Mg by LA-ICP-MS and LA-

ICP-AES 

 Mean Median Standard Deviation 

LA-ICP-MS Sr 0.016 0.016 0.003 

LA-ICP-AES Sr 0.016 0.016 0.004 

LA-ICP-MS Mg 0.216 0.201 0.098 

LA-ICP-AES Mg 0.208 0.199 0.064 

Linear regressions between LA-ICP-MS and a subset of the LA-ICP-AES data 

(sub-sampled to match the nearest depth of the shorter LA-ICP-MS record) initially show 

poor correlation (adjusted R2 of 0.26 and 0.37 for Mg and Sr, respectively) (Figure 3.3A, 

D). Cross-covariance analysis of the Mg data showed maximum covariance between the 

two methods occurs with a lag of 13 steps. The LA-ICP-AES data were adjusted by 13 

steps to account for this, and linear regressions show improvements in the correlation for 

both Mg and Sr (adjusted R2 of 0.3 and 0.43, respectively). The lag was likely introduced 

by an error in the spatial offset of the record. The removal of three outliers in the LA-

ICP-MS Mg record (values greater than 250 ppm or ~1 mmol/mol) and of six outliers in 

the LA-ICP-MS Sr record (values greater than 30 ppm or ~0.03 mmol/mol) led to further 

increases in the adjusted R2 (0.6 and 0.47 respectively) (Figure 3.2C, Figure 3.1F). 

Regressions indicate that LA-ICP-AES and LA-ICP-MS produce comparable results, 

although the method used to sub-sample the AES data may have introduced some error.  

 

Figure 3.3 Linear regressions between LA-ICP-MS (x-axis) and LA-ICP-AES (y-axis) 

for Mg (A: C) and Sr (D: F). A and D show regressions with no removal of outliers of 
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reduction in lag. B and E show regressions with lag (13 steps) removed. C and F show 

regressions with lag removed, and major outliers removed (3 points 250 ppm [~1.03 

mmol/mol] for Mg by LA-ICP-MS and 6 points > 30 ppm [0.03 mmol/mol] for Sr by LA-

ICP-MS). The adjusted R2 for each regression is shown at the top of each plot.  

3.3.3 Spectral Analysis  

Lomb-Scargle Periodograms 

Lomb Scargle periodograms of Sr and Mg by both LA-ICP-MS and LA-ICP-

AES produced similar results (Table 3.3, Table 3.4). In particular, the larger significant 

periodicities (95% confidence level) are identical in the LA-ICP-AES and LA-ICP-MS 

data, although LA-ICP-AES produced a greater number of short periodicities, which may 

be a result of the higher sampling resolution (due to the configuration of the instrument) 

and higher variability observed in both the Mg and Sr data in the LA-ICP-AES records 

(Figure 3.1, Figure 3.2). As a result LA-ICP-AES produced a greater number of 

significant periodicities than the analysis by LA-ICP-MS. This occurs in both the Mg data 

(Table 3.3; 84 significant periodicities compared to 24) and the Sr data (Table 3.4; 59 

significant periodicities compared to 36). 
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Table 3.3 Significant periodicities found in the Mg LA-ICP-AES and LA-ICP-MS 

records, rounded to two decimal places

Significant periodicities (cycles per mm)  

95% confidence level 

Mg LA-ICP-AES Mg LA-ICP-MS 

339.47 339.47 

169.74 169.74 

113.16 113.16 

84.87 84.87 

67.89 67.89 

56.58 56.58 

48.5 48.5 

42.43 42.43 

37.72 37.72 

33.95 33.95 

30.86, 28.29, 26.11 None 

24.25 24.25 

22.633 22.63 

21.22 None 

19.97 19.97 

18.86 18.86 

17.87 17.87 

16.97 None 

16.17 16.17 

15.43 15.43 

14.76 None 

14.14 14.14 

13.58 13.58 

13.06, 12.57, 12.12, 

10.61 

None 

10.29 10.29 

9.9, 9.7, 9.17, 8.49, 

8.23, 7.89, 7.72, 7.22 

None 

6.66 6.66 

6.41, 6.29, 6.17, 6.06, 

5.85, 5.66, 5.57,5.39 

None 

5.3 5.3 

5.07, 4.92, 4.85, 4.71, 

4.65,4.53, 

4.47,4.19,4.09, 3.99, 

3.77, 3.69, 3.65, 3.57 

None 

3.5, 3.43, 3.36, 3.33, 

3.2, 3.09, 3.03, 3,2.85, 

2.83, 2.78 

None 

2.63 2.63 

2.57, 2.44, 2.39 None 

2.18 2.18 

2.14, 1.92, 1.77, 1.76, 

1.75, 1.51 

None 
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Table 3.4 Significant periodicities found in the Sr LA-ICP-AES and LA-ICP-MS records, 

rounded to two decimal places

Significant periodicities (cycle per mm) 

95% confidence level 

Sr LA-ICP-AES Sr La-ICP-MS 

339.47 339.47 

169.74 169.74 

113.16 113.16 

84.87 84.875 

67.89 67.89 

56.58 56.58 

48.5 48.5 

42.43 42.43 

37.72 37.72 

33.95 33.95 

30.86 30.86 

28.29 28.29 

26.11 26.11 

24.25 24.25 

22.63 22.63 

21.22 21.22 

19.97 19.97 

18.86 18.86 

17.87 17.87 

16.97 16.97 

16.17 16.17 

15.43 15.43 

14.77 14.77 

14.14 14.14 

13.58 13.58 

13.06 None 

12.57 12.57 

12.12 12.12 

10.95 None 

10.61 10.61 

9.98 9.98 

9.43 None 

8.49 8.49 

8.28 8.28 

8.08 8.08 

7.72, 7.54,5.75, 5.48 None 

5.39 5.39 

5.14, 4.92, 4.35, 4.24 None 

4.19 4.19 

3.99 None 
 

3.92 

3.77 3.77 

3.65, 3.61, 3.43, 3.39, 

3.23, 3.11, 3.06, 2.9, 

2.41, 2.26, 2.14, 1.96 

None 
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Continuous Wavelet Transform 

The continuous wavelet transform of Sr and Mg by LA-ICP-AES and LA-ICP-

MS shows similar distribution of significant periodicities over the depth of the record 

(Figure 3.4). However, a large spike in both Mg and Sr at ~250 mm may obscure 

significance in the spectral power.  

 

Figure 3.4 Continuous wavelet transform of (A) Sr record, measured by LA-ICP-AES; 

(B) Mg record, measured by LA-ICP-AES; (C) Sr record, measured by LA-ICP-MS; (D) 

Mg record, measured by LA-ICP-MS. The black line shows the significance at the 95% 

level. Note that the AES records were sub-sampled to allow better comparison between 

the different resolutions of the datasets.  
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A repeat analysis of shorter records (0 – 200 mm) confirms that LA-ICP-AES 

and LA-ICP-MS of Mg and Sr produce similar significant periodicities, and similar 

distribution through space of those periodicities (Figure 3.5).  

 

Figure 3.5 Continuous wavelet transform of subset of the dataset used in Figure 3.4. (A) 

Sr record, measured by LA-ICP-AES; (B) Mg record, measured by LA-ICP-AES; (C) Sr 

record, measured by LA-ICP-MS; (D) Mg record, measured by LA-ICP-MS. The black 

line shows the significance at the 95% level. Note that the AES records were sub-sampled 

to allow better comparison between the different resolutions of the datasets. 

LA-ICP-AES has been shown to produce comparable results to LA-ICP-MS of 

trace elements in stalagmites. This supports previous applications of LA-ICP-AES to 

environmental proxies (Jaselskis et al. 1995; Goodyear et al. 2000; Gomes et al. 2014), 

and especially the results of Deng et al. (2010) who successfully applied LA-ICP-AES to 
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corals and recommended the method for carbonate analysis. While LA-ICP-MS has the 

advantages of lower detection limits and higher accuracy (Table 3.1) (Durrant 2006; 

Stankova et al. 2011), and a large publication legacy, many of the advantages are 

associated with the use of laser ablation rather than the analytical method. That is, its less-

destructive nature, its ability to directly analyse solid samples, and its capacity to provide 

spatially-resolved concentration data, which are advantages shared by LA-ICP-AES 

(Thompson et al. 1981; Rommers & Boumans 1996; Durrant 2006). LA-ICP-AES has 

the added advantages of rugged instrumentation and being relatively cheap (Table 3.1). 

As such, results indicate that LA-ICP-AES is an acceptable method for the analysis of 

trace elements in speleothems, provided that concentrations of the elements of interest 

exceed the detection limit, and that the accuracy is sufficient. This makes it suitable for 

palaeo-climate applications, especially where more cost effective, rapid preliminary 

analysis can be used to direct future research.  

3.4 Limitations 

The sampling resolutions of the dataset are different, making direct comparisons 

impossible. The LA-ICP-AES record was sub-sampled to the length of the LA-ICP-MS 

record to allow for the linear regressions and comparable wavelet transform. The different 

acquisition mode of the instrument may have introduced uncertainty to the results. This 

experiment would be improved by ensuring identical sampling resolution by either 

reducing the scan rate and/or reducing the dwell time of the ICP-MS so that the number 

of data points matches the ICP-AES. This was not an option available for this thesis.  

3.5 Conclusion 

While LA-ICP-MS is commonly applied to analyse environmental data, there 

have been limited applications of LA-ICP-AES, although it has been successfully applied 

to measure trace elements in corals (Jarvis & Williams 1993; Moenke-Blankenburg et al. 

1994; Jaselskis et al. 1995; Goodyear et al. 2000; Mattey et al. 2008; Deng et al. 2010; 

Gomes et al. 2014; Steponaitis et al. 2015; Buckles & Rowe 2016). Spectral analysis, 

comparison of mean, median, and standard deviation, and linear regressions have shown 

that the two methods produce similar results when applied to measure speleothem Mg 

and Sr. LA-ICP-AES analyses produced more short periodicities than the LA-ICP-MS, 
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but this may be related to the configuration of the LA-ICP-AES which resulted in finer 

sub-sampling, but also the fine-scale variability in AES results. A comparison of 

continuous wavelet transforms for LA-ICP-AES and LA-ICP-MS showed similar 

significant periodicities and distribution through the depth of the record of those 

periodicities. LA-ICP-AES has been shown to produce similar results to LA-ICP-MS 

when applied to measure Mg and Sr in a stalagmite. While LA-ICP-AES has largely been 

superseded by LA-ICP-MS and other modern analytical methods, and while it has higher 

detection limits and lower accuracy than LA-ICP-MS, results here indicate that it can be 

applied to stalagmites and potentially other palaeo-climate proxies. As such, LA-ICP-

AES may be especially suitable for preliminary investigations, due to its ubiquity and the 

relatively cheap cost of analysis.  

While results indicate that LA-ICP-AES is a viable alternative to LA-ICP-MS, 

following analyses presented in this thesis are based on LA-ICP-MS data, as the 

methodology presented in this chapter has not been peer reviewed or published.  
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4 
C O - AU T H O R S H I P  A N A LYS I S  O F  T H E  S P E L E OT H E M  

P ROX Y - C L I M AT E  C O M M U N I T Y :  WO R K I N G  TO G E T H E R  TO  

TAC K L E  T H E  B I G  P RO B L E M S  

This chapter has been published, and is presented as it is formatted for 

publication.  

Campbell, M., Callow, J., McGrath, G. & McGowan, H., 2018. Co-authorship 

analysis of the speleothem proxy-climate community: working together to tackle the big 

problems. International Journal of Speleology, 47(2), pp.165–172. Available at: 

http://scholarcommons.usf.edu/ijs/vol47/iss2/6/. 
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4.1 Introduction 

The speleothem-derived palaeo-climate proxy community (SPCPC) seeks to 

improve understanding of past climates through the interpretation of climate sensitive 

proxies in stalagmites. This necessitates better understanding of the environmental 

context, including climate impacts (from the micro-scale (cave environment) to the 

macro-scale (large weather systems and climate patterns)) and groundwater hydrology 

(McDermott 2004; Fairchild, Smith, et al. 2006; Lachniet 2009; Fairchild & Baker 2012). 

We analysed four methodological approaches to achieve this, which are broadly grouped 

in to; stalactite discharge analysis, proxy/process tracer studies (hereinafter ‘tracer 

studies’), discharge modelling, and geophysics (Table 4.1). Nonetheless, the SPCPC 

faces ongoing challenges related to the common assumption of stationarity in how the 

proxy data respond to changes in climate, i.e. that the proxies will exhibit the same 

behaviour in response to changes in climate over time (Gedalof et al. 2002; Jones & Mann 

2004; Bradley et al. 2010; Baker et al. 2013; Moerman et al. 2014). As systems-based 

approaches have become prevalent in the environmental sciences, many disciplines have 

advocated inter-, trans- and multi-disciplinarity (Steele & Stier 2000; Klein 2008; Bark 

et al. 2016). Choi and Pak (2006) note that while ‘inter-,’ ‘trans-,’ and ‘multi-

disciplinarity’ are commonly used terms, they are poorly defined, applied ambiguously, 

and used interchangeably. Here, we use the term “inter-disciplinary” to refer to any 

instance of co-authorship between scientists from different disciplines, where co-

authorship is defined as collaboration between unique authors in a published piece of 

work. 

Social network analysis methods have been developed to measure collaborative 

behaviour. These methods are based on the study of social structure using graph theory, 

and originate in sociology (Scott 1988). Co-authorship networks have been used to 

represent acquaintanceship and research collaboration effort, and thereby the sharing of 

ideas (Newman 2001; Newman 2004; Huang & Chang 2011). Co-authorship social 

network analysis (C-SNA) has been used for strategic planning of research and 

development (Morel et al. 2009), to investigate the relationship between co-authorship 

and h-index (McCarty et al. 2013), to study inter-disciplinarity (Huang & Chang 2011), 

and to investigate the structure of different fields of study (Grossman 2002; Newman 

2004; Zare-Farashbandi et al. 2014). At the individual level, McCarty et al. (2013) 
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showed that scientific impact as measured by the h-index increases when authors 

collaborate with as many co-authors as possible.  

We use C-SNA to investigate co-authorship within methodological sub-

disciplines of the SPCPC, between these sub-disciplines, and across the whole 

community from 1996 to 2017. This has implications for the capability of the community 

to identify and address emerging complex problems. We address three specific questions:  

1. Have the populations of the methodological sub-disciplines become more 

connected over time? 

2. Have the methodological sub-disciplines become more connected to one 

another? Is there a trend towards inter-disciplinarity?  

3. Has the whole speleothem palaeo-climate community moved towards inter-

disciplinarity?
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Table 4.1 Strengths and weaknesses of methods used to contextualise stalagmite proxy climate records. 

Method Strengths Weaknesses Key Applications References 

Stalactite 

Discharge 

Analysis 

Common method; 

Rugged technology; capable 

of long-term and remote 

deployment; information 

about physical (drip) 

hydrology.  

Without tracer data can’t quantify 

impact of subsurface processes on proxy 

record. 

Commonly used to 

support palaeo-climate 

reconstructions. Includes 

discharge response to 

precipitation, effective 

infiltration, etc.   

(Genty & Deflandre 1998; Baldini et al. 

2006; Fairchild, Smith, et al. 2006; Hu et 

al. 2008; Markowska et al. 2015; 

Mahmud et al. 2016) 

Proxy/Process 

Tracer 

Studies 

Quantitative results: event 

times, mixing, transmission 

time. 

Can be conservative; false breakthrough 

signatures; approvals and social licence 

for using artificial tracers; natural 

variability of isotope input; karst 

complexity complicates signal. 

Landscape-scale karst 

hydrology and small scale 

karst drip hydrology; 

tracer studies – including 

stable isotopes, radio 

isotopes, trace element 

concentrations and 

processes such as source –

precipitation-infiltration-

drip discharge; dissolution 

processes and 

disequilibrium/kinetic 

isotope fractionation. 

(Pitty 1966; Gunn 1974; Friedrich & 

Smart 1982; Bottrell & Atkinson 1992; 

Treble et al. 2005; Fairchild, Tuckwell, et 

al. 2006; Fuller et al. 2008; Bradley et al. 

2010; Jex et al. 2012; Polk et al. 2012; 

Treble et al. 2013; Cuthbert et al. 2014; 

Callow et al. 2014; Kogovsek & Petric 

2014; Poulain et al. 2015) 

Discharge 

Modelling 

Extend limited observational 

records; infer subsurface 

processes that affect 

dripwater behaviour and 

chemistry. 

Simplify reality, may not capture 

complexity of the physical system; not 

always physically-based.  

Commonly used in 

association with drip 

monitoring and tracer 

experiments, recently a 

greater emphasis on 

modelling isotopic values 

in dripwaters. 

(Tooth & Fairchild 2003; Fairchild, 

Tuckwell, et al. 2006; Arbel et al. 2010; 

Bradley et al. 2010; Wackerbarth et al. 

2010; Treble et al. 2013; Cuthbert et al. 

2014) 

Geophysics Non-invasive, high spatial 

resolution (incl. 3D); image 

physical structure. 

Cannot image at the pore-scale; limited 

resolution at depth; artefacts caused by 

(for example) large cavities limit 

resolution.  

Limited applications at 

stalactite-scale settings. 

(Zhou et al. 2000; Al-fares et al. 2002; 

van Schoor 2002; Roth & Nyquist 2003; 

Valois et al. 2010; Carrière et al. 2013; 

Campbell et al. 2017) 
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4.2 Methods 

We apply CSNA to citation data obtained by data mining the Web of Science – 

Core Collection (26th of May 2017) using keywords (Morel et al. 2009). Keyword 

searches were applied for the four identified methodological approaches; stalactite 

discharge analysis (“speleothem AND hydrology NOT model”, n=48), tracer studies 

(“speleothem AND tracer”, n=20), geophysics (“karst AND geophysics”, n=76) and 

discharge modelling (“speleothem AND hydrology AND model”, n=27). Methodological 

approaches and keywords were chosen through a review of the literature, and to capture 

a sufficiently large portion of the community in order to make analyses possible 

(respectively). Consequently, a broader search term for geophysics was used as 

“speleothem AND geophysics’ only returned one article. The databases are used to 

attribute sub-disciplines to the authors, and authors are assumed to have published in 

multiple disciplines if they are found in multiple databases. There was just one paper 

which appeared in two databases, and those authors were attributed to (at least) two 

disciplines. We also extracted a broader community set using “speleothem AND climate” 

(n=860), and this was combined with the citations sourced to investigate the 

methodological approaches to form an overall SPCPC community database (duplicates 

between the two datasets were included but classified as part of the methodological 

subset). The Web of Science – Core Collection was chosen over other archives as it does 

not contain unpublished papers. Citations were exported in “.bib” file format. Citation 

data were analysed cumulatively at time-steps of 5 years between 1996 (the earliest entry 

for any of the search terms in the Web of Science- Core Collection) and 2017. Note that 

the final time step was 6 years. Bin size was a parsimonious choice to reflect change over 

time. The decision was made to present data in cumulative time-steps because discrete 

time windows do not adequately reflect the nature of the collaboration networks, in that 

they become more connected over time. The choice of bin size also impacts the analysis 

of discrete time windows. If authors were to collaborate extensively in the first time 

period, but not the second, it would appear as if they are not connected (or even present 

in the network) in the second time period, when in reality they may still be collaborating 

on unpublished work during this time. See Appendix 9.3.1  for an analysis of co-

authorship in the sub-disciplines in discrete time windows.  
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Data analysis and network construction were undertaken in R using the bibtex 

and igraph, packages (Csardi & Nepusz 2006; Francois et al. 2017; R Core Team 2017). 

