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linkages to human societies in the region of Cappadocia, central Turkey, and how 

uncertainties in past climate/environment may have influenced the life choices made by 

past people at various temporal and spatial scales.  

Aim1: To build a clear picture of Holocene climatic and environmental variability to 

assess when natural change occurred in Cappadocia and how.  

Objective 1: To evaluate short-term and long-term Holocene climatic and environmental 

variability from high-resolution sampling and analysis of varved lake sediment archives.  

Objective 2: To delineate periods of stability (constant periods) and instability (unsteady 

periods) in Holocene climate/environment using geochemical elemental records from 

annual lake sediment deposits.  

Objective 3: To combine data from this project to existing Holocene climatic and 

environmental data to understand the broad picture of natural change in central Turkey 

and the Eastern Mediterranean. 

Aim 2: To assimilate records of Holocene climatic and environmental variability with the 

past human record to develop new ideas about the integration of climate and cultural 

data and how ancient social systems developed alongside changes in variability. 

Objective 4: To create archaeological and historical data sets to build up a picture of past 

human occupation in Cappadocia for the Holocene time period, drawing on individual 

site data as well as large scale regional archaeological survey results. 

Objective 5: To produce a timeline of human habitation periods and abandonment 

periods from the archaeological and historical records to establish when there may have 

been cultural discontinuities during the Holocene.  
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2. Literature review                                                    

Palaeolimnology, Eastern Mediterranean climatic change and 

climate/culture relationships 

2.1. Chapter introduction 

This chapter outlines the key background readings conducted which shaped the basis of 

this thesis. It firstly introduces the subject of palaeolimnology and the advantage of using 

varved lake sediments for understanding palaeoclimatic change, and it draws on XRF 

geochemical analysis for extracting climate data from annual lake sediment archives. It 

also includes a review of the current understanding and literature surrounding Eastern 

Mediterranean climate change from the Late Glacial period through to present day. The 

chapter finishes with an overview of climate and culture studies to date, focusing on the 

development in theory and modern ideas about how we should address such complex 

interactions. 

2.2. Annually laminated lake sediment archives 

2.2.1. Palaeolimnology and palaeoclimatology, an introduction 

Palaeolimnology is the study of past conditions and processes which occurred within a 

lake basin (Last and Smol, 2001). Palaeolimnology plays a key role in palaeoclimate 

studies as processes and conditions can be picked up at high-resolution and inform 

about how climate may have been interacting with the lake environment at various 

temporal and spatial scales (Brauer and Negendank, 2002). Data derived from lake 

sediment archives is generally complex as the information can signify changes in both 

the limnological and terrestrial environments (Brauer and Negendank, 2002). The climate 

record established from lake sediment may not therefore represent the exact climatic 
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enough to minimize disturbance but they also promote low oxygen levels which 

discourages the growth of damaging benthic organisms (O'Sullivan, 1983).  

Due to their changing nature, composition and structure, varves are good recorders of 

climate (Gold, 2009). Varved lake sediments are particularly important for high-resolution 

climate change studies not only because they provide a clear and simple way of defining 

short and long term natural change but because they can provide a chronology, 

independent of other dating techniques (Lamoureux, 2001; Renberg, 1983). Chronology 

formation involves counting individual laminae, replication, cross-dating and cross-

correlation with other dated records to determine the age of the stratigraphic sequence 

(Lamoureux, 2001). Analysis consists of finding a good match between known and 

unknown sections of varve deposits to assign an age to the stratigraphic sequence 

(Verosub, 2000). It is also useful to independently check chronologies through 

radiometric, historical or other incremental dating techniques to validate the determined 

age-depth profiles (Lamoureux, 2001).  

The demand for more accurately dated palaeoclimatic reconstructions from lake 

sediments in recent years has encouraged the growth in studies on varved deposits, 

from investigations into the physical properties of varves and changes in fossil 

assemblages to dating techniques (e.g. Landmann et al., 1996b; Lücke et al., 2003; 

Ojala and Tiljander, 2003; Romero-Viana et al., 2008; Snowball et al., 2010; Tiljander et 

al., 2003; Wick et al., 2003). These annually deposited sediment archives usually exhibit 

visible stratigraphic changes related to regional seasonality and the effects of climatic 

factors combined with anthropogenic influences and basin characteristics. The sensitivity 

of the lake system to changing natural and human-induced conditions leads to 

information about palaeoclimate and environments. Therefore palaeo-reconstructions 

can be performed through varved sediment analysis.  
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2.2.3. Annually laminated lake sediments and the advantages of using XRF  

One of the more significant improvements in terms of analysing lake sediments has been 

the introduction of XRF (X-ray fluorescence) core scanning techniques (Francus et al., 

2009) which allow non-destructive, high-resolution geochemical data to be gathered. 

This is of particular benefit to varved lake sediment deposits (in fact any annually 

laminated sequence) where it is necessary to determine climatic or environmental 

variability over short-term time scales, and there is the need to describe changes that 

have occurred during individual years. XRF scanners offer many applications for 

palaeolimnology including estimating erosion intensities, primary productivity and palaeo-

redox conditions (Francus et al., 2009), which can complement other investigatory 

techniques, but by far the most useful to studies of annual deposits is the sub-millimetre 

scale of analysis (Francus et al., 2009). High-resolution core scanning also has the 

advantage of being relatively low cost and requires few preparation steps (Wilhelms-Dick 

et al., 2012) which is useful when attempting to interpret seasonal changes over long 

temporal scales. The precise chemical composition of sediment cores is not often 

needed in palaeoclimate studies where critical boundaries and shifts are of the main 

interest (Wilhelms-Dick et al., 2012). The fastest way to obtain continuous and accurate 

measurements at high-resolution is therefore by XRF scanning which details only relative 

variations in elemental components (Croudace et al., 2006).  

As with any investigatory technique, the accuracy of this method for palaeoclimate 

reconstruction is variable and can be influenced by a number of physical sedimentary 

properties (Böning et al., 2007; Hennekam and de Lange, 2012; Kido et al., 2006; 

Richter et al., 2006; Tjallingii et al., 2007; Weltje and Tjallingii, 2008). The consequences 

of these factors on elemental intensities are important for palaeoclimatic studies and 

should be adequately considered (Hennekam and de Lange, 2012). As Löwemark et al 

(2011) points out, the dilution effect of organic material on the elemental measurements 

obtained can be rectified to some extent by normalising using a stable elemental 
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component to better assess relative change. XRF is thus an attractive tool for 

palaeoclimate studies provided that some of the investigative uncertainties can be limited 

or quantified (Hennekam and de Lange, 2012). 

XRF core scanning at very high-resolution (µm scale) has been conducted on a number 

of annually laminated lake sequences and proven to be a useful tool for dating annual 

layers and obtaining palaeo-climate/environmental data. An Itrax XRF scanner used on 

lake sediments from Japan proved to be a useful instrument in the creation of a varve 

chronology as the individual varve limits could be precisely marked using a combination 

of Itrax-derived optical, density (X-radiography) and geochemical properties (Kossler et 

al., 2011). Combined with thin sectioning and microscopic investigation of micro-facies, 

an adequate varve based-age model was created (Kossler et al., 2011). In Germany, the 

same method of using Itrax XRF core scanning on Lake Meerfelder Maar (Martín-

Puertas et al., 2012) gave information regarding long-term lake change through Ti 

(Titanium) and Si/Ti (Silica/Titanium) ratio data. A record of Holocene windiness was 

documented even though proxy sensitivity to Holocene climatic variation had shifted 

across time. Itrax scanning on varved sediment cores from Cape Bounty also provided a 

history of changing lacustrine conditions, in this case related to sediment source 

changes and environmental variability (Cuven et al., 2011). The applicability of micro 

XRF scanning is evidently vast. 