Files were parsed to extract the unique author name, and names were considered to consist 

of one first initial and a surname. The term ‘unique author’ refers to the unique authors 

present in the database. Efforts were made to ensure correct attribution of authorship to 

each parsed unique author. Instances of co-authorship between unique authors were 

recorded in an adjacency matrix, which was then converted into a graph of co-authorship. 

All network graphs were rendered in Gephi (Gephi 2016), see Figure 4.1 for an example 

of network components and how to interpret them.  

 

Figure 4.1 An example of network features. Nodes represent authors, and connecting lines 

(edges) indicate that authors have collaborated. 1A does not include a giant component, 

as the largest connected subgraph is the product of a single publication. 1B shows a giant 

component (circled) which is made up of unique authors collaborating over >1 

publication/s. The red circle in 1B denotes a ‘linking author’ who is the only connection 

between different parts of the network. The position of nodes in the graph and the length 

of edges does not signify anything. 

Networks were evaluated using the average degree and the presence or absence 

and relative size of a giant component. The average degree is the mean number of co-

authors that each unique author has, where higher average degree means that information 

propagates more readily through the network (Newman 2001). The term ‘giant 

component’ refers to the largest subgraph (connected part of the network) (Holme et al. 

2002). Here, we further restrict the definition to exclude subgraphs which are only 
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comprised of the unique authors of one paper. Therefore, in Figure 4.1, which shows two 

example networks and their key features, 1A does not include a giant component as the 

largest subgraph is the product of just one instance of collaboration (i.e. all of the authors 

who collaborated on one paper are connected). Figure 4.1B includes a giant component 

made up of unique authors collaborating in several different instances. Not all unique 

authors in the giant component are directly connected by co-authorship, but as members 

of the giant component they may still benefit from the easier sharing of ideas through the 

connected part of the network. 

The full citation dataset and R scripts are in the supplementary material (see 

Appendix 9.3.2). Analysis was conducted on each: a) method database (see Section 

4.3.1), b) the combined method database (see Section 4.3.2), and c) the overall SPCPC 

community database (see Section 4.3.3).  

4.3 Results and Discussion 

4.3.1 By Discipline 

The CSNA identifies that the SPCPC methodological sub-disciplines have 

grown in both the number of unique authors and their level of connectivity, as shown by 

the increase in the average degree over time (Figure 4.2), though some subtle but 

important differences are evident between the sub-disciplines. The stalactite discharge 

analysis sub-community is the second largest network, growing exponentially from 10 

unique authors in 2001 to 213 in 2017. The discharge analysis network became more 

connected during this time, as the average degree increased from 4.8 to 7.47 between 

2001 and 2017. The average degree of the discharge analysis network in 2017 was second 

only to that of the discharge modelling community. By 2017, 177/213 (83%) unique 

authors were part of the giant component, this is an increase from 58/249 (23%) in 2011, 

when the giant component was first observed.  

The tracer study community is the youngest and smallest sub-community. The 

first citation found in the Web of Science Core Collection database was published in 2004, 

but the discipline has grown consistently from 13 authors in 2006 to 80 in 2017. Co-

authorship has not been as pronounced within the tracer community, although it has 

increased over time. A small giant component had formed by 2011 (10/42 authors) but 
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by 2017 this giant component comprised just 18 of the 80 authors (22%). However, these 

18 are very well connected which reflects the relatively high average degree which 

increased from 4 in 2006 to 5.25 in 2017. Although members of the giant component were 

in the analysis in 2006, the giant component was not observed until 2011.  

The discharge modelling community grew from 3 authors in 2001 to 107 in 

2017. During this time co-authorship also increased - the average degree grew from 3.1 

to 8.15 (the highest observed average degree of any of the disciplines). By 2011 a giant 

component was observed (12/30 authors), and by 2017 the giant component included 

38/107 authors and a secondary subgraph had formed which included 29/107 authors. In 

both the giant component and the subgraph there are linking authors (two in each) who 

act as the only link between different groups of authors in the network (see also Figure 

4.1B). These linking authors clearly have a role as influencers, and are likely established 

members of the community. 

The geophysics community is the largest and least well-connected community, 

although its size is an artefact of the broader search terms applied. Despite this, the 

average degree is consistently low relative to the other disciplines (4.17 in 2017). A giant 

component had formed by 2011, although it included just 9% of the community (12/137). 

By 2017 this had increased to 12% 27/232). Due to the relative lack of connectivity in the 

geophysics community there are no standout linking authors until 2017 when one member 

of the giant component has published with every other member. 
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Figure 4.2 Co-authorship networks for each methodological sub-community over time, 

where N is the number of publications, A is the number of unique authors, and AD is the 

average degree (the mean number of co-authors that each unique author has). 

4.3.2 Combined Disciplines  

Since 2001, the four sub-disciplines have become increasingly connected, as 

shown in Figure 4.3 and by the increase in the average degree. A giant component was 

present in 2001, which included 9 of 33 authors (27%). This remained stable through to 

2006 (although the percentage of total authors in the giant component had fallen to 9%). 

By 2011 the giant component included 95 of 275 authors (34%), and by 2017 it included 

269 of 563 authors (48%). The stalactite discharge analysis and discharge modelling 
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disciplines are the most inter-disciplinary. In 2001, all authors from these two disciplines 

were part of either the giant component or a multi-disciplinary subgraph. In 2017 they 

continued to represent the largest proportion of the giant component, with 253 of the 268 

authors in the giant component publishing in stalactite discharge analysis, discharge 

modelling, or both. There is a growing trend towards authors publishing in multiple sub-

disciplines. In 2001, four authors had published in two sub-disciplines, this increased to 

five in 2006, 22 in 2011 and 46 in 2017. By 2011, one author had published in three sub-

disciplines. This increased to 11 by 2017. 

In 2017 geophysics dominated outside of the giant component (221 authors), 

followed by tracer studies (34 authors), then stalactite discharge analysis (19 authors), 

and modelling (12 authors). Although outside the giant component, inter-disciplinarity 

still occurred in subgraphs, with 33 authors publishing either across different disciplines 

or with co-authors from different disciplines. This includes six authors who themselves 

published across two different disciplines and an additional author who published across 

3 different disciplines.  

While authors publishing across different sub-disciplines are not necessarily 

linking authors as per our definition, it is likely that they may have been linking authors 

in the past and have played key roles in sharing information and methods, owing to their 

central positions in the giant component, and their experience in applying different 

methods. Since collaborating implies acquaintanceship and the communication of ideas, 

by publishing with co- authors from different disciplines, authors are exposed to different 

methods, approaches, and ideas  (Newman 2001; Newman 2004; Huang & Chang 2011).  
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Figure 4.3 Combined co-authorship network, with unique authors colour-coded by the 

sub-discipline they published within. Stalactite discharge analysis is dark blue, tracer 

studies is orange, discharge modelling is light blue, and geophysics is red. Authors that 

have published within two sub-disciplines are yellow, and those that have published 

within three sub-disciplines are green. 
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4.3.3 Whole Community  

The rate of publication, and by inference, the broader SPCPC continues to grow. 

While the proportion of publications in the method-derived citation database which was 

used for the analyses in sections 4.3.1 and 4.3.2 (“the subset”) has not increased relative 

to the whole community (Figure 4.4), co-author analysis shows that the authors in the 

subset are linked to the broader community, and that the broader community is itself 

highly connected (Figure 4.5). Of 2433 unique authors in the broader community, 563 

(23%) of them were found in the subset. A giant component included 2122 (87%) of the 

total unique authors, and authors from the subset made up 417/2122 (20%) of that giant 

component. Therefore, while co-authors in the subset database are well connected to one 

another (see section 4.3.2), they are not as well-connected to the broader speleothem 

climate community. Note that the broad search terms used to define the broader 

community is likely to have included authors that have referred to the applications of 

speleothems in palaeo-climate science as a general comment. As such, the shortfall 

between the proportion of the subset in the whole community and in the giant component 

is not surprising. 

 

Figure 4.4 Citations data-mined from the web of science. The citations that make up the 

method-based subset are orange and the whole citation network is red. 
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Figure 4.5 The methodological subset (black) and its connections with the broader 

community (blue). Figure 2.5B is an enlargement of the giant component in the network 

4.4 Conclusions 

Since 2001, the methodological sub-disciplines identified in this analysis have 

become more connected. This is most notable in the stalactite discharge analysis, tracer 

studies, and discharge modelling disciplines. Increasing levels of co-authorship has 

implications for the propagation of information through the community, and the growth 

of the community, as authors with high levels of co-authorship are statistically more likely 

to add new co-authors to the network (Barabási & Albert 1999).  

The methodological sub-disciplines have become more connected to one another 

over time. Again this behaviour was most common in the discharge analysis, tracer 

studies and discharge modelling disciplines. There was also an increase in the number of 

authors publishing across multiple disciplines. The high level of cohesiveness and inter-

disciplinarity means that the community has improved scope to tackle complex problems, 

and is able to quickly adopt and share new technologies and methodologies. The absence 

of geophysics from the giant component until after 2011 is surprising considering that the 

method is broadly applied in karst science, and that geophysicists were consistently well 

represented in the database. Its addition to the giant component of the network after 2011 

is an indicator that this technology has begun to be adopted by the community. We may 

expect the use of geophysics to become more common due to the high levels of co-

authorship in the broader SPCPC, and therefore easy pathways of knowledge sharing.  
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The broader SPCPC is highly connected, and the sub-disciplines are represented 

in the giant component. This means that, while many of the citations in the broader 

palaeo-climate community were not represented in the analysis of inter-disciplinarity, it 

is likely that they have access to the knowledge and expertise to adopt a diverse range of 

methods. 

The speleothem palaeo-climate proxy community has become increasingly well-

connected, and increasingly inter-disciplinary. While there remains a large part of the 

community that has not adopted any of the common methods to contextualise speleothem 

proxy climate records, the high degree of co-authorship between the members of the 

methodological sub-disciplines and the community at large indicates that it is likely that 

the broader community will a) adopt these approaches, and b) become more 

interdisciplinary over time, or c) become aware of these approaches through enhanced 

dissemination of ideas through a more integrated speleothem palaeo-science proxy 

community. An interesting subject for future research is the speleothem palaeo-climate 

proxy community’s self-perception of collaborative behaviour between different sub-

disciplines. This could use social science methods (such as interviews and surveys) to 

establish the methodological approaches of these sub-disciplines and where authors 

position themselves within or across them.  
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5 
SO L A R  FO R C I N G  O F  M I D - L AT I T U D E  T E R R E ST R I A L  

HY D RO C L I M AT E  O F  T H E  SN OW Y  M O U N TA I N S  OV E R  

T H E  PA ST  6.5  K A  

This chapter has been written and formatted as a manuscript for publication.  
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5.1 Introduction 

Solar forcing and ocean-climate teleconnections affect the weather and climate 

at time-scales from days to thousands of years (Beer et al. 2000; Soon et al. 2014; 

Theobald et al. 2016). Solar radiation is the primary energy input into the Earth’s climate 

systems, and can vary based on solar activity (i.e. solar diameter and irradiance) and the 

position of the Earth relative to the Sun (i.e. the Milankovitch Cycle) (Hays et al. 1976; 

Gilliland 1981; Beer et al. 2000). Observational records show shorter cycles (e.g. the El 

Niño-Southern Oscillation, Southern Annular Mode, North Atlantic Oscillation, Madden-

Julian Oscillation and the Schwabe solar cycle), but longer cycles such as the Pacific 

Decadal Oscillation and the Gleissberg, de Vries, and Hallstatt solar cycles are poorly 

represented in observational records, although they can be observed in palaeo-climate 

proxy records (Raspopov et al. 2008; McGowan et al. 2010; Theobald et al. 2016; Park 

2017; Theobald et al. 2018). Therefore, longer proxy climate and solar records are 

required to better understand natural climate variability and to extricate anthropogenic 

forcing from natural climate variability. While ice cores and tree rings are commonly used 

for solar forcing proxy data, cosmogenic nuclide records are spatially and/or temporally 

limited (10Be records are restricted to the polar regions). There are relatively few 

terrestrial proxy records which report climate forcing in the mid-latitudes, particularly for 

the Southern Hemisphere (Figure 5.1), although the climate effects of solar forcing are 

easily detected in these regions (Haigh et al. 2005).  
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Figure 5.1 Map of distribution of significant periodicities found in palaeo-climate record. 

Labels indicate the periodicity in years. Yellow indicates the periodicity occurs in both 

88Sr and 25Mg, blue indicates that it occurs in both ΔTSI and 25Mg, green indicates that 

it occurs in all three proxies, black indicates that a similar periodicity is found in either 

88Sr or 25Mg, but not in ΔTSI. The red triangle is the present study site. References 

correspond to Appendix 9.4.2 and Appendix 9.4.3. Note that points have been shifted to 

avoid overlapping.  

Observed variations in solar irradiance are generally considered to be too small 

(~0.1%) to induce measurable change in the Earth’s temperature (Fröhlich 2000). 

However, peaks in the Schwabe cycle have been linked to strengthening trade winds and 

reduced sea surface temperatures, and the inducement of La-Niña-like conditions in the 

Pacific through the reinforcement of the intertropical and South Pacific convergence 

zones (van Loon et al. 2007). At the mid-latitudes, periods of high solar activity have 

been shown to result in a weakening and poleward expansion of the Hadley Cell (Haigh 

et al. 2005). Therefore, mid-latitude climate may be particularly sensitive to solar 

variability through solar modulation of circulation patterns that causes variability in 

synoptic scale atmospheric circulation. This in turn may result in shifts in moisture 
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pathways and mid-latitude hydro-climate state (McGowan et al. 2010; Theobald et al. 

2016; Theobald et al. 2018). This is supported by proxy records which include solar-

forcing signals (Figure 5.1 and Appendix 9.4.2).  

Mechanisms for the link between solar activity and changes in precipitation 

suggest an increase in solar activity leads to decreased cosmic-ray flux, which may result 

in decreased atmospheric ionization and increased storminess (Ney 1959; Dickinson 

1975). Recent experimental results show however, that increasing ionization leads to 

faster aerosol growth and therefore better conservation of aerosols, and means that more 

aerosols survive to act as cloud condensation nuclei of the appropriate size (50 – 100 nm) 

for condensation (Svensmark et al. 2017). Numerical modelling has indicated that solar 

forcing played a bigger role in modulating cloud condensation nuclei in preindustrial 

times than present, but the same results showed that solar cycle forcing of cloud 

condensation nuclei varies by just 1% over a solar cycle (Gordon et al. 2017). Alternative 

mechanisms for solar forcing of mid-latitude climate include the modulation of the 

Southern Annular Mode due to increased troposphere-stratosphere coupling, and a 

stronger South Pacific Split Jet which strengthens airflow over the mid-latitudes of the 

Southern Hemisphere when Northern Hemisphere summer insolation increases (Kuroda 

& Yamazaki 2010; Chiang et al. 2014). Solar forcing is incorporated into natural archives 

both directly (i.e. as cosmogenic nuclides) and indirectly (through the oceanic and climate 

response), and has been shown to be significant in many regions outside the poles (Figure 

5.1). Notable examples of solar forced climate change include the Little Ice Age of the 

15th through 17th Centuries and the Medieval Warm Period of the 12th through 14th 

Centuries (Shindell et al. 2001; Mann et al. 2009). While this research does not explicitly 

address anthropogenic climate change, we note that models of anthropogenic climate 

change result in a similar weakening and expansion of the Hadley Cell (Lu et al. 2007), 

emphasising the importance of developing a better understanding of natural and 

anthropogenic forcing of mid-latitude climate variability and change. 

Here, we present spectral analysis of an approximately annual stalagmite trace 

element (25Mg and 88Sr) dataset spanning the last ~6.5 ka from southeast Australia 

(35.7°S, 148.5°E), a region that is sensitive to the El Niño-Southern Oscillation, Pacific 

Decadal Oscillation, Southern Annular Mode, and Indian Ocean Dipole (Theobald et al. 

2016). We compare stalagmite proxy data with a reconstruction of total solar irradiance 
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(ΔTSI) presented as watts per square metre departure from the Physikalisch-

Meteorologisches Observatorium Davos composite during the 1986 AD solar minimum 

(Steinhilber et al. 2009). We show that both 25Mg and 88Sr from stalagmite JC001 include 

periodicities attributed to solar forcing (as shown by correlation with ΔTSI), and that there 

is strong evidence of solar and oceanic forcing of mid-latitude hydroclimate across the 

last 6.5 ka, and at multiple (statistically significant) periodicities that span decades to 

centuries. This record of solar and oceanic forcing is unique due to the length, resolution 

and mid-latitude location, and contributes significantly to our understanding of drivers of 

variability in mid-latitude hydro-climate of the Southern Hemisphere during the mid-to-

late Holocene, with global implications. 

5.2 Methods 

5.2.1 Site description 

Stalagmite JC001 was removed under New South Wales Parks and Wildlife 

Scientific licence SL100538 from the Yarrangobilly Caves, New South Wales, Australia 

(35.73° S; 148.49° E; 980 m AHD) in 2012. The caves are located at the northern end of 

the Snowy Mountains, at the energy-water balance threshold (McGowan et al. 2018). 

Geophysics, discharge monitoring and modelling have showed that the stalagmite was 

maintained by seasonally-responsive but perennial discharge from a local epikarstic 

reservoir (Campbell et al. 2017). Regional climate is influenced by the northern extension 

of the mid-latitude westerly winds and experiences cool to cold montane temperatures 

through winter, while in summer warm to hot and dry conditions dominate. A δ13C-

derived temperature and snow-cover reconstruction for the last 2000 years derived from 

the JC001 stalagmite includes a more detailed site description (McGowan et al. 2018). 

This chapter presents a Laser Ablation Inductively-Coupled Plasma Mass Spectrometry 

record of 88Sr and 25Mg from JC001 that spans the entire 6.5 ka period over which it grew. 

Magnesium is commonly used as an indicator of effective precipitation (Fairchild & 

Treble 2009). Strontium is used as a proxy for palaeo-hydrology and stalagmite growth 

rate but has been shown to be sensitive to aeolian dust inputs with variable Sr 

concentrations and isotopic signatures (Goede et al. 1998; Fairchild & Treble 2009). 

Covariance of Mg and Sr is an indicator of prior calcite precipitation at low flows (and 
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therefore increased proportion of Mg and/or Sr in dripwaters, and positive correlation 

between the two in precipitated calcite) (McMillan et al. 2005; Fairchild & Treble 2009). 

Similar to other published records from Yarrangobilly, 88Sr and 25Mg in JC001 do not 

correlate well (r2 = 0.29), and concentrations of 25Mg are much higher than 88Sr. Other 

work in this Caves complex, attributed this phenomenon to increased dissolution of 

dolomitic host rock (which has high Mg and low Sr), under conditions where rock-water 

contact is high (i.e. during arid periods) (Webb et al. 2014). This implies that the 25Mg 

record has a particular sensitivity to wet-dry cycles. 