2.3. Eastern Mediterranean palaeoclimate 

2.3.1. Eastern Mediterranean palaeoclimate, an introduction 

The Eastern Mediterranean (EM) region is widely discussed in relation to changing 

climate (e.g. Arz et al., 2006; Bar-Matthews et al., 1997; Finné et al., 2011; Migowski et 

al., 2006; Roberts et al., 2011a; Roberts et al., 2011b; Schilman et al., 2001; 

Staubwasser and Weiss, 2006; Weiss and Bradley, 2001; Weninger et al., 2006). The 
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influence the climate signal (Fairchild et al., 2006); as such, RCC events can be blurred 

and have different characteristics depending on which proxy is used to investigate the 

climate signal. This may explain why some scholars define the drying event as a general 

switch in conditions whilst others define it as more sudden. 

2.3.5. Eastern Mediterranean climate and cultural change 

The Eastern Mediterranean and its associated palaeoclimate are frequently discussed in 

relation to its long human history. Holocene climate variability, it has been argued 

(Rosen, 2007), played a pivotal role in the types of behaviour and changes in social 

systems that are recognized in the EM archaeological and historical records.  

Examinations of these relationships have primarily seen social groups as uniform entities 

who rise, adapt, or fall in response to past climate change (e.g. Neev and Emery, 1995; 

Weiss et al., 1993). Climate change in this instance is seen as abrupt and severe; these 

events often tie into rapid climate shifts like those previously mentioned (Staubwasser 

and Weiss, 2006). Less commonly, interactions between past societies and 

climate/environment variability have been dealt with at the smaller socio-evolutionary 

level (e.g. Rosen and Rivera-Collazo, 2012) to fully understand the motivations and 

climatic drivers of cultural change, at a scale which might give a more accurate reflection 

of human response mechanisms. 

Arguably, studies into the relationship between EM climatic/environmental change and 

regional cultural change are improving. Older assumptions that the Younger Dryas 

climatic event explained the development of agricultural lifestyles in the Levant region 

(e.g. Richerson et al., 2001) no longer fit the data for pre-domestication cultivation and 

the ability of Naufian people to adjust to adverse climatic conditions (Rosen and Rivera-

Collazo, 2012). A recent study by Rosen & Rivera-Collazo (2012) uses new theory to 

show the robust nature of foraging systems in the face of EM terminal Pleistocene 

changes. At no point does the study highlight a collapse of cultural traditions at times of 
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shifting climates but it does suggest the climatic change played a particularly important 

role with regards to resource availability (Rosen and Rivera-Collazo, 2012). During cold 

and dry episodes in late Pleistocene EM climate, the plant resources exploited were 

broadened as a response to changing natural conditions (Rosen and Rivera-Collazo, 

2012) which decreased the number of woodland based products which could be 

accessed. The model of climate and culture outlined using adaptive cyclic changes 

considers more than just simple cause and effect relationships but understands the 

complexity of social behaviours in the context of climatic variability. 

The interaction between past people and changes in EM climate is also understood in 

terms of the abruptness, magnitude and duration of climatic changes. The globally 

observed events during 8200 and 4200 years ago were fast changing, high magnitude 

and short phases of climatic deterioration that coincided with phases of proposed 

societal disruption. The final Pre-pottery Neolithic B & C (PPNB/C) (8800-8200 cal. yrs. 

B.P.) farming communities of the southern Levant region were marked by the 8.2 ka cal. 

B.P. event which were probably reduced in size due to a reduction in water availability 

necessary for agriculture (Weninger et al., 2006). Other Levantine sites like Jericho, 

Byblos and Ain Ghazal also have discontinuities in their occupational sequences during 

the final PPNB phase (Berger and Guilaine, 2009; Simmons, 2000) which corresponds to 

EM cooling. The problem with defining the true nature of climate and cultural interactions 

for this transition phase is that changes which are witnessed are not uniform across the 

EM; instead there are some sources of data which point towards a climatic stimulus for 

change and some which do not. Twiss (2007) strongly believes that social factors are to 

blame for the late PPNB/PPNC social discontinuities. Kuijt (2000) also offers non-climatic 

viewpoints as to why social groups may have disbanded at this time. 

The 4.2 ka yr. B.P. climatic anomaly has also been considered as a reason for social 

disbandment. This argument stems from evidence that major settlement sites were 

abandoned during the Early Bronze Age (EBA) IV or EBA III/MBA I period (~4300-4000 
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evidence for human land-use changes whilst stable isotope or geochemical evidence 

could be used as a proxy for past moisture level changes (Roberts, 2011). As records 

come from the same sequence, there is little chance of miscorrelation even if the dating 

accuracy is small. A study of this sort has drawn on EM climate data from Nar crater-lake 

in central Turkey (England et al., 2008) for the last 2000 years. Stable isotope data from 

the lake site highlights a period of pronounced drought from 1500 to 1410 cal. yrs. B.P., 

with a variable age uncertainty this could be aligned with a phase of social abandonment 

towards the end of the Early Byzantine period (ca. 1550-1340 cal. yrs. B.P.) and it would 

be tempting to suggest a climatic cause for cultural change. Cultural pollen indicators 

from the Nar record however do not fully decline until ~1280 cal. yrs. B.P. based on 

precise varve count ages which are much later than the proposed arid phase. Dry 

climatic conditions could therefore not be a driver of cultural change at this time as the 

climatic stress clearly exists around two centuries earlier. Other mechanisms were 

therefore driving social change at this time (see Roberts, 2011). 

2.4. Contextual background to climate and culture studies 

2.4.1. General overview 

A historically important question in academic research has been the links between 

climate and people and their development side by side across different temporal and 

spatial scales. During the Holocene, a period of connected climate and culture relations, 

humans have spread out across landscapes, domesticated nature, increased in number, 

built urban environments and dominated ecosystems (Kirch, 2005). These kinds of 

defining events have accelerated discussions into the role that changing climates played 

in past human trajectories and the intertwined nature of natural and social events during 

the last ~10,000 years. Given the increasing concern over human-climate-environment 

interactions (Rosen, 2007), it is important to evaluate, within a selected spatial and 

chronological framework, aspects of the archaeological record  that may offer evidence 
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2003). Adaptation however can also be anticipatory, assessments are made based upon 

future impacts and outcomes of events which have yet to develop (Adger et al., 2005). 

These two processes, it is argued (Adger et al., 2005) must be understood before 

responses to change can be defined. 

Adaptations are not isolated but are formulated and implemented through context (Adger 

et al., 2005). Therefore, adaptation to change is intertwined with actions of other social, 

political and economic factors and can be transformed by the various elements that 

success of adaptation relies upon e.g. flows of capital or social affiliations (Adger et al., 

2005). This reiterates the idea that climate and culture cannot be dealt with as separate 

areas of research; that it is highly likely that one will impact upon the other at any given 

time, and that they co-exist. This inter-relatedness of climate and cultural aspects 

crucially demonstrates the need for current research to accommodate the dynamism of 

human agency and to understand the choices that past people would have faced.  

Adger (2001) states that human response relates to all the relationships that exist in a 

given situation, he particularly draws on political ecology ideas to show how the political 

world can impact upon how societies handle risk. Whilst political ecology (Robbins, 2012) 

ideas may be beyond the scope of this project, Adger clearly demonstrates a way of 

achieving more sophisticated interpretations that account for culturally conditioned 

experiences of climate. Another method would be to employ modelling techniques to 

focus on the climate changes experienced, recognised and responded to by past people, 

and to focus on the self-organising and adaptation principles outlined here. Exploratory 

models have been most informative when demonstrating resilience to climate within 

social systems (Hudson et al., 2012; McAnany and Yoffee, 2010; McGlade and van der 