5.2.2 Laser Ablation Inductively-Coupled Plasma Mass Spectrometry 

Seven 50 mm  8 mm  10 mm sections were sampled from the growth axis of 

the stalagmite. They were polished to 1 μm and cleaned with Milli-QTM water in an 

ultrasonic bath, then baked at 60°C until dry. 43Ca, 88Sr and 25Mg data obtained by Laser-

Ablation Inductively-Coupled Plasma Mass-Spectrometry at the Australian Nuclear 

Science and Technology Organisation using a Resonetics M50 193nm Excimer laser 

ablation system coupled to a Varian-820 –ICP MS. We used a rectangular laser spot (340 

μm  150 μm) and a laser pulse frequency of 10 Hz. Ablation paths were cleaned by laser 

at a rate of 150 μm s-1 prior to analysis at 30 μm s-1 with helium and nitrogen flow rate of 

600 and 5 ml/min respectively through the sample cell. Mass spectrometry was conducted 

with a dwell time of 50000 μs. All elements were referenced to NIST SRM612 (Webb et 

al. 2014). As the NIST glass references are not certified for Mg, we used the reference 

value supplied by the Iolite software (77 ppm) (Paton et al. 2011). Mass spectrometry 

data were processed with Iolite normalised to 43Ca as the Internal Standard.   

5.2.3 Age Model 

We constructed the age model using an ensemble of 30 iterations of the StalAge 

algorithm, with 11 U/Th dates, and an assumed date of -62 BP (2012) for the tip (Scholz 

& Hoffmann 2011; McGowan et al. 2018). Appendix 9.4.1 shows the age model. Full 

Uranium-series dating results and the age model have already been published for JC001 

(McGowan et al. 2018). 

https://www.google.com.au/search?rlz=1C1NHXL_enAU781AU781&q=phenomenon&spell=1&sa=X&ved=0ahUKEwjAlpXu39TbAhVCErwKHQ0YAxQQkeECCCYoAA
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5.2.4 Time Series Analysis 

To identify significant periodicities in the JC001 88Sr and 25Mg data, we apply 

Lomb-Scargle periodograms and a continuous wavelet transform to find significant 

frequencies and periodicities (at the 95 and 99% confidence levels). Lomb-Scargle 

periodograms were conducted on raw data (Ruf 1999). Significance for the periodograms 

is shown at the 95% and 99% levels. For the wavelet analysis, outliers were manually 

removed from the raw 25Mg and 88Sr records (see Appendix 9.4.8), and missing values 

replaced using imputation by Structural Model and Kalman Smoothing using the 

imputeTS package in R (Moritz 2018; R Core Team 2018). Data were linearly interpolated 

to a regular spacing. While it has been argued that this does not have significant impact 

on the frequency of detected oscillations (Holmgren et al. 2003), others suggest that such 

interpolation emphasise lower frequencies (Schulz & Mudelsee 2002). Data were then 

detrended using seasonal decomposition by Loess (Cleveland et al. 1990). The continuous 

wavelet transform of the residuals was computed with significance at the 95% level with 

a morlet mother wavelet and plotted as the power normalised by the variance (Gouhier et 

al. 2016). The morlet mother wavelet was chosen as it provides information about both 

the amplitude and phase of the time series (Janicke et al. 2009). Appendix 9.4.7 shows 

the impact of detrending by seasonal decomposition by Loess on synthetic data (both 

white noise and with trend).  

Analysis of the ΔTSI record was undertaken on the original dataset (Steinhilber 

et al. 2009) without detrending, although they were interpolated as above to ensure even 

spacing of data-points for wavelet analysis.  

5.3 Results and Discussion 

We apply Lomb-Scargle periodograms to ΔTSI, 88Sr, and 25Mg which plot the 

normalised power against the frequency, with the 95% and 99% significance levels 

indicated (Figure 5.2D, E, F). Continuous wavelet transform (Figure 5.3) plots of power 

normalised by the variance are used to find significance in both the time and 

frequency/periodicity domains for the same records. The 95% significance level is shown 

by black lines, and f indicates the seasonal frequency used to detrend the time series.  
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Figure 5.2 ΔTSI, JC001 88Sr and 25Mg and associated Lomb-Scargle periodograms. A 

The Total Solar Irradiance (Steinhilber et al. 2009); B JC001 88Sr; C The JC001 25Mg; 

Lomb-Scargle periodograms of: D ΔTSI; E 88Sr; F 25Mg. Green shading shows 

significant frequencies that co-occur in all three records, blue shading shows frequencies 

that co-occur in the ΔTSI and 25Mg records, and yellow shading shows frequencies that 

co-occur in the 25Mg and 88Sr records. Significant frequencies are annotated black (99% 

CI) or red (95% CI).  

5.3.1 Agreement Between 25Mg, 88Sr and ΔTSI 

Significant periodicities of 347-366 years (99% CI) and 87-92 years (95% CI) 

are present in all three records (Figure 5.2D, E, F). The smaller frequency peaks are 

similar to the 357-year periodicity observed in 14C records (Sonett & Finney 1990). This 

periodicity was also independently observed in the ΔTSI record (Steinhilber et al. 2009). 

There is uncertainty whether this an independent 347-366-year periodicity, or a potential 

harmonic of the 88-year Gleissberg cycle, which is also present in the 25Mg, 88Sr, and 

ΔTSI records here and commonly observed in environmental data including a Northern 
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Hemisphere speleothem record from the southwestern United States of America 

(Asmerom et al. 2007) (see also Figure 5.1 and Appendix 9.4.2). 

5.3.2 Additional Agreement Between 25Mg and ΔTSI 

The 25Mg record (Figure 5.2F) shows increased correlation to solar forcing 

relative to the 88Sr record (Figure 5.2E). Both 25Mg and ΔTSI (Figure 5.2D) display 

significant periodicities of 287-, 200-206, 127-130-, and 103-105-years. The 287-year 

cycle is significant at the 99% significance level, and has a similar periodicity to the 270-

305-yr cycle shown in East Asian sediment records (Park 2017), proposed as solar-forced 

modulation of the thermohaline circulation (Soon et al. 2014). The ~200-year period is 

significant at the 99% level in both the ΔTSI and 25Mg record. Periodicities of ~200 years, 

are common in environmental records, and are attributed to the de Vries (or Suess) solar 

cycle (Sonett & Finney 1990; Beer 2000; Raspopov et al. 2008). While the de Vries cycle 

is not observed in the sunspot record, it is attributed to solar forcing as it coincides with 

known solar minima (e.g. Maunder, Wolf and Spoerer minima) and is commonly 

observed in cosmogenic isotope data (Eddy 1976; Beer 2000; Raspopov et al. 2008). The 

127-130-year periodicity has also been observed in other paleoclimate archives (Scuderi 

1993; Agnihotri et al. 2002; Asmerom et al. 2007). A 125-year periodicity observed in a 

tree-ring derived temperature reconstruction was attributed to be a harmonic of the 

Hallstattzeit variation (2120-year periodicity), which was proposed to have a modulating 

effect on many of the 14C-derived spectra (Scuderi 1993). The 105-year period in the 

ΔTSI record is significant at the 99% level, while the 103-year period in the 25Mg record 

is significant at the 95% level. Similar periodicities have been observed in stalagmite data 

from the southwest USA (Asmerom et al. 2007) and sediment data from east Asia (Park 

2017). In the southwest USA, this was attributed to solar variability as it is similar to a 

peak observed in Δ14C spectra (Asmerom et al. 2007). 

Other research at this location (Yarrangobilly caves) attributed poor correlation 

between 25Mg and 88Sr to preferential dissolution of host rock(Webb et al. 2014). We 

therefore attribute 25Mg’s increased response to solar forcing as a function of its greater 

response to wet/dry cycles, and propose that this is a result of a modulation of regional 

hydroclimate by solar forcing through changes in synoptic circulation of weather patterns. 

Other work in this mid-latitude region identifies mechanisms of hydro-climate variability 
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due to circulation and moisture pathway changes (Theobald et al. 2016; Theobald et al. 

2018). Our results are consistent with other work which attributes solar variability with 

potential modulation of the Hadley circulation and ocean-atmospheric teleconnections, 

and explains why signatures at these periodicities are observed globally (Figure 1). 

A cross-wavelet transform of 25Mg and 88Sr (see Appendix 9.4.6) shows that they are 

generally in phase, with the exception of ~5 ka BP, when they are out of phase. This is 

contemporaneous with a large spike at ~5 ka BP in both 88Sr and 25Mg (Figure 5.2B, C), 

which may be a result of fluvial contamination of the stalagmite (coeval with a change in 

calcite colour). Both proxies are largely in phase across the ~64-year periodicity and the 

~250-year periodicity, although in the last 2 ka 25Mg led 88Sr in the longer periodicities. 

5.3.3 Non-solar Climate Forcing  

Lomb-Scargle periodograms of both 88Sr  and 25Mg (Figure 5.2E, F) also include 

a range of spectra that do not appear in the ΔTSI record, including statistically significant 

periodicities of 412-440-, 388-, 314-, 235-254-, 219-, and 73-74-years. The 412-440-year 

period may be a harmonic of the de Vries cycle, with a similar 413-year periodicity 

reported elsewhere (Sonett & Finney 1990). The 388-year period is found in Greenland 

Ice Sheet Project 2 δ18O data (as a 387-year periodicity), and is within the same range 

(350-390-years) of periodicities found in Loess deposits in Illinois, USA (Grootes et al. 

1993; Wang et al. 2003). The ~250-year periodicity is also present in the continuous 

wavelet transform during the last 2000 years for both 25Mg and 88Sr (Figure 5.3B, D). In 

the 25Mg record, this periodicity reappears between ~4500-5300 BP, while for 88Sr it 

persists from ~3000-6000 BP. The ΔTSI record shows a significant periodicity close to 

250 years during the last 2000 years, which reappears at ~3000 BP and between 5000-

6000 BP, although this may be closer to the de Vries cycle (as discussed above) than a 

true 250-year periodicity as it does not appear in the Lomb-Scargle periodogram of ΔTSI.  

The 250-year periodicity is observed in other palaeo-climate data, notably in a 

Falkland Island peat reconstruction of Southern Hemisphere westerly airflow over the 

past 2.5 ka (Turney et al. 2016). However, in that study the 250-year periodicity was most 

prominent before 1000 BP, and declined in the last millennia (Turney et al. 2016). While 

this period does not appear in the ΔTSI record, it was attributed to solar forcing, due to 

its coherency with radiocarbon production rates (Turney et al. 2016). The latitudinal 
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location of this record (35.7oS) makes it sensitive to the mean position of the sub-tropical 

ridge, and therefore the strength and position of the westerly winds (Marx et al. 2011; 

Timbal & Drosdowsky 2013; Theobald et al. 2018). This periodicity may indicate 

cyclicity in the strength or position of the sub-tropical ridge during the mid-to-late 

Holocene, which would explain its presence in both our stalagmite record and the 

Falkland Islands record (Turney et al. 2016), despite the more southerly location of the 

latter. Strontium isotopes in speleothems have been shown to be sensitive to aeolian 

inputs (Fairchild & Treble 2009). As such, 88Sr may be a more effective indicator of the 

influence of the sub-tropical ridge, since previous research has shown that dust transport 

in southeast Australia can be linked with the intensity and position of the sub-tropical 

ridge (Marx et al. 2009). A similar periodicity has also been observed in marine sediment 

from the Northeast Pacific, but solar forcing was discounted as the data did not correlate 

with 14C variability (Patterson et al. 2004). The 220-year period was also identified in 

both the IntCal04 14C and GRIP 10Be data, and was attributed to solar forcing (Knudsen 

et al. 2009). However, these authors noted that amplitudes in 14C were larger than those 

in 10Be, and proposed that ocean climate-feedbacks in the form of changes to the 

thermohaline circulation may impact the carbon cycle and therefore atmospheric Δ14C 

(Stuiver & Braziunas 1993; Knudsen et al. 2009). This ocean feedback would impact the 

14C while leaving 10Be unaffected (Knudsen et al. 2009). The 73-74 year periodicity in 

the 25Mg record, this periodicity persists for the last ~3.5 ka, and reappears at ~5 ka BP 

(Figure 5.3A, Appendix 9.4.4C, D), while in the 88Sr record the periodicity persists for 

most of the record. This periodicity has been observed in other palaeo-climate records, 

and has been attributed to either the Pacific Decadal Oscillation or the Gleissberg cycle 

(Patterson et al. 2004; Asmerom et al. 2007; McGowan et al. 2010).  
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Figure 5.3 Continuous wavelet transform of proxy records. 25Mg (A, B), 88Sr (C, D) and 

ΔTSI (Steinhilber et al. 2009) (E), where f is the seasonal frequency used to detrend the 

timeseries. Significant periodicities (95%) are indicated by the black outline. ΔTSI is not 

detrended. Note that plots output from the ‘biwavelet’ package have been flipped 

horizontally to be consistent with the x-axes in Figure 2 and accepted practice in 

presenting palaeo-climate proxy data.  

The 88Sr record also includes an additional significant periodicity of 55-67-years 

(Figure 5.2F; Figure 5.3C; Appendix 9.4.5C). This signal persists for the whole 6.5 ka yrs 

of the 88Sr record and has been observed in a range of climate reconstructions (Agnihotri 

et al. 2002; Asmerom et al. 2007; McGowan et al. 2010; Park 2017). A peat core 

reconstruction of hydroclimate in the mid-to-late Holocene for this study region attributed 

a similar periodicity to either the penta-decadal Pacific Decadal Oscillation and/or the 

Gleissberg cycle (McGowan et al. 2010). A similar periodicity (50-70-years) in east Asian 

sediment records was also attributed to the Gleissberg cycle (Park 2017), and a periodicity 

of 65-68-years in a speleothem record from the southwest USA was attributed to solar 

forcing (Asmerom et al. 2007). Other research has linked the Gleissberg cycle and Pacific 

Decadal Oscillation, arguing that the solar cycle may keep the Pacific Decadal Oscillation 

on time (Shen et al. 2006). A 56-year period in marine sediment from the North East 

Pacific was also attributed to solar forcing (Patterson et al. 2004).  
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While neither the 55-67-year nor 73-74-year signals are shown in the Lomb-

Scargle periodogram of ΔTSI (Figure 5.2C), they do appear in the continuous wavelet 

transform, where they are persistent throughout the last 6.5 ka (Figure 5.3E). However, 

since the periodicities do not appear in the ΔTSI Lomb-Scargle periodogram, we attribute 

them to either the Pacific Decadal Oscillation or non-direct-solar modulation of that 

signal at this periodicity.  

5.4 Conclusion 

Longer climatic records and improved understanding of solar and climate-ocean 

forcing are necessary to understand natural climate variability. We have presented a ~6.5 

ka record of stalagmite 25Mg and 88Sr from the mid-latitudes which shows significant 

(95% and 99% confidence intervals) agreement with known solar and ocean-climate 

periodicities reported globally, and which vary in time. We have shown that, like many 

environmental records, both 25Mg and 88Sr include periodicities similar to the Gleissberg 

solar cycle. 25Mg correlates better with the ΔTSI record than 88Sr (i.e. 25Mg includes more 

frequencies also found in the ΔTSI record), and this record includes periodicities 

indicative of the ~200-year de Vries cycle, a harmonic of the Hallstattzeit variation, and 

an additional unnamed 103-105-year periodicity. We attribute the increased correlation 

of 25Mg with solar forcing signals (relative to 88Sr) to its greater response to wet/dry cycles 

and solar-forced changes of synoptic weather patterns and their cumulative signatures on 

climate. Solar forcing alone (as represented by ΔTSI) cannot account for all of the 

significant frequencies in the proxy records. Both 25Mg and 88Sr include periodicities 

which are not present in the ΔTSI record, most notably, a ~250-year periodicity in both 

proxies which has also been observed in a reconstruction of Southern Hemisphere 

westerly airflow (Turney et al. 2016). While this periodicity is more persistent in our 

record (lasting for the entire last 2 ka), we take it to indicate cyclicity in the strength or 

position of the sub-tropical ridge, as palaeo-climate records from the region have 

previously been shown to be sensitive to its position (Marx et al. 2011). The physical 

mechanism for this cyclicity in the strength and position of the sub-tropical ridge may be 

the result of a strengthened South Pacific split jet due to solar forcing, resulting in 

increased airflow over the mid-latitudes, or modulation of the Southern Annular Mode 

during late winter/spring (when effective precipitation at the site tends to be positive) 
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(Kuroda & Yamazaki 2010; Chiang et al. 2014). Since the Snowy Mountains region is 

influenced by both Southwestern and Northwestern moisture pathways, the mean position 

of the sub-tropical ridge influences both the source and quantity of precipitation to the 

region (Theobald et al. 2016; Theobald & McGowan 2016). Both 25Mg and 88Sr also 

include periodicities attributed to the Pacific Decadal Oscillation (73-74 years and 55-67 

years), a result which agrees with other regional proxy records (McGowan et al. 2010). 

We have shown that palaeo-climate records from the mid-latitudes of the Southern 

Hemisphere record a range of periodicities associated with solar and other climatic 

forcings recorded globally and at a range of latitudes. These results improve our 

understanding of the cyclic nature of climate variability in the region, and will contribute 

to more accurate prediction of future climate.  
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6.1 Introduction 

The Last Interglacial (LIG) is thought to be an appropriate analogue for likely 

future climate, as global mean temperatures were ~+2°, in line with predictions for global 

mean temperature by 2100 (~+1.8 ± 0.5°C RCP4.5) (Otto-Bliesner et al. 2006; 

Intergovernmental Panel on Climate Change 2013; Capron et al. 2014). The timing and 

global impact of the LIG is poorly constrained; in Europe, dates for the onset and 

termination of the Eemian (the terrestrial European LIG) differ by ~5 kyr (Tzedakis 

2003). While the LIG loosely follows the timeline of Marine Isotope Stage 5e (MIS5e), 

interglacial conditions have been shown to precede the 65°N summer insolation 

maximum at ~127 ka BP (Edwards et al. 1987; Muhs et al. 2002). However, obliquity 

peaked before precession (unlike the present interglacial), and insolation had reached the 

equivalent of the Holocene peak by 131 ka BP (Tzedakis 2003). Based on a summary of 

26 peer reviewed papers (see Figure 6.1 and Appendix 9.5.1), the LIG can be summarised 

as beginning around ~129 ka BP, and ending at ~116 ka BP. These dates coincide with 

the definition of MIS5e used by Dutton et al. (2015), based on the period of time during 

which global mean sea level was above that of the present day (Stirling et al. 1998; 

Intergovernmental Panel on Climate Change 2013).  
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Figure 6.1 Boxplot showing the variability in timing of the last interglacial, where the 

centre line is the median, the area bounded by the green shading is the 25th and 75th 

percentiles, and the whiskers are the maximum and minimum values (within ± 150% of 

the inter-quartile range). Points are outliers (outside ± 150% of the interquartile range). 

See Appendix 9.5.1 for references. 

While Marine Isotope Stages 11 and 19 may be more appropriate analogues for 

future global climate, since orbital forcing parameters and/or CO2 levels during these 

interglacials were more similar to those of the present and near-future (Loutre & Berger 

2003; Past Interglacials Working Group of PAGES 2016), Marine Isotope Stage 5e 

(MIS5e) is thought to be an appropriate analogue for regional climate (Kukla, Clement, 

et al. 2002; Otvos 2015). MIS5e is also more recent, meaning that higher resolution 
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terrestrial proxy records, such as those from speleothems, are more likely to be present in 

geologic archives. Resolving the timing, duration, climate conditions, and forcing of the 

LIG, especially for areas which are under-represented in palaeo-climate records, such as 

the mid-latitudes of the Southern-Hemisphere, will allow a better understanding of the 

global LIG. This is critical in order to understand interglacial climate and natural 

variability, and is necessary for predicting and constraining predictions of future climate 

(Tzedakis 2003).  

Speleothems, unlike other common proxies of LIG climate such as ice cores, can 

be dated absolutely using U-series methods. This gives the advantage of improved 

chronology which may let us constrain LIG events and duration with more certainty. 

Speleothems are not geographically limited and as such include information about 

terrestrial climate at all latitudes outside the polar regions. Speleothem proxy data has 

been used to describe and constrain the timing of the LIG in Europe (Lauritzen 1995; 

Spötl et al. 2002; Holzkämper et al. 2004; Drysdale et al. 2005; Couchoud et al. 2009), to 

describe the period in North America (Winograd et al. 1992), to investigate the LIG Asian 

Monsoon (Yuan et al. 2004; Wang et al. 2008), and to constrain the onset and duration of 

the LIG in southern Australia (Zhao et al. 2001). While δ18O is the most common proxy 

used in speleothem palaeo-climate research, trace elements (such as Sr and Mg) have also 

been used to infer past climates (Li et al. 2005; Johnson et al. 2006; Webb et al. 2014; 

Campbell et al. 2018; Allan et al. 2018).  

Australia is under-represented in paleoclimate archives, particularly for the LIG. 

Understanding climate drivers and significant periodicities during key climate phases is 

not only important for local to regional climate, but also for global climate. Research of 

the Australian LIG is largely limited to lake sediments, coral records, and stratigraphy 

from the interior ephemeral lakes and springs (Figure 6.2). Of the two Australian 

stalagmite records of a length that covers the LIG, one experienced a hiatus during the 

LIG, which the authors attributed to regional evaporation exceeding precipitation as 

occurs currently (Ayliffe et al. 1998), while the other is a record of growth rate, and does 

not include any high-resolution geochemical data (Zhao et al. 2001). Ayliffe et al. (1998) 

presented a composite record of speleothems from the Naracoorte Caves, South Australia 

which covers the last 500 ka. They showed that speleothem growth was limited to stadials 

and cool interstadials, with growth beginning after interglacial and warm interstadial 
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conditions and ending at glacial maxima (Ayliffe et al. 1998). They also found that 

deposition intervals in the last 120 ka corresponded to pluvial events in southern 

Australia, including growth during Marine Isotope Stage 5d (MIS5d, the early last glacial) 

which corresponded to evidence of a wet episode in New South Wales (Ayliffe et al. 

1998). Zhao et al. (2001), in a study of Tasmanian speleothem growth rates, showed that 

the onset of the terrestrial LIG conditions was contemporaneous with the onset of marine 

LIG conditions in southern Australia. They found that maximum speleothem growth rates 

occurred between 129.2 (± 1.6 ka) and 122.1 (± 2.0 ka) (Zhao et al. 2001). Their results 

also showed that the stalagmite growth rate declined at around 121.8 ka BP until ~116.5 

ka, when stalagmite growth effectively stopped.  

Previous research from the Yarrangobilly Caves, New South Wales, Australia, 

of current interglacial climate has shown a range of significant solar and ocean-forcing 

signals, including periodicities that are consistent with those of the de Vries and 

Gleissberg solar cycles, the Pacific Decadal Oscillation (PDO), and an unnamed ~250-

year periodicity that has been shown to occur in other Southern Hemisphere proxy records 

(Patterson et al. 2004; Turney et al. 2016; Pérez-Rodríguez et al. 2016; Campbell et al. 

2018).  

Here, a record of 25Mg and 88Sr from southeast Australia (35.73°S, 148.49°E) 

for the LIG and early glacial period from a single stalagmite (GC001) removed from the 

Yarrangobilly Caves is presented. Considering the relatively sparse coverage of palaeo-

climate proxy records for the Australian LIG, the high resolution record of 25Mg and 88Sr 

(~1.5-years for the LIG, and ~2 years for MIS5d), provides an opportunity to investigate 

decadal and sub-millennial climatic variability and forcing during and immediately after 

the Australian terrestrial LIG. Previous research of Australian LIG climate has not yielded 

records of either the length or resolution to be able to investigate sub-centennial climatic 

forcing during this period.  

6.2 Methods 

6.2.1 Site description 

Stalagmite GC001 was removed under New South Wales Parks and Wildlife 

Scientific licence SL100538 from the Yarrangobilly Caves, New South Wales, Australia 
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(35.73° S; 148.49° E; 980 m AHD) in 2012. The caves are located at the northern end of 

the Snowy Mountains, at the energy-water balance threshold (McGowan et al. 2018). 

Regional climate is currently influenced by the northern extension of the mid-latitude 

westerly winds and experiences cool to cold montane temperatures through winter, while 

in summer warm to hot and dry conditions dominate. Key climate teleconnections 

including the El Niño-Southern Oscillation, Southern Annular Mode, Pacific Decadal 

Oscillation and Indian Ocean Dipole are known to influence regional hydroclimate 

(McBride & Nicholls 1983; Ashok et al. 2003; McGowan et al. 2009; Theobald et al. 

2016; Ashcroft et al. 2016; Campbell et al. 2018). Time series analysis of a Laser Ablation 

Inductively-Coupled Plasma Mass Spectrometry record of 88Sr and 25Mg from the end of 

the LIG (~123.5 ± 0.67 – 118 ± 0.62 ka BP) and from MIS5d (~106 ± 0.65 – 103.2 ± 0.45 

ka BP) is presented.  

 

Figure 6.2 Map of Australian LIG proxy records indicating the type of proxy – References 

A to P are listed in Appendix 9.5.2 
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6.2.2 Laser Ablation Inductively-Coupled Plasma Mass Spectrometry 

The same methods as those presented in Chapter 5 are applied here, with six 50 

mm  8 mm  10 mm sections sampled from the growth axis of the stalagmite. These 

were polished to 1 μm and cleaned with Milli-QTM water in an ultrasonic bath, then dried 

at 60°C. 43Ca, 88Sr and 25Mg data were obtained by Laser-Ablation Inductively-Coupled 

Plasma Mass-Spectrometry at the Australian Nuclear Science and Technology 

Organisation using a Resonetics M50 193 nm Excimer laser ablation system coupled to 

a Varian-820 –ICP MS. A rectangular laser spot (340 μm  150 μm) and a laser pulse 

frequency of 10 Hz were applied. Ablation paths were cleaned by laser at a rate of 150 

μm s-1 prior to analysis at 30 μm s-1 with helium and nitrogen flow rate of 600 and 5 

ml/min respectively through the sample cell. Mass spectrometry was conducted with a 

dwell time of 50 ms. All elements were referenced to NIST SRM612. As the NIST glass 

references are not certified for Mg, the reference value supplied by the Iolite software (77 

ppm) was used (Paton et al. 2011). Mass spectrometry data were processed with Iolite 

normalised to 43Ca as the Internal Standard.  

6.2.3 Age Model 

The age model was constructed using an ensemble of 30 iterations of the StalAge 

algorithm, with 8 U/Th dates (Figure 6.3) (Scholz & Hoffmann 2011). Although it has 

been recommended that age models for stalagmites with known hiatuses be calculated in 

discrete sections (Scholz & Hoffmann 2011), the maximum difference between two 

discrete age models and one continuous age model was just 30 years (maximum), well 

within the 2σ error of the ages. As such, just one age model over the whole stalagmite 

was applied, and points between 100 mm and 140 mm were excluded to ensure that the 

hiatus was avoided. Full Uranium-series dating results are presented in Table 6.1.  
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Figure 6.3 GC001 Age Model, dotted line indicates the 2σ error 
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Table 6.1 Uranium Series dating for 8 samples from GC001 with ages shown as years ka BP relative to 1950 with ± 2σ, and corresponding year BCE.  

 

Note: Ratios listed in the table refer to activity ratios normalized to the corresponding ratios measured for the secular-equilibrium HU-1 standard. 

230Th ages are calculated using Isoplot/Ex 3.75 (Ludwig 2012), using decay constants of Cheng et al. (2000). Non-radiogenic 230Th correction was applied 

assuming non-radiogenic 230Th/232Th atomic ratio = 4.4 ± 2.2 x 10-6 (bulk-earth value), and 238U, 234U, 232Th and 230Th are in secular equilibrium. Non-

radiogenic 230Th correction results in large age error magnification for samples with low 230Th/232Th ratios. uncorr. and corr. denote uncorrected and 

corrected. BP refers to before present where present = 1950AD. BCE denotes before Common Era. 

Sample Name

Depth 

(mm) U (ppm) ±2s
232

Th (ppb) ±2s

(
230

Th/ 

232
Th) ±2s

(
230

Th/
238

U

) ±2s (
234

U/ 
238

U) ±2s

uncorr. 

230
Th Age 

(ka) ±2s

corr. 
230

Th 

Age (ka) ±2s

corr. 
230

Th 

Age (BP) ±2δ

corr. 
230

Th 

Age (BCE) ±2δ

Initial 

(
234

U/ 
238

U) ±2δ

Time of 

chemistry

WZ04_13 

Gtotto-023 23 0.0527012 2.507E-05 1.0398693 0.0020078 164.78055 0.5316461 1.0715718 0.0028164 1.6587901 0.0013773 103.66441 0.4457953 103.35274 0.4836163 103289.24 483.61633 -101402.7 483.61633 1.8870398 0.002661 2013.5

EG6-6 GC-

060 60 0.0720959 9.395E-05 1.9041896 0.004393 129.98392 0.6320067 1.1314787 0.0050622 1.7353411 0.0026133 104.49062 0.7699671 104.09574 0.817618 104030.34 817.61801 -102145.7 817.61801 1.9935727 0.0044843 2015.4

EG6-7 GC-

100 100 0.0862425 0.0001047 4.9759158 0.0130943 59.950078 0.2587243 1.1399835 0.0041375 1.7185441 0.0018505 107.45719 0.6430881 106.58607 0.8972687 106520.67 897.26874 -104636.1 897.26874 1.9861749 0.0067331 2015.4

EG6-8 GC-

140 140 0.0833889 9.45E-05 0.4274839 0.0012339 721.37486 3.7747904 1.2187928 0.005496 1.7290095 0.0023356 118.39472 0.9245736 118.31937 0.927043 118253.97 927.043 -116369.4 927.043 2.019417 0.0035598 2015.4

WZ04_14 

Gtotto-178 178 0.0713324 5.355E-05 0.7447166 0.0013369 347.28455 1.0239234 1.1949421 0.0029352 1.6913087 0.0012008 119.33595 0.5089741 119.17833 0.5261287 119114.83 526.1287 -117228.3 526.1287 1.9709375 0.0021174 2013.5

EG6-9 GC-

220 220 0.0706293 0.0001124 0.9325326 0.0027199 268.52893 1.1994437 1.1684962 0.0043685 1.6422835 0.002452 121.13066 0.8285585 120.92481 0.8448218 120859.41 844.82176 -118974.8 844.82176 1.9067654 0.0034889 2015.4

EG6-10 GC-

260 260 0.0647042 4.701E-05 6.8689675 0.0147293 30.686155 0.1565892 1.0736402 0.0050323 1.4931803 0.0019435 125.24423 1.0631419 123.37703 1.5931903 123311.63 1593.1903 -121427 1593.1903 1.7193485 0.0088732 2015.4

WZ04_15 

Gtotto-292 292 0.0614609 4.726E-05 1.8928656 0.0045499 104.05347 0.3771124 1.0561715 0.0029777 1.4806077 0.0011954 123.86022 0.6301943 123.31499 0.7091995 123251.49 709.19945 -121365 709.19945 1.6867606 0.00289 2013.5
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6.2.4 Spectral analysis 

Spectral analyses (Lomb-Scargle periodograms and continuous wavelet 

transform) were applied to find significant frequencies and periodicities at the 95% and 

99% confidence levels. Lomb-Scargle periodograms were conducted using the Lomb 

package in the R statistical language on cleaned data (Ruf 1999; R Core Team 2018). For 

the continuous wavelet transform, missing values from data cleaning were replaced with 

imputation by Structural Model and Kalman Smoothing using the imputeTS package in 

R (Moritz 2018; R Core Team 2018). Data were then linearly interpolated to ensure 

regular spacing and in some instances detrended using seasonal decomposition by Loess 

(Cleveland et al. 1990). The continuous wavelet transform of the residuals was computed 

with significance at the 95% level with a morlet mother wavelet and plotted as the power 

normalised by the variance (Gouhier et al. 2016). The morlet mother wavelet was chosen 

as it provides information about both the amplitude and phase of the time series (Janicke 

et al. 2009). The impact of detrending by Loess is further discussed below, see Appendix 

9.4.7.  

Significance in the Lomb-Scargle periodograms is tested by Equation 6.1: 

𝜦 =  −𝐥𝐧 [𝟏 − (𝟏 − 𝜶)
𝟏
𝑴] (6.1) 

Where Λ is the level which a peak must exceed to reach statistical significance 

at a given type I error probability (α) and M is dependent on the number of data points, 

their spacing, and the number of independent frequencies tested (Ruf 1999). Significance 

in the wavelet transform is tested using the Chi-squared test (Gouhier et al. 2016). By 

comparing results with those of the same analyses of a mid-to-late Holocene record from 

the same site (Campbell et al. 2018), the difference between interglacial and early glacial 

climate forcing in southeast Australia is investigated.  

6.3 Results 

During the LIG, 25Mg increases to peak at ~120.3 ± 0.62 ka BP before declining, 

while 88Sr displays a steady downwards trend (Figure 6.4).  
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Figure 6.4 Concentrations of 25Mg and 88Sr between ~123.5 - ~118 ka BP (LIG) and 

~106.2 - ~103.2 ka BP (MIS5d) 

LIG proxy data is more variable than MIS5d data, and both 25Mg and 88Sr include 

more significant periodicities during the LIG than during MIS5d. There are 13 significant 

25Mg periodicities and 33 significant 88Sr periodicities during the LIG, while during 

MIS5d, there are 8 significant 25Mg periodicities and 11 significant 88Sr periodicities (all 

at the 95% confidence level or above) (Figure 6.5). A comparison with a mid-to-late 

Holocene record from the same karst region shows that the three records share 

periodicities, although some are limited to just the interglacial periods (Figure 6.5; Table 

6.2) (Campbell et al. 2018).  
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Figure 6.5 Lomb-Scargle Periodograms of 25Mg and 88Sr during the LIG (A and B 

respectively) and MIS5d (C and D). The red dotted line indicates significance at the 95% 

confidence interval, while the black dashed line indicates significance at the 99% 

confidence interval.  

Results consistent with known solar cycles (e.g. the Gleissberg, de Vries, Hale, 

and Hallstatt solar cycles) occur only in the interglacial records (i.e. LIG and MIS1) 

(Table 6.2). All three records include significant frequencies that correspond to the penta-

decadal signal of the PDO, although there are fewer PDO-length periodicities in the 

MIS5d records relative to both interglacial records.
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Table 6.2 Significant periodicities (99% confidence level, * indicates 95% confidence 

level) of LIG, MIS5d and Marine Isotope Stage 1 (MIS1) 25Mg and 88Sr (MIS1 record 

from Campbell et al. (2018)). Green shading indicates the significant values are found in 

both the LIG and MIS1, blue shading indicates significant values are found in both MIS5d 

and MIS1, peach shading indicates significant values are found in all three records 

Frequency 

Name 
LIG MIS5d 

MIS1 (last 6.5 

ka1) 

88Sr 
25M

g 
88Sr 

25M

g 
88Sr 25Mg 

     942 942 

 926

* 

926

* 
    

     824 824 

 794      

    752   

     733 733 

  694     

     659 659 
 617 617     

   602 602   

     599 599 
 556      

     549 549 

     507 507 
  505     

      471 

 463      

     440 440 

   430    

 427 427     

     412 412 

 397 397     

     388 388 

   376 376   

  370     

     366 366 
  347   347 347 

    334   

     330  

     314 314* 

 309      

   301 301  300 
      287 

 278      

     275  

    273   

  265     

     254 254 

 253      

     244 244 
  242     

     235 235 

 231

* 
 231    

     220 220 

 214
* 

 215    

     213  

De Vries 

solar cycle 
206 206    206 

 198     200 

     194  

 185 185     

 179

* 
179     

    177   

 174      

 168  167    

   158
* 

158
* 

  

 154      

   150    

 146

* 
     

 139      

 135       
Harmonic of 

the Hallstatt 
cycle or sub-

harmonic of 

the Hale 
cycle 

129

* 
     

     127* 

      122 

 118      

 103     103 

      92* 

Gleissberg 

Solar Cycle 

    89*  

88      

 83      

      81 

Pacific 
Decadal 

Oscillation 

75      

    74* 74 
  73   73 

68    67  

67      

65  64*  65  

62      

61      

     55*  

1from Campbell et al 2018 
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During the later part of the record (~106 ± 0.58 - ~103 ± 0.52 ka BP), both 25Mg 

and 88Sr are dominated by longer periodicities (>~250 years) (Figure 6.6). In the 25Mg 

record, this signal is so strong that it is apparent in the data that have not been detrended 

(Figure 6.6A), and is particularly prevalent in the period  ~105 ± 0.48 – 103 ± 0.52 ka BP 

(Figure 6.6A, C, E, F). This longer periodicity persists for most of the 88Sr record within 

the cone of influence (~105.3 ± 0.54 – 103.5 ± 0.48 ka BP) (Figure 6.6J, K, L). The 25Mg 

record displays relatively few sub-centennial significant periodicities, although there is a 

signficiant periocity of around 60-70 years at ~105 ± 0.48 ka BP and in the last ~1500 

years of the record (Figure 6.6B, D). Sub-centennial periodicites are more common in the 

88Sr record, a ~60-year periodicity is significant at ~103.5 ± 0.48, 104 ± 0.37, and 105.5 

± 0.59 ka BP (Figure 6.6H, I, J).  
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Figure 6.6 continuous wavelet transform of 25Mg and 88Sr for the MIS5d record. 
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The older, LIG part of the record includes significant periodicities in both 25Mg 

and 88Sr, at both centennial and decadal scales (Figure 6.7). Both 25Mg and 88Sr include 

long periodicities of between ~250 and ~1000 years (Figure 6.7F, L). In the 25Mg record 

these long periodicities persist for most of the record (~118.5 ± 0.67 - 122.8 ± 0.95 ka 

BP) (Figure 6.7F), while in the 88Sr record a significant periodicity of between ~250 and 

~1000 years only persists between ~120.5 ± 0.65 and 121.5 ± 0.82 ka BP (Figure 6.7L). 

The 25Mg record includes a ~250-year periodicity that persists from ~121 ± 0.71 - 119.1 

± 0.56 ka BP (Figure 6.7D, E), while this same periodicity only persists from ~119.8 ± 

0.47 - 119.1 ± 0.56 ka BP in the 88Sr record (Figure 6.7K). Both proxies include 

significant periodicities of ~60-70 years. In the 25Mg record this periodicity is found at 

~119 ± 0.59 - 118.5 ± 0.67, ~120.8 ± 0.68 - 119.7 ± 0.47, ~122.5 ± 0.97 – 122 ± 0.87, 

and ~123.5 ± 0.67 - 123.3 ± 0.72 ka BP (Figure 6.7B, C). The 88Sr record includes this 

~60-70 year periodicity between ~120.3 ± 0.62 - 119.4 ± 0.49, ~121 ± 0.71 - 120.6 ± 0.66, 

and ~123.5 ± 0.67 - 122.2 ± 0.91 ka BP (Figure 6.7G, H, I). In the 88Sr record this~ 60-

70 year periodicity is apparent even in the raw interpolated data (with trend intact) (Figure 

6.7A).  