Leeuw, 1997; Redman and Kinzig, 2003; Redman et al., 2009). The shifting emphasis 

towards resilience and longer-term socio-natural dynamics does not disregard collapse 

events but asks why there may have been social change concurrent with climatic 







Literature review  Chapter 2     
 

48 
 

Resilience theory, epitomised by the adaptive cycle concept includes two key features 

which makes it useful for understanding culture-climate relations. Firstly that change is 

inevitable and recurring (although change cycles may evolve in different ways) and 

secondly that there are only some scales of analysis that are applicable to any one 

particular system, which has repercussions for understanding the speed of change 

(Redman, 2005). There is also a third consideration, but this insight is really the reason 

why resilience theory is seen as useful in studies regarding human response to climate 

change events; it is that people can be self-organising and can move a system towards a 

more desirable state (Redman, 2005). Perceived in this way, climate is but one part of 

the system and has the potential to influence any part of it. Climatic uncertainties and 

stresses, and/or positive climatic influences, will be more influential in effecting a human 

response if the phenomenon is perceived by the people expecting them, and considering 

other system factors e.g. population expansion. 

The generally longer-term, large scale viewpoint of the resilience model concept is seen 

by some to be too Processual in nature, drawing heavily on systematics and cultural 

evolutionism (Weiberg, 2012). On the other hand, using resilience theory within 

culture/climate studies has brought back aspects of large scale analysis and integrated 

ideas of complex systems theory that were lost to some degree under Post-Processual 

strands of archaeological investigation (Bentley and Maschner, 2003; McGlade and van 

der Leeuw, 1997). The benefit of this is that change processes can be dealt with in light 

of individual historical cases and archaeological data can be adequately contextualised. 

2.4.7. Research needs 

Research on natural environmental-change and how it interacts with documented human 

histories needs to be extended in new ways to include a humanist as well as scientific 

approach to relationships. Many examples already exist which try to add social issues 

into studies of past climate change but it is important to keep these contributions going to 
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The Eastern Mediterranean (EM) region is influenced by a number of climatic and 

environmental factors. The region has a complex climatic history that has been 

documented using multiple investigatory techniques including proxy studies on lake 

sediments. EM climate has principally been documented in terms of shifts between wet 

and dry conditions; the LGM and Younger Dryas being dry and cool whilst the early 

Holocene being moist and warm. Desiccation and more frequent aridity are documented 

from around 6000 years ago towards present day. These shifts in climate have been 

particularly important to human development in the EM throughout the Holocene and 

have been related to key changes in social systems. 

Understanding of climate-environment-social relationships is a complex topic, and it is 

generally not agreed upon as to how best to tackle the issue of how past societies 

responded to noticeable shifts in climatic conditions.  Traditional viewpoints took a rather 

deterministic stance, suggesting that climate was a key driver of societal change. More 

nuanced perspectives however suggest that climatic events may only play a role when 

humans cannot comprehend and/or adapt to climate and climate change. It has been 

deemed necessary to avoid implying that societies were passive hostages to climate and 

to use case by case situations to investigate the role of both natural and anthropogenic 

factors in cultural development. New research is required to address socio-evolutionary 

trajectories in relation to climatic fluctuations of different magnitudes, drawing on ideas of 

adaptability and societal resilience. A problem is that studies lack an understanding of 

the whole system, but at the same time it is important to remember that changes in 

natural conditions are fundamental components of that system. 
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Alongside catchment sampling, a high lake stand noticeable by white carbonate-rich 

water marks on basalt rocks to the west and north (figure 3.9) was mapped using a 

hand-held GPS and a clinometer.  

3.3.4. Further research at Nar Gölü 

Aside from coring programmes, Nar Lake has been investigated using a number of 

techniques to look at modern and palaeolimnological conditions. A picture of lake bed 

morphology has been achieved through lake-bathymetry work (figure 3.10) conducted in 

2001 (Jones, 2004; Woodbridge, 2009) and 2010 (Smith, 2010), mainly to support the 

lake coring operations. A survey of the underlying sediments in 2010 was achieved using 

an Applied Acoustic CSP-L and AA201 boomer type sub-bottom profiler, coupled with a 

high precision GPS system. In total, 53 transect lines across the lake with an interval 

spacing of 30m east-west and north-south was achieved, producing continuous trace 

layers for the upper ~20m of lake sediment deposits (Smith, 2010). Bathymetry 

investigations were used to locate the deepest parts of the lake to aid recovery of long 

sediment sequences. 