There is some evidence of spectral leakage in the wavelet transform, particularly 

in the MIS5d 25Mg record (e.g. Figure 6.6C, D, E). However, the results of the Lomb-

Scargle analysis can be used to constrain it. For example, Figure 6.6C indicates that a 

~250-year periodicity exists in the 25Mg record. The Lomb-Scargle analysis did not find 

any significant ~250-year periodicity in the record, but does include significant 

periodicities of ~215, ~230, and ~300-years. Therefore, it appears that spectral leakage 

has occurred between the shorter and longer frequencies and obscured the results, and the 

MIS5d 25Mg record may not include a significant ~250-year periodicity, despite the 

results of the wavelet transform.  
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Figure 6.7 continuous wavelet transform of 25Mg and 88Sr for the LIG record.  



CHAPTER 6   

123 

6.4 Discussion 

6.4.1 LIG Drying  

The increase in 25Mg throughout the LIG record between ~121.2 ± 0.75 - 120.3 

± 0.62 ka BP may be interpreted as gradual drying of the regional climate. Increased 

concentrations of Mg in Yarrangobilly speleothems has been linked to preferential 

dissolution of Mg (over Sr) from Mg-rich host rock when water-rock contact is longer 

(i.e. when the climate is drier) (Webb et al. 2014). Drying during the late LIG is in 

agreement with the results of a study of speleothem growth rate in Tasmania, which 

associated peak growth rate between 129 - 122 ka BP with wetter conditions, and 

therefore a decline in growth rate after 122 ka BP with the onset of drier conditions (Zhao 

et al. 2001). Similarly, cessation in speleothem growth at Naracoorte Caves during the 

same period has been attributed to drier conditions in South Australia (and evaporation 

exceeding precipitation under interglacial conditions) (Ayliffe et al. 1998). This may 

indicate an expansion of the Hadley Cell and associated expansion south of the sub-

tropical ridge towards the end of the LIG. Kershaw (1978) found that MIS5e was wetter 

than present in northern Australia, and Bowler et al. (1998) and Magee et al. (2004) 

reported record high lake levels in Lakes Woods and Eyre respectively. This supports the 

hypothesis that there was a southern migration in the Hadley Cell, Inter-Tropical 

Convergence Zone and of the Australian summer monsoon during the late LIG. Records 

from regions with precipitation from southern sources (Naracoorte, Tasmania, and the 

Australian Alps) reported dry conditions (Ayliffe et al. 1998; Zhao et al. 2001), while 

northern records and the monsoon-fed Lakes Woods and Eyre indicated enhanced pluvial 

activity (Kershaw 1978; Bowler et al. 1998; Magee et al. 2004). Peak dryness at ~120 ± 

0.52 ka BP (as inferred by the LIG 25Mg record) also coincides with the return of cooler 

conditions in northern Europe, as summer insolation declined at the end of the LIG 

(Tzedakis 2003). Climate models have linked a cooler Northern Hemisphere with a 

southward displacement of the Inter-Tropical Convergence Zone (Broccoli et al. 2006). 

Therefore, the reduction in 25Mg after 120 ± 0.52 ka BP may be an indicator of a return 

to wetter conditions, as is thought to have occurred for the period 120 - 90 ka BP, with 

maximum precipitation occurring in Lake Eyre between 110 - 100 ka BP (Croke et al. 

1999; Priestley et al. 2017).  
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6.4.2 Solar Forcing and the Pacific Decadal Oscillation in the LIG 

The Pacific Decadal Oscillation is a pattern of Pacific Ocean climate variability 

characterised by two primary periodicities – one of 15-25 years, and the other of 50-70 

years (Mantua & Hare 2002). The warm phase of the PDO is associated with anomalously 

dry periods in eastern Australia and anomalously wet periods in western Australia 

(Mantua & Hare 2002). While Pacific Ocean variability (as either the Pacific Decadal 

Oscillation or Inter-decadal Pacific Oscillation) has been linked to climate trends in 

Australia (Power et al. 1999; Kiem & Franks 2004; McGowan et al. 2010; Ashcroft et al. 

2016; Theobald et al. 2016), a recent review of the literature has indicated that the PDO 

is an expression of multiple tropical and extra-tropical processes, and that care is required 

when attributing climate variability to PDO ‘forcing’, unless physical mechanisms are 

well established (Newman et al. 2016). Nonetheless, its expression in proxy data (Figure 

6.5; Figure 6.6; Figure 6.7; Table 6.2) indicates some correlation with Pacific Ocean 

variability and is an important part of understanding climate variability. 

The LIG includes several significant periodicities that correspond to the penta-

decadal signal of the PDO. Lomb-Scargle periodograms show that these periodicities are 

seen only in the 88Sr record (Figure 6.5B; Table 6.2). This is supported by wavelet 

analysis which shows more significant periodicities of PDO-length in the 88Sr record 

relative to the 25Mg record (Figure 6.7). The PDO-length periodicities are also more stable 

in the 88Sr record, and appear through several iterations of the detrended record (Figure 

6.7G: L). Previous research from the same site has shown similar significant periodicities 

during MIS1 (Table 6.2) (Campbell et al. 2018). Again, in the MIS1 record, PDO-length 

periodicities are found primarily in the 88Sr record, although the 25Mg record also includes 

a significant periodicity of ~73-74 years (Table 6.2) (Campbell et al. 2018). Conversely, 

the early-glacial record presented here includes limited evidence of correlation with the 

PDO, with just two significant PDO-length periodicities found in the 88Sr record for that 

period, and none in the 25Mg data (Table 6.2; Figure 6.5C, D). This is supported by the 

wavelet analysis, which shows limited persistence of PDO-length periodicities for the 

entire 25Mg record, while the signal is more stable in the 88Sr record, although both may 

be subject to spectral leakage, as discussed above (Figure 6.6). It has been suggested that 

the ~88-year Gleissberg solar cycle could be the ‘pacemaker’ of the PDO (Shen et al. 

2006, p.3).  
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Lomb-Scargle periodograms of the LIG, MIS5d, and MIS1 trace element data 

have shown that only the interglacial records (LIG and MIS1) include significant 

periodicities that correspond to the Gleissberg cycle (Table 6.2). In the LIG record only 

the 88Sr data includes a similar significant periodicity (~88 years), just as only the 88Sr 

data includes PDO-length periodicities, while in the MIS1 record both 25Mg and 88Sr 

include significant periodicities that are consistent with the Gleissberg solar cycle (~92 

and ~89 years), and both the 25Mg and 88Sr data include PDO-length periodicities (Table 

6.2). The early-glacial (MIS5d) record does not include any significant periodicities that 

are consistent with the Gleissberg cycle, which may relate to the reduced evidence of the 

PDO seen in the record (i.e. just two significant PDO-length periodicities in the 88Sr 

record) (Table 6.2). Our results support the hypothesis that the Gleissberg solar cycle may 

act to maintain the timing of the PDO as suggested by Shen et al. (2006). 

6.4.3 Interglacial Cycles 

A number of significant periodicities (99% or 95% confidence) are found only 

in the interglacial records (Table 6.2). This includes cycles of ~500, ~350, ~250, ~200, 

~130, ~88-years. In the LIG record a ~500-year periodicity is only present in the 25Mg 

data, while in the MIS1 record it is found in both 88Sr and 25Mg data (Campbell et al. 

2018). During the LIG this ~500-year cycle is persistent in the 25Mg between ~121.3 ± 

0.77 – 120.1 ± 0.57 ka BP and ~119.5 ± 0.48 - 118.7 ± 0.67 ka BP, although the short 

duration may indicate that it is not very robust. This periodicity corresponds to a ~500-

year cycle recorded in a Belgian speleothem and attributed to solar forcing (Allan et al. 

2018), based on its presence in solar activity proxies (Steinhilber et al. 2012; Soon et al. 

2014). Like the ~500-year periodicity, a ~350-year periodicity in the LIG record is only 

found in the 25Mg data, although it is found in both 88Sr and 25Mg in the MIS1 record 

(Table 6.2) (Campbell et al. 2018). During the LIG this signal is significant between 

~121.3 ± 0.77 – 120.2 ± 0.6 ka BP, the period in the record when the 25Mg concentration 

was increasing (indicating drying of conditions). In the MIS1 record this periodicity is 

significant in the last ~1000 years, although it is near the edge of the cone of influence 

and thus may not be a robust signal (Campbell et al. 2018). This ~350-year cycle has also 

been observed in a Belgian speleothem trace element record and a dendrochronological 

sunspot reconstruction (Solanki et al. 2004; Allan et al. 2018).  



CHAPTER 6   

126 

A ~250-year periodicity is seen in the LIG 25Mg and 88Sr record (Table 6.2; 

Figure 6.5), and wavelet analysis (Figure 6.7). The wavelet analysis shows that this signal 

persists for about 2 ka in the 25Mg record and for ~700 years in the 88Sr record. A similar 

periodicity was observed in the MIS1 record and was attributed to cyclicity in the strength 

or position of the sub-tropical ridge, as a ~250-year periodicity from the Falkland Islands 

had been observed in a reconstruction of Southern Hemisphere westerly airflow (Turney 

et al. 2016). In both the LIG 25Mg and 88Sr, this periodicity is significant during the time 

when the region is drying (as inferred by the 25Mg record discussed above), although the 

relatively short duration of the signal in the 88Sr record may indicate that it is not very 

robust. The short expression of this signal in the 88Sr LIG record is in contrast to the MIS1 

record, where the signal was more persistent in the 88Sr record (Campbell et al. 2018). 

While results presented here appear to contradict the hypothesis that the ~250-year signal 

is related to the mean strength and position of the sub-tropical ridge, increased pluvial 

activity in central Australia at this time could have suppressed the expression of the cycle 

in the 88Sr record, which is subject to the influence of aeolian inputs (Kershaw 1978; 

Bowler et al. 1998; Magee et al. 2004; Fairchild & Treble 2009). As such, these findings 

support previous results which hypothesised that the cycle is related to the mean position 

and strength of the sub-tropical ridge.  

Periodicities correlating to that of the de Vries solar cycle (~205 years) are 

present in both interglacial records. In the LIG record this periodicity is found in both the 

25Mg and 88Sr data, while in the MIS1 data it is only found in the 25Mg record (Campbell 

et al. 2018). The de Vries cycle has been observed in a range of palaeo-climate proxies, 

including cosmogenic isotope data (Eddy 1976; Beer 2000; Raspopov et al. 2008), and 

stalagmite trace elements (Allan et al. 2018). This periodicity has been identified in other 

interglacial proxy data and attributed to solar forcing as it is present in reconstructions of 

total solar irradiance (Steinhilber et al. 2009; Park 2017). 

A ~130-year periodicity is observed in LIG 88Sr and MIS1 25Mg (Campbell et 

al. 2018). The same periodicity has been observed in Holocene lake sediment magnetic 

susceptibility data and attributed to solar forcing of the Indian summer monsoon (Warrier 

et al. 2017). A similar periodicity has been observed in north American aurora 

observations and aridity proxy data, and in a Holocene speleothem trace element record 

(Yu & Ito 1999; Allan et al. 2018). Allan et al. (2018) attributed the periodicity to a 
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subharmonic of the ~22-year Hale solar cycle, based on work done by Attolini et al. 

(1990), although Scuderi (1993) attributed a similar cycle in a dendrochronological record 

to a harmonic of the Hallstatt cycle. As such, this periodicity corresponds to a solar 

forcing signal, although it is unclear to which signal. Both interglacial records show high 

correlation with known solar periodicities, indicating that solar forcing has a considerable 

impact on interglacial climate in southeast Australia.  

6.4.4 Glacial and Interglacial Conditions in Southeast Australia 

The GC001 record gives us the opportunity to compare the climate of southeast 

Australia under both interglacial and early glacial conditions. The LIG proxies exhibit 

more variability than the early glacial record (Table 6.2). Like MIS1 (Campbell et al. 

2018), the LIG record contains significant periodicities that correspond to the known 

solar-forcing signals (e.g. the de Vries, Hale or Hallstatt, and Gleissberg solar cycles, 

discussed above), while the MIS5d record does not contain either of these periodicities. 

This indicates that solar forcing may be an important contributor to interglacial climate 

in southeast Australia. The LIG data also include a greater number of significant 

periodicities than the MIS5d data, although significant periodicities during MIS5d tend 

to be longer and remain stable for much of the ~3 ka record (Figure 6.6), indicating a 

more stable climate relative to the interglacial climates of the LIG and MIS1. However, 

this contradicts results the Northern Hemisphere which indicate abrupt climate change 

related to the onset of Dansgaard-Oeschger events at around this time (Columbu et al. 

2017). Dansgaard-Oeschger events are a series of abrupt climate changes first observed 

in Greenland ice cores and which characterised the climate of the last glacial period 

(Dansgaard et al. 1993; Columbu et al. 2017). The impact of Dansgaard-Oeschger events 

is thought to be relatively muted in the Southern Hemisphere, although it manifests in an 

inverse relationship between temperatures in the northern Atlantic and Antarctica 

(Blunier et al. 1998; Markle et al. 2017). The bipolar oceanic and atmospheric see-saws 

have been proposed as physical mechanisms linking Greenland and Antarctic temperature 

variability (EPICA 2006; Markle et al. 2017). It is possible that the MIS5d record 

presented here does not have the resolution or age control necessary to capture this muted 

Southern Hemisphere signal, although Dansgaard-Oeschger interstadial 24 falls within 

the MIS5d record (Dansgaard et al. 1993). Alternatively, DO events may not have had a 
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large impact on terrestrial Australian climate, although more data is needed to investigate 

this hypothesis.  

6.4.5 Timing of the LIG 

Due to the paucity of high-resolution, absolutely dated proxy records, 

uncertainty remains in the timing and climate conditions of the Last Interglacial, both 

regionally and globally (Figure 6.1). In Australia, there has been limited research into the 

terrestrial climate of LIG using proxies that can be absolutely dated (Figure 6.2). As such, 

the GC001 record gives the opportunity to constrain the end of the terrestrial LIG, as it 

covers part of both the LIG and MIS5d, and is absolutely dated using U-series dating. A 

single terrestrial comparison can be made with a Tasmanian stalagmite which had a 

growth rate that correlated with Western Australian coral growth, and which stopped 

growing at ~116 ka BP (also the mean end time from Figure 6.1, n = 26) (Zhao et al. 

2001). Wavelet analysis of the LIG GC001 record shows that there are no significant 

periodicities in either 25Mg or 88Sr after ~118.5 ± 0.67 ka BP (Figure 6.7), aside from a 

short period of a PDO-length signal in the 88Sr record at ~118 ka ± 0.62 BP (Figure 6.7D). 

This corresponds with a sharp drop in both 25Mg and 88Sr concentrations (Figure 6.4). 

Since the PDO-length periodicity in the LIG 88Sr record after ~118.5 ± 0.67 ka BP is also 

present in the MIS5d 88Sr record, it appears that this periodicity continued into the early 

glacial period (Table 6.2). The cessation of all other significant periodicities may indicate 

a change in regional climate, which may be associated with the onset of terrestrial early-

glacial conditions and the end of the LIG in Australia at ~118.5 ± 0.67 ka BP. 

6.5 Limitations 

Unlike the MIS1 record which is used as a baseline comparison for this research 

(Campbell et al. 2018), GC001 has relatively poor age control (Figure 6.3). The age model 

includes just eight dates, five of which cover the LIG and three of which cover MIS5d. 

All of these dates have a 2σ error of >400 years, with a maximum error of nearly 1600 

years (Table 6.1). While this uncertainty is due to the low Uranium content in the samples, 

it propagates through the analyses and impacts certainty in both the timing of events and 

the spectral analyses (if the growth rate is not consistent). Additional dates, particularly 
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for the MIS5d record, would help to resolve some of this uncertainty, though the low 

Uranium content is still an inherent limitation on confidence in individual age precision.  

Data for the wavelet transform are detrended in order to filter low frequencies 

and enhance higher frequencies in the analysis. While filtering data is common in time 

series analysis (Turney et al. 2004; Foullon et al. 2004; Nakariakov et al. 2010; Warrier 

et al. 2017), it can result in false significance (Nelson & Kang 1981; Auchère et al. 2016). 

The impact of any false significance is reduced by focusing only on periodicities that are 

present in both the Lomb-Scargle periodograms and the wavelet transform. In addition, a 

repeat analysis on a pseudo-record indicated that while there is some evidence of white 

noise becoming ‘significant’ at double the Loess smoothing interval, the significance is 

not sustained (Appendix 9.4.7). As such, any false attribution of significance in the LIG 

and MIS5d records is likely to be minimal.  

Stalagmite GC001 shows evidence of recrystallization. While effort was made 

to avoid obvious intrusions for the LA-ICP-MS analysis, results may be impacted. 

However, analysis of recrystallized samples may still yield interesting results. High 

concentrations of both Sr and U have been attributed to recrystallization (Ortega et al. 

2005). GC001 Sr and U concentrations are low, which may indicate that recrystallization 

has not had a large impact (Ortega et al. 2005). In addition, by focusing the analyses on 

spectral methodologies rather than on changes in and correlations between absolute 

values, some of the pitfalls of analysing recrystallized specimens may have been avoided. 

The results are sensible and grounded in physical processes which supports our 

assumption, and there are no abrupt changes in the trace element data when moving 

between affected and unaffected areas.  

A known issue in proxy climate reconstructions is the assumption of geological 

and/or geomorphological stationarity. That is, the assumption that the proxy response will 

remain proportional to changes in climate over time (Gedalof et al. 2002; Jones & Mann 

2004; Bradley et al. 2010; Baker et al. 2013; Moerman et al. 2014). While GC001 

provides an interesting opportunity to research regional climate over the interglacial-

glacial transition, its response to climatic and hydrological forcing is assumed to be 

stationary. This may be an incorrect assumption, and changes in local hydrological 

pathways alone could account for the change in trace element behaviour over the two 

different periods. Additionally, stalagmite growth did not recommence at the onset of 
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Holocene interglacial conditions, which may itself be an indicator of geological non-

stationarity. Characterising the transfer of environmental signal to proxy record is 

considered a fundamental part of developing a stalagmite proxy-climate record (Fairchild, 

Tuckwell, et al. 2006; Cobb et al. 2007; Lachniet 2009). However, the absence of an 

actively discharging stalactite made any investigation of the contributing hydrology 

impossible. This was further motivation to avoid absolute climate reconstruction and 

direct comparison using isotope data, and to instead focus on the application of spectral 

analyses.   

The attribution of proxy-climate periodicities to any kind of external forcing is 

potentially erroneous. Turner et al. (2016) compared spectral analysis of high-resolution 

proxy climate datasets with random walk simulations and found that the simulations 

included frequencies similar to those in the proxy-climate data. They concluded that 

random variations, transfer mechanisms, sample resolution, and age models may be 

responsible for the periodicities found in the proxy records, and therefore ensembles of 

records would be required to filter these signal-noise effects (Turner et al. 2016). As such, 

results of this analysis should be treated with scepticism until comparable proxies from 

the region are found. 

6.6 Conclusion 

Despite differences in orbital forcing mechanisms compared to the current 

interglacial (MIS1), the LIG is thought to be an adequate analogue of future regional 

climate change (Kukla, Clement, et al. 2002; Otvos 2015). GC001, a stalagmite from the 

Yarrangobilly Caves, New South Wales, Australia, grew during both the LIG and early 

glacial period, allowing a comparison between interglacial and early glacial climate for 

southeast Australia. Results show that the climate of the Australian LIG was more 

variable than that of the early glacial period, as indicated by variation in the raw data and 

by spectral analysis which shows that interglacial periods include a wider range of climate 

cycles, while the early glacial period is characterised by long, stable climate cycles. The 

interglacial periods are both characterised by the presence of signals that correspond to 

known solar-forcing (e.g. the Hallstatt, Hale, Gleissberg and de Vries solar cycles), and 

periodicities which are consistent with the PDO are more persistent in the interglacial 

records. Since periodicities which correspond to that of the Gleissberg solar cycle are 



CHAPTER 6   

131 

only observed in the interglacial records, results support the hypothesis that the 

Gleissberg solar cycle acts to keep the PDO on time (Shen et al. 2006). A ~250-year 

signal observed in the MIS1 record was previously attributed to a cyclic shift in the 

strength and mean position of the sub-tropical ridge (Campbell et al. 2018). This same 

periodicity is found in the LIG record. The subdued expression of the ~250-year 

periodicity in the LIG 88Sr record is consistent with reduced dust input from central 

Australia during an enhanced Australian monsoon at the end of the LIG. As such, results 

support the earlier findings which indicated the ~250-year periodicity is linked to 

cyclicity in the strength and position of the sub-tropical ridge.  

The GC001 record covers the much-debated end of the LIG. The end of 

significant periodicities in both 25Mg and 88Sr (other than a PDO-length signal) at ~118.5 

ka BP coincides with a decrease in the concentrations of both proxies. From this, it 

appears that terrestrial interglacial conditions may have ended earlier than previously 

thought in Australia. GC001 has provided the opportunity to investigate natural climate 

variability during both interglacial and early glacial period in Australia. It has shown that 

climate forcings during the LIG are similar to those of the mid-to-late Holocene, and are 

distinct from those of the early glacial period. The record has supported the hypothesis 

that the Gleissberg solar cycle underpins the behaviour of the PDO, that a ~250-year 

periodicity is likely related to the means strength and position of the sub-tropical ridge, 

and has suggested that terrestrial interglacial conditions ended earlier than previously 

thought in southeast Australia.  
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7.1 Overview 

This thesis seeks to make a contribution to the speleothem palaeo-climate 

science and Quaternary research communities in advancing our understanding of the 

methods and approaches applied within the speleothem proxy-climate community (Aim 

One), and in investigating the climate in the Snowy Mountains region of southeast 

Australia during the mid-to-late Holocene and the Last Interglacial and early glacial 

periods (Aim Two).  

Palaeo-climate proxy records are fundamental to improving our understanding 

of natural climate variability, and by extension, the impact of anthropogenic climate 

change (Overpeck et al. 2007). Palaeo-climate proxies including ice cores, tree rings, lake 

and marine sediments, peat cores, and speleothems have allowed us to understand global 

and regional climate of the Quaternary at relatively high resolution.  

Speleothems, including stalagmites, stalactites, and flowstones, may be 

absolutely dated using Uranium-series methods, can provide high resolution data, and are 

not as geographically limited as, for example, ice cores. This makes them well-suited to 

investigating climate forcing outside of the polar regions. Obtaining and interpreting these 

palaeo-climate records requires an understanding of field, laboratory, and statistical 

methods. As such, progression in the field occurs both by applying current methods to 

new records, and by improving the methods themselves.  

The body of work within this thesis advances our current understanding of the 

both the climate of the mid-to-late Holocene, the Last Interglacial, and the early glacial 

period, and of the methods applied in the speleothem palaeo-climate field of research. 

This work is of significant interest to the palaeo-climate proxy science community, 

climate modellers, and those working or interested in better understanding the past 

climate and its implications for future climate. 

This thesis has presented two new stalagmite trace element proxy records and 

associated statistical analyses that cover the mid-to-late Holocene (Marine Isotope Stage 

1), the Last Interglacial (MIS5e), and the early last glacial period (MIS5d). Results have 

demonstrated that proxy climate records from the Yarrangobilly Caves contain significant 

periodicities similar to those attributed to solar forcing, together with a range of non-solar 
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significant periodicities. Beyond the significant contribution of new insight into climatic 

periodicities during these geologic periods, the thesis has also presented a meta-analysis 

of co-authorship in the speleothem palaeo-climate proxy community, which showed that 

the community has become more inter-disciplinary and better connected in the last ~20 

years. Results of an inter-disciplinary approach applying geophysics, discharge 

monitoring, and discharge modelling to understand the local hydrology of the Jersey Cave 

is also presented in this thesis (Chapter 2). This analysis underpins both the Jersey Cave 

trace element record presented in Chapter 5 and the aligned δ18O-based palaeo-

temperature and snowfall record published by McGowan et al. (2018) and included here 

in Appendix 9.1.2. This thesis makes a contribution to evaluating laboratory techniques 

for investigating stalagmites, demonstrating that LA-ICP-AES produces very similar 

trace element concentration results to LA-ICP-MS, which has implications for the rapid 

and (relatively) cheap analysis of speleothem trace elements.  

The significance and importance of the individual pieces of work has already 

been highlighted within the discussion sections of each data chapter. The purpose of this 

chapter is to discuss and synthesise outcomes across Chapters 2-6, within the framework 

of the research aims and objectives of this thesis (outlined in Chapter 1). It concludes in 

discussing challenges, limitations, and future research opportunities. Within Chapter 1 a 

series of specific research objectives and questions were posed which in part formed the 

structure behind the data chapters. As a number of these chapters were published as stand-

alone papers, the aim of this section is to summarise work presented within the thesis in 

relation to the research objectives, and to place the work within a broader discipline 

perspective. 

7.2 Research Findings 

7.2.1 Objective 1 

Advance our understanding of methodologies applied in the speleothem palaeo-

climate proxy community and the development of the field over time. 

There has been a move towards inter-disciplinarity within science (including 

inter-, trans-, and multi-disciplinarity under the umbrella term), particularly in the 

environmental sciences, as systems-based approaches have become common (Steele & 
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Stier 2000; Klein 2008; Bark et al. 2016). High connectivity in academic networks has 

been shown to promote scientific impact and to facilitate the sharing of techniques, 

knowledge and information through the network (Newman 2001; McCarty et al. 2013). 

The level of connectivity and inter-disciplinarity of the speleothem palaeo-climate proxy 

community, and therefore whether the community adheres to the broader trend towards 

inter-disciplinarity in science, were previously unknown. To evaluate this, a co-

authorship social network analysis was applied to explicitly explore and evaluate the 

connectivity and inter-disciplinarity in the speleothem palaeo-climate proxy community 

in order to assess the community’s capacity to address emerging complex problems and 

advance the discipline. This was presented in Chapter 4. 

A range of field methods are used by the speleothem palaeo-climate proxy 

community to contextualise proxy records. These can be broadly grouped into stalactite 

discharge analysis, proxy/process tracer studies, discharge modelling, and geophysics, 

and in part relate to the methods which were used (and which were planned to be used 

but were unsuccessful– i.e. tracer studies) within Chapter 2. In Chapter 4, keywords 

relating to each of these four sub-disciplines and for the broader community were used to 

create publication datasets from the Web of Science - Core Collection. Co-authorship 

network analysis was then applied to investigate a) the connectivity within these sub-

disciplines; b) the connectivity between sub-disciplines; and c) whether the whole 

community is trending towards inter-disciplinarity. While co-authorship analysis has 

been applied to other academic networks, this is the first instance in which it had been 

used to investigate inter-disciplinarity in the speleothem palaeo-climate proxy 

community.  

Results of Chapter 4 indicated that the four sub-disciplines outlined above have 

grown in both size and connectivity, as indicated by increases in the number of unique 

authors and in the connectivity of each sub-discipline. The greatest increase in 

connectivity was observed in the discharge modelling community, which also saw a large 

increase in unique authors (>3000%) between 2001 and 2017. Similar large increases in 

the numbers of community members were observed in the stalactite discharge and 

geophysics sub-disciplines, although the tracer study community only increased by 67 

unique authors (500%) over the period. Connectivity increased in all sub-disciplines, 

although the average degree (the mean number of co-authors that each unique author has) 
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of the geophysics community remained consistently low, indicating relatively low 

connectivity compared to the other three sub-disciplines. This may be an artefact of the 

broader keywords used to sample the geophysics sub-discipline. Results indicate that the 

capacity of each of the sub-disciplines to share information within that sub-discipline (as 

indicated by the level of connectivity) has increased over time, which has implications 

for their exposure to new ideas and the scientific impact of their work.  

Chapter 4 demonstrates that the four sub-disciplines have also become more 

connected to one another, as indicated by co-authorship between authors belonging to 

each of the sub-disciplines, and by authors publishing in multiple sub-disciplines. The 

stalactite discharge analysis and discharge modelling sub-disciplines are the most well-

connected, and together represented the largest proportion of the giant component by 

2017 (the connected part of the network). Geophysics was the least well-connected sub-

discipline, but by 2017, members of the sub-discipline had become part of the giant 

component, indicating that use of the method has increased in the speleothem proxy 

climate community. Cumulative analyses (over ~5-year periods) indicate a trend towards 

inter-disciplinarity between all sub-disciplines, as indicated by co-authorship between 

members of the different sub-disciplines. Inter-disciplinarity of individuals also 

increased, and by 2017, 11 of the 563 authors had published in 3 sub-disciplines.  

The members of the sub-disciplines defined here are also incorporated into the 

co-authorship network of the broader speleological community, although the authors of 

the combined sub-disciplines were outnumbered by those in the broader community. The 

relatively poor level of connectivity between the combined sub-disciplines and the 

broader speleological community may be explained by the broad search terms used to 

define the broader community, which may have included publications which referred to 

the application of speleothems in palaeo-climate studies, rather than present any new 

results.  

Results presented in Chapter 4 have shown that there is increased connectivity 

both within and between methodological sub-disciplines of the speleothem proxy climate 

community. Increasing levels of co-authorship are important for the propagation of 

information within the community, therefore it follows that high levels of co-authorship 

combined with increasing levels of inter-disciplinarity must facilitate the spread of new 

ideas and methods through the broader community. This has implications for the ability 
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of the community to identify and tackle emerging complex problems, as it has been shown 

to have access to a range of methods, and has demonstrated a willingness to adopt these 

new methods.  

Chapter 2 takes a multi-method approach to investigating the local hydrology 

which fed the JC001 stalagmite, and demonstrates some of the benefits of inter-

disciplinarity. While the study attempted to cover all of the field methods described in 

Chapter 4, tracer data was unavailable (either natural or artificial). Despite this, results 

demonstrated that using an inter-disciplinary approach produced positive results. Results 

presented in Chapter 2 underpin the analysis of the JC001, both in a published analysis 

of the δ18O record (McGowan et al. 2018), and in analysis of the trace element record 

investigated in Chapter 5 and are discussed below in more detail.  

7.2.2 Objective 2 

Evaluate laser ablation inductively coupled plasma atomic emission 

spectrometry (LA-ICP-AES)and LA-ICP mass spectrometry (LA-ICP-MS) to determine if 

LA-ICP-AES can be used to analyse trace elements in speleothems to produce similar 

results to LA-ICP-MS. 

Early efforts to apply laser ablation to sample and measure solids used 

Inductively Coupled Atomic Emission Spectroscopy (ICP-AES), though it has become 

less common and ICP-AES is now primarily used to measure concentrations in solution. 

There has been little recent application of Laser Ablation (LA)-ICP-AES to measure trace 

elements in solids, including plant material, fly ashes, glass, in materials science, and 

pebbles (Ramsey et al. 1992; Wilkinson et al. 1994; Moenke-Blankenburg et al. 1994; 

Jaselskis et al. 1995; Hemmerlin et al. 1997; Goodyear et al. 2000; Alloncle et al. 2009; 

Deng et al. 2010; Stankova et al. 2011; Trejos et al. 2013; Gomes et al. 2014; Siqin et al. 

2014), and just one application of the method on speleothems (Buckles & Rowe 2016). 

Instead, Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) is 

commonly applied for the rapid analysis of trace elements in solid samples (Jarvis & 

Williams 1993; Durrant 2006; Fairchild & Treble 2009). While LA-ICP-MS has many 

advantages, it is relatively expensive. Conversely, LA-ICP-AES is relatively rugged, 

inexpensive, and an ICP-AES is a common instrument found in laboratories. Chapter 3 

presents a comparison of LA-ICP-AES and LA-ICP-MS applied for the measurement of 
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stalagmite Sr and Mg concentrations. This PhD was supported by an Australian Institute 

of Nuclear Science and Engineering Postgraduate Research Award which granted access 

to facilities at the Australian Nuclear Science and Technology Organisation. Exploratory 

LA-ICP-AES analysis was done while the LA-ICP-MS was out of commission, since it 

had previously been applied to measure trace elements in corals (Deng et al. 2010), 

making the results presented in Chapter 3 somewhat opportunistic. 

Results presented in Chapter 3 indicate that LA-ICP-AES and LA-ICP-MS 

produce near-identical results in trend and variance. The mean, median, and standard 

deviation of the two series (presented to 3 decimal places) are nearly identical for the Sr 

record, and very similar for the Mg record. Linear regressions between LA-ICP-AES and 

LA-ICP-MS results are initially poor, but after removing lag (as indicated by cross-

covariance), and removing a total of nine outliers, adjusted R2 is increased to ~0.6 for the 

Mg records and ~0.5 for the Sr records. Due to the higher sampling resolution of the LA-

ICP-AES (due to configuration of the instrument, not an inherent advantage of the 

method), the data needed to be subsampled to allow linear regressions between the two 

methods. This may have introduced some error into the analysis, a limitation which is 

further discussed below. Spectral analysis using the Lomb-Scargle periodogram and the 

continuous wavelet transform also produced similar results for the two methods. This was 

especially true at lower frequencies (longer periodicities). Lomb-Scargle periodograms 

produced 24 identical significant periodicities for the Mg record, and 36 identical 

significant periodicities for the Sr record. The LA-ICP-AES record produced a greater 

number of short significant periodicities in both the Sr and Mg records, which may be a 

result of the higher sampling resolution. Evaluating the similarity of continuous wavelet 

transform is more qualitative and both methods produce similar patterns of significance. 

While LA-ICP-MS has largely superseded any development of LA-ICP-AES as 

a method (outside of limited application), results presented in Chapter 3 indicate that the 

analysis of stalagmites by LA-ICP-AES produces accurate trace element concentrations 

(Goodyear et al. 2000; Deng et al. 2010; Gomes et al. 2014). The relatively low expense 

of LA-ICP-AES makes it a viable alternative to LA-ICP-MS, and may be especially 

suitable for preliminary investigations.  

While results presented in Chapter 3 have demonstrated that LA-ICP-AES can 

be used to accurately measure trace elements in speleothems, due to its limited publication 
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legacy, all other analyses of trace elements presented in this thesis were done using LA-

ICP-MS due to its more robust publication legacy, although results of Chapter 3 indicate 

that LA-ICP-AES could have produced similar results for Chapters 5 and 6.   

7.2.3 Objective 3 

Investigate significant climate periodicities in the Snowy Mountains, southeast 

Australia during the mid-to-late Holocene. Repeat identical statistical analyses on a 

reconstruction of total solar irradiance in order to determine if solar forcing signals are 

recorded in mid-latitude trace element proxy data.  

Understanding natural climate variability is integral to both developing an 

accurate representation of how the climate functions, and differentiating between natural 

variability and anthropogenic climate change. The climate of southeast Australia is 

impacted by Southern Hemisphere and global teleconnections including the El Niño-

Southern Oscillation, Pacific Decadal Oscillation, Southern Annular Mode and Indian 

Ocean Dipole (McBride & Nicholls 1983; Ashok et al. 2003; McGowan et al. 2009; 

Ashcroft et al. 2016; Theobald et al. 2016). While high-frequency climate and solar events 

are well-represented in the observed records (of either climate or sunspot activity), 

phenomena with longer periodicities (such as the Pacific Decadal Oscillation, and the 

Gleissberg, de Vries, and Hallstatt solar cycles) are not. Palaeoclimate proxy records must 

therefore be developed to improve our understanding of past climate variability, and to 

be able to extricate the anthropogenic climate change signal from background variability. 

There are relatively few terrestrial records of significant periodicities in the proxy records 

(which can be related to periodic climatic and solar phenomena), especially for the 

Southern Hemisphere. Chapter 5 presents a stalagmite trace element (88Sr and 25Mg) 

proxy record from the mid-latitudes of southeast Australia for the last 6.5 ka, with a focus 

on applying spectral decomposition methods to identify significant periodicities in the 

proxy records. Analyses are repeated on a reconstruction of Total Solar Irradiance (ΔTSI) 

over the same period (Steinhilber et al. 2009) in order to identify potential solar forcing 

signals in the trace element proxies.  

Results reported in Chapter 5 are underpinned by an analysis of stalactite 

discharge monitoring and modelling which is presented in Chapter 2. Results presented 

in Chapter 2 establish the drivers and describe the local hydrology that led to the growth 
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of stalagmite JC001. Results indicate that the stalagmite analysed in Chapter 5 was fed 

primarily by seepage flow, and had the potential to preserve a high resolution palaeo-

climate signal. A parsimonious drip hydrology model simulated daily drip rates using just 

one input (effective precipitation) and described a simple mass balance for a set of 

interconnected leaky stores. The final iteration of the model included two components, a 

relatively quick and relatively slow flow, which is consistent with other drip discharge 

models which have represented discharge at various sites in the Yarrangobilly Caves as 

being governed by two stores (Markowska et al. 2015; Tadros et al. 2016). The model 

simulated the trend in discharge well, although not daily variability, and indicated that 

discharge from the stalactite was perennial over the modelled period (1978-2015), 

including during the Millennium Drought (2001-2009), which is the most severe drought 

on record for southeast Australia (McGowan et al. 2009; van Dijk et al. 2013). Results 

presented in Chapter 2 add confidence to the validity of the mid-to-late Holocene record, 

and supports the (apparent) lack of growth hiatuses.  

With added confidence provided by the context presented in Chapter 2 which 

indicated the JC001 was likely to include high-resolution continuous proxy data, LA-ICP-

MS of the stalagmite produced a near-annual trace element (25Mg and 88Sr) record 

covering the past ~6.5 ka which was compared with a reconstruction of total solar 

irradiance covering the same period (Steinhilber et al. 2009). Results presented in Chapter 

5 show that there are few (2) significant periodicities (≥ 95% confidence interval) which 

appear in all three records (i.e. the stalagmite 88Sr and 25Mg, and ΔTSI). However, all 

three records included periodicities similar to that of the Gleissberg solar cycle, which 

has been suggested to be the ‘pace-maker’ of the Pacific Decadal Oscillation (Shen et al. 

2006, p.3). Both the 25Mg and 88Sr records also include periodicities similar to that of the 

Pacific Decadal Oscillation (~65 and ~74 years, respectively), which agrees with other 

regional records and supports the hypothesis that the Gleissberg solar cycle and the 

Pacific Decadal Oscillation are linked (Shen et al. 2006; McGowan et al. 2010).  

The 25Mg results show better agreement with the ΔTSI results than those of the 

88Sr record, including periodicities attributed to the de Vries and Hallstatt solar cycles, 

among others. While covariance between 25Mg and 88Sr is often observed (and linked to 

prior calcite precipitation) (Fairchild et al. 2000; McMillan et al. 2005), 25Mg and 88Sr do 

not covary in this record. Previous research at Yarrangobilly which also observed a lack 
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of covariance between the two proxies proposed that enhanced concentrations of Mg in 

calcite were due to preferential dissolution of dolomitic host rock (which is high in Mg 

and low in Sr) when rock-water contact was high (i.e. when a water deficit occurs) (Webb 

et al. 2014). This results in higher dripwater Mg values relative to Sr. Sr has also been 

shown to be sensitive to aeolian inputs, which may further explain the lack of correlation, 

since the Snowy Mountains are sensitive to the mean position and strength of the sub-

tropical ridge, and as such are sinks of dust sourced from central Australia (Goede et al. 