In addition to lake-bathymetry work, systematic water sampling has been carried out 

since 2001 at different water depths. Lake surface waters are sampled for pH, 

conductivity, temperature, water chemistry and stable isotopes. For water sampling 

methods pre-2007 the reader is directed to Jones (2004). Temperature, pH and 

conductivity in 2010 were measured with a Myron ultrameter II, calibrated using standard 

solutions. A Glew corer (Glew, 1991) was used to extract water samples at specific 

depths along the water column. Water samples were also gathered from three spring 

locations (figure 3.5), for technique see Jones (2004). Both lake and spring water 

samples were subjected to the same analysis as surface samples. Lake monitoring by 

data loggers was also conducted alongside water collection. This was achieved using 
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Uranium-Thorium (U-Th) dating 

U-series (uranium-thorium) dating can provide accurate and reasonably precise ages for 

Quaternary carbonates (Haase-Schramm et al., 2004). Nar Lake sediments are high in 

precipitated carbonates and are thus suitable for the application of this dating technique. 

Bulk sediment samples of ~1cm thickness were removed from the cores, taking care to 

avoid contamination again, for U-Th dating. U-series dating was carried out on 

authigenic lake carbonates at BGS (British Geological Survey) using a Neptune Plus 

MC-ICP-MS analyser. U-Th dating on the Nar Lake sediments has been difficult, 

particularly because of high detrital thorium, coupled with low levels of uranium. This has 

led for the need of an Isochron approach as used in Roberts et al., (2001). Isochron 

techniques allow for different parts of the sediment sequence to be correlated and 

combined, giving an age estimate for a larger sediment sample (Bischoff and Fitzpatrick, 

1991; Luo and Ku, 1991). This requires several coeval samples and will thus increase 

the statistical error on the dating results for Nar (± several hundred years). This dating 

procedure is still in progress with dates yet to be accurately obtained.  

3.4.2. Sediment analysis 

3.4.2.1. Sub-sampling of master core sequence 

Sub-samples for geochemistry and total carbon (both analysed as part of this PhD 

project), along with pollen, diatoms, stable isotopes, pigments and other sedimentary 

investigations were obtained by cutting out sediment samples from the Nar Gölü half 

core sections using a scalpel and spatula. Three or five varve year (vy) samples were 

extracted every 20 varve years or at an interval of 4cm depending upon core condition; 

some non-laminated sections required sampling by depth. Also highly compacted or 

distorted sediments made it difficult to select individual lamina, making sampling by 

depth simpler. It is possible that some contamination may occur where lamina were thin 

or slanted. A bi-decadal resolution was selected to ensure coverage of the entire core 
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sequence at intervals that did not result in too many samples and for practical reasons 

involving very narrow laminations. Individual lamina sub-samples were taken for the top 

25vys to produce a much finer temporal resolution for comparison to meteorological data 

and existing multi-proxy palaeo-histories. 

3.4.2.2. Total carbon content 

A common way to generate a record of total carbon is to use a total carbon analyser. 

This determines total carbon automatically to help describe the abundance of organic 

and inorganic carbon in sediments (Veres, 2002). Determining sedimentological 

properties in this fashion from lacustrine sediments can provide valuable data on the 

nature of past depositional environments, and be useful indicators of climatic and/or 

environmental change (Lowe and Walker, 1997). 