1998; Fairchild & Treble 2009; Marx et al. 2011). Therefore, it is proposed that 

modulation of regional climate by solar forcing of the synoptic circulation is primarily 

reflected in the 25Mg data during the mid-to-late Holocene.  

Chapter 5 shows that the Holocene record also includes significant periodicities 

that are not found in the ΔTSI record. Many of these periodicities are found in other 

palaeo-climate records, including periodicities of ~412-440, ~388, ~250, ~220, and ~74 

years (which was discussed above).While these periodicities are  not observed in the ΔTSI 

record, many of them have been attributed to solar forcing in the literature, including the 

~400, ~250, and ~220-year periodicities (Sonett & Finney 1990; Knudsen et al. 2009; 

Turney et al. 2016). The 250-year periodicity is prominent in the continuous wavelet 

transform as well as the Lomb-Scargle periodogram, and is attributed to cyclicity in the 

strength or position of the sub-tropical ridge since i) the climate of the region has been 

shown to be sensitive to this climate pattern (Marx et al. 2011; Timbal & Drosdowsky 

2013; Theobald et al. 2018), and ii) the same periodicity was observed in a reconstruction 

of westerly airflow in the Falkland Islands (Turney et al. 2016). The periodicity was more 

persistent in the 88Sr data than in the 25Mg data, and is shown to last between ~6000 – 

3000 BP, while in the 25Mg record it is only observed between ~5300-4500 BP. Results 

suggested that 88Sr was a more effective indicator of the influence of the sub-tropical 

ridge over southeast Australia during the mid-to-late Holocene. The same ~250-year 

periodicity is also observed in Last Interglacial stalagmite trace element data (Chapter 6), 

and will be further discussed below.  

Chapter 5 contributes a new, high-resolution, trace element record from the 

alpine region of the mid-latitudes of southeast Australia which covers the last 6.5 ka. This 

adds to the limited collection of terrestrial records of Australian solar and climate forcing 

at sub-millennial scales, and includes a range of significant (≥ 95% CI) periodicities 
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which have been reported globally. Chapter 5 presents results which support the 

hypothesis that the Gleissberg solar cycle and the Pacific Decadal Oscillation are linked 

(Shen et al. 2006), and demonstrates that these signals have impacted the climate of the 

Southern Hemisphere during the past 6.5 ka. Chapter 5 also presents evidence of a ~250-

year periodicity, also reported in a reconstruction of the south-westerly winds (Turney et 

al. 2016), which is attributed to cyclicity in the mean strength and position of the sub-

tropical ridge, a synoptic feature which affects the climate of the mid-latitudes of the 

Southern Hemisphere. These results have implications for the broader climate science 

community, as understanding of the impact of natural variability is necessary in order to 

identify the anthropogenic climate change signal. As such, results will contribute to more 

informed prediction of future climate for southeast Australia (and contribute to our 

understanding of Southern Hemisphere circulation).  

7.2.4 Objective 4 

Investigate significant climate periodicities of the Last Interglacial and early 

glacial periods in the Snowy Mountains, southeast Australia, and compare and contrast 

results to the mid-to-late Holocene in order to compare interglacial climate to early 

glacial climate of this region.  

The Last Interglacial is a potentially useful analogue for future regional 

hydroclimate. Global mean temperatures were approximately +2°C relative to present, 

similar to predictions for 2100 (~+1.8 ± 0.5°C RCP4.5) (Kukla, Bender, et al. 2002; Otto-

Bliesner et al. 2006; Turney & Jones 2010; Intergovernmental Panel on Climate Change 

2013; Capron et al. 2014; Otvos 2015). The timing, duration, and dominant climate 

patterns of the Last Interglacial are poorly constrained at present. A review of published 

onset and termination dates in Chapter 6 showed that it can be summarised as beginning 

around 129 ka BP, and ending at ~116 ka BP, globally, although published dates are 

highly variable. There are few high-resolution terrestrial Last Interglacial records from 

Australia, and a review of the literature failed to identify any published research which 

reported significant periodicities at sub-millennial scales during this time period. 

Millennial-scale periodicities were identified in a 230 ka palynological record from Far 

North Queensland which were attributed to orbital forcing (Kershaw et al. 2007). The 

Grotto Cave stalagmite also grew during the early glacial period (MIS5d), allowing 
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comparison between climatic cycles during interglacial (both the present and Last 

Interglacial) and early glacial periods. Chapter 6 presents similar statistical analyses to 

those presented in Chapter 5 to analyse stalagmite trace element (25Mg and 88Sr) proxies 

from the same cave complex, which provides a unique opportunity to investigate the 

climate of the mid-latitudes of southeast Australia during the late Last Interglacial and 

the early last glacial period. Results were then compared to those presented in Chapter 5 

in order to compare early glacial and interglacial climate. Chapters 5 and 6 together 

capitalise on the opportunity to analyse and compare proxy data from the same region 

over three important climatic periods in order to understand the past climate and improve 

predictions of future climate.  

Part 1: Insight into the Characteristics of the Last Interglacial, and 

similarities between the Last Interglacial and the mid-to-late Holocene 

Results suggest that southeast Australia experienced a drying climate between 

~121.2 – 120.3 ka BP, which agrees with results from a Tasmanian stalagmite, which 

experienced a decline in growth rate after 122 ka BP (Zhao et al. 2001). Similarly, a 

cessation of growth of a speleothem from Naracoorte Caves (South Australia) during the 

Last Interglacial was attributed to drier conditions (Ayliffe et al. 1998). A relatively wet 

north Australian climate during the Last Interglacial (and associated filling of monsoon-

fed Lakes Woods and Eyre) supports the hypothesis of a southern migration of the Hadley 

Cell, Inter-Tropical Convergence Zone, and the north Australian monsoon during the Late 

Last Interglacial (Kershaw 1978; Bowler et al. 1998; Magee et al. 2004). Peak dryness in 

the Grotto Cave Last Interglacial record also coincides with a return to cooler 

temperatures in the Northern Hemisphere, which has itself been linked to a southward 

displacement of the Inter-Tropical Convergence Zone (Tzedakis 2003; Broccoli et al. 

2006). 

The Lomb-Scargle periodograms of the Last Interglacial proxy data revealed 

significant periodicities consistent with those of the penta-decadal periodicity of the 

Pacific Decadal Oscillation and the Gleissberg solar cycle. Results from the continuous 

wavelet transform show that the Pacific Decadal Oscillation-length periodicities are more 

persistent in the 88Sr record than in the 25Mg record (consistent with results presented in 

Chapter 5). While the early glacial record also includes significant periodicities similar to 

those of the Pacific Decadal Oscillation, they are found only in the 88Sr data and are 
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inconsistent in the continuous wavelet transform. The early glacial data do not include 

periodicities consistent with that of the Gleissberg solar cycle. As discussed above, and 

in Chapter 5, Shen et al. (2006) suggested that the Gleissberg solar cycle may modulate 

the timing of the Pacific Decadal Oscillation. Results presented in Chapters 5 and 6 

support Shen et al. (2006)’s hypothesis, and suggest that the Pacific Decadal Oscillation 

had a reduced impact on the climate of southeast Australia under cooler early glacial 

conditions.   

A number of significant periodicities (≥ 95% confidence interval) are found only 

in the interglacial records, and are absent from the early glacial record, including cycles 

of ~500, ~350, ~250, ~200, ~130, and ~88-years. Both the ~500 and ~350-year 

periodicities are found only in the 25Mg data of the Last Interglacial record, and in both 

25Mg and 88Sr in the Holocene record. A ~500-year periodicity was previously attributed 

to solar forcing, and the ~350-year periodicity was also observed in a sunspot 

reconstruction (Solanki et al. 2004; Steinhilber et al. 2012; Soon et al. 2014; Allan et al. 

2018). The ~250-year periodicity, as discussed in the section above, has been attributed 

to cyclicity in the strength and mean position of the sub-tropical ridge. While the signal 

was more persistent in the 88Sr data in the results presented in Chapter 5, during the Last 

Interglacial the signal is more persistent in the 25Mg record. Since the 88Sr record is 

sensitive to aeolian inputs, and since previous work has shown that central Australia (a 

source of dust to the Snowy Mountains) experienced increased pluvial activity at this 

time, which may have suppressed the 88Sr signal (Kershaw 1978; Bowler et al. 1998; 

Magee et al. 2004; Fairchild & Treble 2009; Marx et al. 2011).  

Results presented in Chapter 6 support the hypothesis that the ~250-year 

periodicity is related to the strength and position of the sub-tropical ridge. The ~200-year 

signal is similar to that of the de Vries solar cycle, which has also been observed in a 

range of palaeo-climate proxies, include stalagmite trace elements (Allan et al. 2018). The 

~130-year signal observed in both interglacial records has been separately attributed to 

solar forcing of the Indian summer monsoon, a sub-harmonic of the Hale solar cycle, or 

a harmonic of the Hallstatt cycle (Scuderi 1993; Park 2017; Allan et al. 2018). Both 

interglacial records indicate that solar forcing is a common component of the interglacial 

climate of southeast Australia. 
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Part 2: Interglacial and early glacial climate, and implications for the timing 

of the Last Interglacial 

Compared to the interglacial records, the glacial record presented in Chapter 6 

includes fewer significant periodicities in both the 25Mg and 88Sr data, and does not 

include any known solar frequencies. Significant periodicities during the early glacial 

period tend to be longer and stable for much of the 3 ka record, indicating a relatively 

stable climate compared to that of the last and present interglacial periods. This disagrees 

with results from the Northern Hemisphere which indicate abrupt climate changes 

(Dansgaard-Oeschger events) (Dansgaard et al. 1993; Columbu et al. 2017). While 

Dansgaard-Oeschger events have a relatively muted Southern Hemisphere signal, their 

presence is seen in Antarctic palaeo-climate proxies (Blunier et al. 1998; Markle et al. 

2017).  

Evidence for Dansgaard-Oeschger events is not seen in the 25Mg and 88Sr records 

presented here. This may because Dansgaard-Oeschger events had a limited impact on 

terrestrial Australian climate during the last glacial period, or because the records lack the 

resolution or age control necessary to capture the Dansgaard-Oeschger signal. While 

these results have provided some insight into climate signals during the Australian early 

glacial period, they have also highlighted the need for more high-resolution terrestrial 

records during this time.  

The timing and duration of the Last Interglacial remains uncertain, both globally 

and regionally. There has been limited research on the terrestrial expression of the Last 

Interglacial in Australia using proxies that may be absolutely dated, although analysis of 

a Tasmanian stalagmite showed that the stalagmite stopped growing at 116 ka BP (Zhao 

et al. 2001), which coincides with the mean end of the Last Interglacial, calculated from 

the dates presented in 26 peer reviewed articles. Chapter 6 presents continuous wavelet 

transforms of the Last Interglacial 25Mg and 88Sr data. Results indicate a cessation of 

significant periodicities at 118.5 ± 0.67 ka BP which corresponds with a sharp decline in 

the concentrations of both 25Mg and 88Sr, which may be associated with the onset of 

terrestrial early-glacial conditions in southeast Australia at the end of the Last Interglacial. 

Based on results presented in this thesis, it can be concluded that the terrestrial Australian 

Last Interglacial began prior to ~123.5 ka BP and likely concluded at 118.5 ± 0.67 ka BP.  
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Chapter 6 showed that the climate of the Last Interglacial included a range of 

significant periodicities related to solar forcing and climate teleconnections. Results 

supported the hypothesis that the Pacific Decadal Oscillation is modulated by the 

Gleissberg solar cycle. Results also support the hypothesis reported in Chapter 5 that a 

~250-yr periodicity in the proxy data is related to cyclicity in the strength and mean 

position of the sub-tropical ridge, which impacts the climate of the region in the present 

day. A comparison between interglacial and early glacial climate suggests that the early 

glacial period was more stable, contrary to the accepted idea that the climate of the last 

glacial period was dominated by Dansgaard-Oeschger events, which are characterised by 

sudden climate oscillations. While uncertainty remains in the timing of the global Last 

Interglacial, results presented in Chapter 6 indicate that terrestrial Last Interglacial 

conditions in southeast Australia ended earlier than previously thought at ~118.5 ± 0.67 

ka BP.  

7.3 Summarising Contribution 

The most significant contribution of this research is the development of two new 

palaeo-climate proxy records for the mid-to-late Holocene and the Last Interglacial. 

These have contributed new understanding of the climate of southeast Australia and have 

shown that it is influenced by a range of solar and internal climate oscillations, 

particularly the Pacific Decadal Oscillation, the Gleissberg and de Vries solar cycles, and 

a 250-year cycle in the strength and position of the sub-tropical ridge. The presence of 

these significant periodicities (≥ 95% confidence interval) during the warmer (~+2°C) 

Last Interglacial suggests that their impact on the regional climate is likely to persist 

during the end of this century as global temperatures increase due to anthropogenic 

climate change. This thesis also contributes to resolving the timing of the terrestrial 

Australian Last Interglacial, suggesting that terrestrial interglacial conditions began prior 

to ~123.5 ka BP and ended earlier than previously reported at 118.5 ± 0.67 ka BP.  

This thesis has also contributed more generally to the speleothem palaeo-climate 

proxy community by demonstrating that LA-ICP-AES is a viable alternative to LA-ICP-

MS for quantifying trace elements in speleothems, and in finding that connectivity and 

inter-disciplinarity in community (as indicated by co-authorship) have increased. This 

showed that the community is well-connected and becoming more inter-disciplinary over 
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time, which has implications for how new ideas are introduced into the community, and 

how that information is shared, enabling the community to address new problems as they 

emerge.  

7.4 Research Challenges, Limitations, and Opportunities 

Study-specific limitations are largely addressed within each chapter, although 

some additional limitations, challenges, and issues are addressed in this section, along 

with potential solutions and suggestions.  

Resolving the stalactite discharge chemistry and improving the discharge model 

presented in Chapter 2 were key issues that this thesis originally set out to resolve, a 

common challenge of speleothem palaeo-climate research (Bradley et al. 2010; Treble et 

al. 2013). The primary limitations which impact Chapter 2 are the short model validation 

period and the lack of detailed precipitation and stalactite discharge samples required to 

couple the water chemistry to the physical model. Due to the short data collection period, 

and since discharge at the site is hysteretic with a large threshold response, the inclusion 

of both threshold events into the calibration period was prioritised over a lengthy 

validation period. The lack of water chemistry data was acknowledged in Chapter 2, and 

was identified as an area of future research. To address this research gap, a custom-made 

cave drip-water auto-sampler was designed, built, programmed as an early part of this 

PhD, and deployed in the Jersey Cave. The original aim of this was to collect regular drip-

water samples for ~18 months to address this research gap. This would have allowed the 

drip discharge model to be coupled to the water chemistry response, with particular 

emphasis on the δ18O response in order to support research presented by McGowan et al. 

(2018), and on Mg and Sr content to support results presented in Chapter 5. While the 

auto-sampler functioned correctly during testing, but was ultimately unreliable in the very 

humid cave environment, with power supply also a challenge. The water chemistry 

response in the Jersey Cave remains a knowledge gap, and potential future research to 

refine the auto-sampler design would net positive results. A rugged and reliable cave drip-

water auto-sampler field instrument would be an invaluable addition to the toolkit of a 

speleothem scientist.  

A lack of water chemistry, as well as discharge data also impact results presented 

in Chapter 6. A Stalagmate drip counter was deployed to the Grotto Cave between April 
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2013 and April 2017 in order to address the lack of discharge data. While evidence of 

recent discharge was noted during extraction of the sample, the stalactite did not become 

active during the study period, and no discharge was recorded. The detailed understanding 

of the physical processes that formed the Jersey Cave Holocene record is not possible for 

the Grotto Cave Last Interglacial record due to this lack of contemporary drip activity. 

The social network analysis presented in Chapter 4 is impacted by inherent 

limitations related to how the methodological approaches were identified, and how the 

author’s details were parsed from the bibliographic datasets. Future meta-analysis of the 

structure of the community would be improved by enabling the community to identify 

the sub-disciplines and allowing individuals to position themselves within or across those 

sub-disciplines. Methods borrowed from the social sciences such as representative or 

voluntary surveys could be applied to this problem. Identical names (as identified by the 

first initial and surname) may have been combined in the analysis (e.g. John Smith and 

Jason Smith would be combined into J. Smith). Similarly, tildes and umlauts are 

inconsistently applied to bibliographic data, such that J. García and J. Garcia (for 

example) could be falsely identified as different unique authors. Increased adoption of 

unique identifiers by authors (such as the ORCID identifier) would resolve this limitation.  

The LA-ICP-MS and LA-ICP-AES data were sampled at different resolutions, a 

result of the configuration of the two instruments rather than an inherent characteristic of 

either method, and of the ad-hoc nature of the LA-ICP-AES analysis, and therefore the 

post-hoc analysis presented in Chapter 3. In order to allow some of the statistical analyses, 

the LA-ICP-AES data was resampled in order to match the LA-ICP-MS data. This 

limitation could be overcome by reducing either the dwell time or scan rate of the LA-

ICP-MS to ensure the same sampling rate as that of the LA-ICP-AES. This was not 

possible as part of this thesis. While the difference in sampling resolution and re-sampling 

is a source of uncertainty, the comparison presented in Chapter 3 is a valid comparison 

of the two records. Results suggest that, although LA-ICP-AES is under-utilised, it may 

be useful for measuring trace element concentrations in stalagmites. Results demonstrate 

that the trend, mean, median, and standard deviation for the two series (presented to 3 

decimal places) were nearly identical for the Sr record, and close for the Mg record. The 

relatively poor agreement between the Mg data is likely related to several large outliers 

in the LA-ICP-MS record. Results presented in Chapter 3 should be validated by a repeat 
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analysis, ensuring that both instruments were configured similarly in order to avoid 

having to re-sample or interpolate either of the datasets to enable comparison.  

There is no accepted standard for the analysis of trace elements in carbonate 

which is a limitation of data presented in Chapters 5 and 6, although glass standards have 

been applied previously, and should ensure relative accuracy. The development of 

appropriate and homogenous standards for the quantification of trace elements in 

speleothems (and other carbonates) would add confidence to the application of trace 

elements as climate proxies. In analysis of trace elements in corals, coral powders have 

typically been used, (Sinclair et al. 1998; D’Olivo et al. 2018). A similar approach could 

be taken for the analysis of speleothems.  

Limitations which impact the spectral analysis methods which underpin the 

results presented in Chapters 5 and 6 include the impact of detrending the timeseries, and 

the possibility that the spectral decomposition may introduce false significance, even 

without detrending. As such, comparisons between multiple records are necessary to filter 

the effects of random variations, transfer mechanisms, sample resolution, and age models 

(Turner et al. 2016). While there are many Holocene records which present significant 

periodicities, there are few from the Last Interglacial. As such, results presented in 

Chapter 6 represent an important addition to the sparse literature covering this period, and 

indicate that more records need to be developed to allow results to be confirmed.  

A key limitation of any palaeo-climate proxy record is the assumption of 

geological and/or geomorphological stationarity. This assumption may not hold true, 

especially for Chapter 6 which includes a long growth hiatus followed by very different 

proxy behaviour which is assumed to be a function of regional climate rather than a 

change in the proxy response. Results presented in Chapter 6 are subject to further 

limitations including poor age constraint and potential recrystallization. Additional U-

series dates may reduce some of the uncertainty, but the individual dates also have high 

error, due to the low Uranium content, which cannot be overcome. Obvious intrusions 

were avoided for the LA-ICP-MS analysis of the stalagmite presented in Chapter 6, 

although results may still be impacted. Both the Sr and U concentrations are low, which 

may indicate that recrystallization has not impacted the validity of the record (Ortega et 

al. 2005). Results are sensible and agree with other records, supporting the assumption 

that recrystallization has had minimal impact on the record. 
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7.5 Future Research Priorities and Opportunities 

Apart from suggestions about reducing the impact of limitations discussed 

above, there are several research priorities beyond the scope of this PhD which arise 

immediately and directly from results presented in this thesis. These are summarised 

below.  

The first priority is to use the analysis of significant periodicities in the mid-to-

late Holocene record to disentangle the impact of anthropogenic forcing from background 

variability. Hindcasts are used to separate natural and forced variability in climate models, 

and are often validated using palaeo-climate records (Smith et al. 2007; Neukom et al. 

2011). While results presented here could follow this direction and be incorporated into 

regional climate models, an alternative could be to apply principal component regression 

or similar to construct pseudo-records and test for departure between those pseudo-

records and the original proxy data which may indicate external (i.e. anthropogenic) 

forcing (Neukom et al. 2011).  

The second priority, which is directly related to the above, is the development of 

a reconstruction of the Pacific Decadal Oscillation for the mid-to-late Holocene based on 

results presented in Chapter 5. This thesis has highlighted that the Pacific Decadal 

Oscillation is a persistent component of the Australian climate during the mid-to-late 

Holocene, and extending an index of the Oscillation to 6.5 ka BP would be of interest to 

both the Australian and international climate communities. Shen et al. (2006) applied a 

partial least squares regression model to an existing drought/flood index, and compared 

results to the JISAO PDO reconstruction for verification 

(http://jisao.washington.edu/pdo/PDO. Latest). A similar approach could be taken to 

extend the index further, beyond the Shen (2006) PDO record that extends back to 1470 

BCE (an approximately 550 year record), to create a ~6,500 year PDO record.  

The third priority is the development of comparable proxy records for both 

Australia and the Southern Hemisphere, both of which are under-represented during the 

mid-to-late Holocene and the Last Interglacial. Additional records are especially required 

to validate the results of the spectral analysis, and to overcome the limitations discussed 

above related to false significance caused by spectral analysis (Turner et al. 2016; 

Auchère et al. 2016). While speleothems have been shown to have the resolution and age 



CHAPTER 7  

153 

control required to investigate significant periodicities at sub-centennial scales, it is likely 

that other proxies, including peat cores, tree rings, corals, and lake and marine sediments 

could be used to produce similar results.  

7.6 Concluding Comments 

Understanding natural climate variability during both the Holocene and the Last 

Interglacial underpins our understanding of how climate drivers influence local and 

regional hydroclimate, and informs our ability to predict future climate. Speleothems are 

at the forefront of palaeo-climate research as they have a wide geographical range, include 

a range of viable proxies, and can be absolutely dated using Uranium-series dating. Like 

all environmental science, speleothem proxy science is underpinned by a range of field, 

laboratory, and statistical methods. This thesis has made a contribution to the palaeo-

climate field by addressing four research objectives which sit beneath two aims of this 

thesis.  

The first aim was supported by research objectives which aimed to improve both 

our understanding of applied laboratory methods, and our understanding of the structure 

of the speleothem palaeo-climate proxy community. Results showed that LA-ICP-AES 

was a viable alternative to LA-ICP-MS, and that the speleothem palaeo-climate 

community has become both more well-connected and more inter-disciplinary over time.  

The second aim of this thesis was to investigate the climate of southeast Australia 

during the mid-to-late Holocene and the Last Interglacial and early glacial periods. This 

contributes to the understanding and application of methods in the speleothem proxy-

climate discipline. The second aim was supported by research objectives related to the 

development of trace element proxy records for both the mid-to-late Holocene, the early 

glacial period, and the Last Interglacial. Analysis was mostly focused on spectral analysis, 

and results showed that the climate of southeast Australia is impacted by a range of solar 

forcing signals and ocean-climate teleconnections including the de Vries, Hallstatt, and 

Gleissberg solar cycles and the Pacific Decadal Oscillation. The chief outcomes were 

evidence of a ~250-year cycle in the strength and mean position of the sub-tropical ridge 

during both the present and Last Interglacial, evidence of a persistent Pacific Decadal 

Oscillation during both interglacial periods, supporting evidence for Shen et al. (2006)’s 

hypothesis that the Gleissberg solar cycle modulates the Pacific Decadal Oscillation, and 
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results that indicate that the early glacial period had a more stable climate than either of 

the interglacial periods, despite a sudden and abrupt climatic change in the Northern 

Hemisphere at this time (Dansgaard et al. 1993; Columbu et al. 2017).  

This thesis has made a broad contribution to the body of knowledge of the 

speleothem palaeoclimate proxy community by examining how the community goes 

about research, and adding to our understanding of the natural climate variability of 

southeast Australia. This includes the first meta-analysis of the structure of the 

community, and the first high-resolution record of sub-millennial climate cyclicity for the 

region during the Last Interglacial. This thesis supports and advances the community’s 

efforts to predict future climate.  
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9.1 Chapter 1 Appendices 

Appendix 9.1.1 Trickett's map of the Jersey Cave (among others), showing the location 

of the 'Grotto of Oddities' (B) (Trickett 1906). 
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Appendix 9.1.2 "Global warming in the context of 2000 years of Australian alpine 

temperature and snow cover (McGowan et al. 2018) 
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9.2 Chapter 2 Appendices 

Appendix 9.2.1 Parameters, their descriptors for each iteration of the model. Includes 

initial values and the physical basis of each parameter for the final iteration of the 

hydrological model.  

Model 
Iteration 

Parameter  Initial 
Value 

Description Physical Basis 

A A NA Surface area of the 
bucket/catchment 

NA 

 T NA Threshold to impede flow 
from the bucket to Qmod 

NA 

 S NA Volume of water in the 
bucket 

NA 

 τ  NA Proportional drainage 
function that controls rate 
of flow from S to Qmod 

NA 

B A1 NA Surface area of bucket one NA 

 A2 NA Surface area of bucket two NA 

 T1 NA Threshold to impede 
overflow discharge from 
bucket one to bucket two 

NA 

 T2 NA Threshold to impede 
discharge from bucket two 
to Qmod 

NA 

 S1 NA Volume of water in bucket 
one 

NA 

 S2 NA Volume of water in bucket 
two 

NA 

 τ1 NA Proportional drainage 
function that controls rate 
of flow from S1 via Q1to 
Qmod 

NA 

 τ2 NA Proportional drainage 
function that controls rate 
of flow from S1 via Q2 to S2 

NA 

 τ3 NA Proportional drainage 
function that controls rate 
of flow from S2 via Q3 to 
Qmod 

NA 

C A1 161.84 
cm2 

Surface area of bucket one Area over which effective 
precipitation falls to generate 
stored water for S1. 

 A2 5.82 
cm2 

Surface area of bucket two Area over which effective 
precipitation falls to generate 
stored water for S2. 

 S1 10000 
ml 

Volume of water in bucket 
one 

The volume of stored water in S1 
that can contribute to Qmod. S1 
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contributes to the quickflow 
component of Qmod.  

 S2 184.3 
ml 

Volume of water in bucket 
two 

The volume of stored water in S2 
that can contribute to Qmod. S2 
contributes to the baseflow 
component of Qmod. 

 T1 5200.57 
ml 

Threshold to impede 
overflow discharge from 
bucket one to bucket two 

Buckets S1 and S2 are only 
hydraulically connected when the 
volume of water stored in S1 
exceeds T1. This simulates 
increased hydraulic connectivity 
when soil and epikarst water 
storage is high. 

 T2 50 ml Threshold to impede 
contribution of bucket two 
to Qmod 

This threshold impedes flow from 
S2 to Qmod via Q3.  

 T3 6654.38 
ml 

Threshold to impede 
overflow from bucket two 
to other parts of the 
system (does not 
contribute to Qmod). Acts as 
maximum volume of S2. 

When there is sufficient hydraulic 
connectivity (i.e. when the volume 
of stored water in S2 exceeds T3), 
quick lateral movement out of the 
system occurs via Q5.   

 τ1 8031.73 Proportional drainage 
function that controls rate 
of flow from S1 via Q1 to 
Qmod 

Proportional drainage functions act 
as controls on how water is 
discharged from S1 and S2. This is 
theoretically based in the interplay 
between the hydraulic head and 
the porosity/permeability of the 
matrix, although values are 
determined through 
parameterisation.  

 τ2 67.9 
days 

Proportional drainage 
function that controls rate 
of flow from S1 via Q2 to S2 

Proportional drainage functions act 
as controls on how water is 
discharged from S1 and S2. This is 
theoretically based in the interplay 
between the hydraulic head and 
the porosity/permeability of the 
matrix, although values are 
determined through 
parameterisation. 

 τ3 200.59 
days 

Proportional drainage 
function that controls rate 
of flow from S2 via Q3 to 
Qmod 

Proportional drainage functions act 
as controls on how water is 
discharged from S1 and S2. This is 
theoretically based in the interplay 
between the hydraulic head and 
the porosity/permeability of the 
matrix, although values are 
determined through 
parameterisation. 

 τ4 2786.96 
days 

Proportional drainage 
function that controls rate 
of flow from S2 via Q4 out 
of the model 

Proportional drainage functions act 
as controls on how water is 
discharged from S1 and S2. This is 
theoretically based in the interplay 
between the hydraulic head and 
the porosity/permeability of the 
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matrix, although values are 
determined through 
parameterisation. 

 Q1 NA Discharge from S1 to Qmod. Contributes to the quickflow 
component of Qmod. 

 Q2 NA Discharge from S1 to S2. Active when S1 is greater than T1 
(i.e. S1 and S2 are hydraulically 
connected).  

 Q3 NA Discharge from S2 to Qmod. Represents baseflow, comprises 
the largest proportion of Qmod.  

 Q4 NA Discharge from S2 out of 
the system. 

Lateral flows do not contribute to 
Qmod. Q4 represents loss of stored 
water from S2 via seepage flow.  

 Q5 NA Discharge from S2 out of 
the system.  

Lateral flows do not contribute to 
Qmod. Q5 represents loss of stored 
water from S2 via quickflow.  

 Qmod NA Modelled discharge, 
comprised of Q1 and Q3. 

See above for Q3 and Q4. 

 EP NA Effective precipitation 
(precipitation – 
evapotranspiration). 

Effective precipitation is able to 
contribute to stored water in S1 and 
S2.  
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Appendix 9.2.2 Hysteretic loops observed in stalactite discharge. Discharge at time t is 

plotted against discharge at t-3 

 

.





CHAPTER 9 

209 

9.3 Chapter 4 Appendices 

Appendix 9.3.1 Co-authorship networks for each methodological sub-community over 

discrete units in time (4-5 years), where N is the number of publications, A is the number 

of unique authors, and AD is the average degree (the mean number of co-authors that 

each unique author has). The figure shows that networks form differently when analysis 

is undertaken on snapshots in time. Links between former collaborators are not 

represented if the collaboration occurred outside the discrete time period. Nonetheless, 

the stalactite discharge and discharge modelling sub-disciplines continue to show 

relatively high rates of collaboration with diverse members of the networks. 

 

Appendix 9.3.2 Full dataset and scripts for the analysis can be found in the published 

supplementary material at http://scholarcommons.usf.edu/ijs/vol47/iss2/6/. 
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9.4 Chapter 5 Appendices 

Appendix 9.4.1 Age model for JC001 calculated using the StalAge package. Error bars 

indicate ±2σ. 

 

Appendix 9.4.2 Significant periodicities in 25Mg, 88Sr, and ΔTSI and corresponding 

citations from the literature. Superscript letter references correspond to Figure 5.1. 

Named Periodicities 

Period (years; 95% confidence) 

Similar periodicities found in the literature 
25Mg 88Sr ΔTSI 

 471   470A  

 440 440   

 412 412  413B 

 388 388  350-390C, 380D 

 366 366 366 357B; 350-390C, 

 347 347 347 

  330  320E, 330F 

 314 314   

 300   270-305A, 280F, 250-300G 

 287   287 
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  275  

 254 254  250-300G, 250H, 250I 

 244 244  242H, 250-300G, 240I, 241-243D 

 235 235  232J 

   227 229B 

 220 220  220E, 220K 

  213  210L 

De Vries solar cycle 206   206 201I,202M, 203I, 205N, 208B, 209I 

200  200 200M,O,P 

  194  192Q, 194L 

   150 142-150R, 147J, 150K,P, 151Q 

   140 135-145A; 140Q  

Harmonic of the 2120-year Hallstatt cycle 127   130 125L,Q, 128J,R 

122   125L,Q 

 103   105 95H, 96J, 103-105A, 104R 

Gleissberg Solar Cycle 92 89 87 82-89D, 87-88R, 88K,O, 91L, 95H 

81   82-89D 

Pacific Decadal Oscillation 74   74R, 77L, 76G, 82-89D 

73   62-73S, 60-70D 

 67  65-68R, 65-70L, 62-73S, 50-70A,T,6111, 60-70A 

 65  

  55  53L, 50-70A,T, 56G, 42-53D 

Appendix 9.4.3 References for Appendix 9.4.2 and Figure 5.1. Includes corresponding 

reference to the reference list. 

Figure 1 
reference 

Citation 

A Park, J. Solar and tropical ocean forcing of late-Holocene climate change in coastal East Asia. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 469, 74–83 (2017). 

B Sonett, C. . & Finney, S. . The spectrum of radiocarbon. Philos. Trans. R. Soc. London A 330, 413–426. (1990). 
C Wang, H., Hughes, R. E., Steele, J. D., Lepley, S. W. & Tian, J. Correlation of climate cycles in middle Mississippi 

Valley loess and Greenland ice. Geology 31, 179–182 (2003). 
D Galloway, J. M. et al. Climate change and decadal to centennial-scale periodicities recorded in a late Holocene NE 

Pacific marine record: Examining the role of solar forcing. Palaeogeogr. Palaeoclimatol. Palaeoecol. 386, 
669–689 (2013). 

E Poore, R. Z., Quinn, T. M. & Verardo, S. Century-scale movement of the Atlantic Intertropical Convergence Zone 
linked to solar variability. Geophys. Res. Lett. 31, 4–7 (2004). 

F Campbell, I. D., Campbell, C., Apps, M. J., Rutter, N. W. & Bush, A. B. G. Late Holocene similar to 1500yr climatic 
periodicities and their implications. Geology 26, 471–473 (1998). 

G Patterson, R. T., Prokoph, A. & Chang, A. Late Holocene sedimentary response to solar and cosmic ray activity 
influenced climate variability in the NE Pacific. Sediment. Geol. 172, 67–84 (2004). 

H Turney, C. S. M. et al. A 250-year periodicity in Southern Hemisphere westerly winds over the last 2600 years. Clim. 
Past 12, 189–200 (2016). 

I Pérez-Rodríguez, M., Gilfedder, B. S., Hermanns, Y. M. & Biester, H. Solar Output Controls Periodicity in Lake 

Productivity and Wetness at Southernmost South America. Sci. Rep. 6, 1–7 (2016). 
J Warrier, A. K., Sandeep, K. & Shankar, R. Climatic periodicities recorded in lake sediment magnetic susceptibility 

data: Further evidence for solar forcing on Indian summer monsoon. Geosci. Front. 8, 1349–1355 (2017). 
K Knudsen, M. F. et al. Taking the pulse of the Sun during the Holocene by joint analysis of 14 C and 10 Be. Geophys. 

Res. Lett. 36, L16701 (2009). 
L Agnihotri, R., Dutta, K., Bhushan, R. & Somayajulu, B. L. K. Evidence for solar forcing on the Indian monsoon during 

the last millennium. Earth Planet. Sci. Lett. 198, 521–527 (2002). 
M Raisbeck, G. M., Yiou, F., Jouzel, J. & Petit, J. R. 10Be and δ2H in polar ice cores as a probe of the solar variability’s 

influence on climate. Philos. Trans. R. Soc. London A 330, 463–470 (1990). 
N Beer, J. Long-term indirect indices of solar variability. Space Sci. Rev. 94, 53–66 (2000). 
O Andrews, J. T. et al. Decadal to millennial-scale periodicities in North Iceland shelf sediments over the last 12 000 cal 

yr: long-term North Atlantic oceanographic variability and solar forcing. Earth Planet. Sci. Lett. 210, 453–465 
(2003). 
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P Raspopov, O. M. et al. The influence of the de Vries (∼200-year) solar cycle on climate variations: Results from the 
Central Asian Mountains and their global link. Palaeogeogr. Palaeoclimatol. Palaeoecol. 259, 6–16 (2008). 

Q Scuderi, L. A. A 2000-Year Tree Ring Record of Annual Temperatures in the Sierra Nevada Mountains. Science (80-
. ). 259, 1433–1436 (1993). 

R Asmerom, Y., Polyak, V., Burns, S. & Rassmussen, J. Solar forcing of Holocene climate: New insights from a 
speleothem record, southwestern United States. Geology 35, 1 (2007). 

S McGowan, H., Marx, S., Soderholm, J. & Denholm, J. Evidence of solar and tropical-ocean forcing of hydroclimate 
cycles in southeastern Australia for the past 6500 years. Geophys. Res. Lett. 37, (2010). 

T MacDonald, G. M. & Case, R. Variations in the Pacific Decadal Oscillation over the past millennium. Geophys. Res. 
Lett. 32, L08703 (2005). 

Appendix 9.4.4 additional 25Mg continuous wavelet transform, where f is the seasonal 

frequency used to detrend the timeseries. 
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Appendix 9.4.5 additional 88Sr continuous wavelet transform, where f is the seasonal 

frequency used to detrend the timeseries. 
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Appendix 9.4.6 Cross-wavelet transform of 25Mg and 88Sr. f is the seasonal frequency 

used to detrend the timeseries. Phase is indicated by white arrows. Arrows pointing right 

indicate that 25Mg and 88Sr are out of phase, arrows pointing left indicate that 25Mg and 

88Sr are in phase. Arrows pointing up indicate that 88Sr leads 25Mg, while arrows pointing 

down indicate that 25Mg leads 88Sr. 25Mg and 88Sr are consistently out of phase at ~5 ka 

BP. This is contemporaneous with a large spike in both 25Mg and 88Sr (Figure 5.2B, C), 

which may be a result of fluvial contamination of the stalagmite (coeval with a change in 

calcite colour). Both proxies are largely in phase across the ~64-year periodicity (C, D, 

E) and when the ~250-year periodicity is significant (E-I) although in the last 2 ka 25Mg 

led 88Sr in the longer periodicities (G-I). 
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Appendix 9.4.7 The impact of seasonal decomposition by loess on white noise, white 

noise with additional trend, and a sin curve. White noise was simulated with an arima 

simulation, and the trend added with a sin curve. 

To test if Loess smoothing was introducing false significance to the wavelet 

transform, the method was tested on pseudo-records of white noise, white noise with 

additional trend, and just a sin curve. The white noise was simulated with an arima 

simulation and trend added with a sin curve. While there is some evidence of white noise 

becoming ‘significant’ at double the smoothing interval the significance is not sustained. 
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Appendix 9.4.8 Outliers (red) removed from 25Mg and 88S 

 

9.5 Chapter 6 Appendices 

Appendix 9.5.1 Sources used for Figure 6.1 
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