The organic and inorganic carbon content of the selected samples was determined by 

temperature controlled combustion of homogenous and dried samples using a Skalar 

Primacs Series Total Carbon Analyser in the Physical Geography laboratories, Plymouth 

University. Total carbon (TC) was determined by catalytic oxidation of the sediment 

sample at just over 1000 0C, converting the carbon present to CO2
 which is recorded by 

detectors when released. The inorganic carbon fraction (IC) was determined by 

acidification of the sediment sample in the IC compartment which converts the inorganic 

carbon to CO2 and removes the organic carbon component. Windows software collects 

the data and uses this to calculate a reading for the organic carbon component (TOC) 

using the equation TC-TIC=TOC. 

In total, 512 samples were analysed. Samples were weighed to 105 mg (TC) and 65 mg 

(TIC) before analysis. No sample preparation beyond drying was conducted because of 

issues concerning small sediment weights; due to this, the results strongly over-estimate 

the total inorganic carbon fraction and occasionally under-estimate the total amount of 
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3.4.2.4. Portable XRF core scanning of whole core sections 

X-ray fluorescence (XRF) handheld core scanning is a relatively new analytical 

technique which allows for non-destructive, in situ XRF analysis of sediment cores and 

samples (Kylander et al., 2011a). The difference between this technique and Itrax 

procedures is that Itrax scanning produces one single dispersive energy spectrum for 

each sampling point along the core surface, resulting in data being expressed as peak 

area integrals rather than counts per second (CPS). Spectral readings from Itrax are 

correlated to theoretical spectra to help determine elemental compositions; problems can 

occur with this method if sediments vary significantly down core (Kylander et al., 2011a). 

Similar to XRF, if there is variability in sediment composition, texture, porosity and water 

content then the measured element concentrations in CPS have no quantitative 

representation (Rothwell et al., 2006). One particular draw-back of Itrax scanning 

compared to traditional XRF is that the machine finds it hard to detect lighter elements at 

the top of the periodic table and cannot detect Sodium (Na) or Magnesium (Mg). Those 

lighter elements however can be detected by conventional portable XRF (if used with 

helium purging and used on mining mode) making the record of elements such as Si 

collected through this method substantially better than that collected by Itrax. By using 

the two techniques together, a broader elemental composition for the sediment core 

sequence can be determined and cross-correlations can be made to ensure that the 

elemental readings are an accurate reflection of geochemical alterations in the lake 

sequence. 

The complete 21m core sequence from Nar Lake was analysed using the Thermo 

Scientific Niton XL3t GOLDD series XRF portable scanner housed at Plymouth 

University. The GOLDD standard machine allowed for faster measurement times and 

detection of light elements. The machine features a 50 kV miniaturised x-ray tube, 

internal camera for visual identification purposes and user-selectable 3mm small spot 

that collimates the x-ray beam onto small zones. A sampling resolution of every 8cm was 
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variables (Manly, 2004). Basically, PCA analysis is a data reduction technique; groups of 

variables can be positively and negatively correlated, or uncorrelated. This technique has 

been used to reduce the Itrax elemental variables to a number of significant dimensions 

that represent the underlying structure of the data. Analysis helped make the large Itrax 

dataset more manageable and to explain the largest variance in the dataset. PCA 

analysis was performed in C2 (Juggins, 2003) on standardised and centred species 

scores and results were displayed as ordination bi-plots using the same software 

package and as stratigraphic profiles using R ('http://www.r-project.org/,'). PCA-

ordination diagrams show species scores represented by arrows and samples scores 

represented by dots. 

The number of PCA ordination axes to be retained for interpretation was determined by 

assessment of the eigenvalues (total amount of variance witnessed by that axis). 

Assessment was made using the broken stick method and plotted using a scree plot to 

confirm the importance of axes (Frontier, 1976; Legendre and Legendre, 1998). The 

scree method followed that outlined by (Jackson, 1993).  

3.6. Archaeological data collection 

Research of primary and secondary archaeological sources was conducted as part of 

the PhD project; a study grant provided by the British Institute in Ankara, Turkey (BIAA) 

supported independent desk and archival research into long-term cultural change. 

Archival research enabled the capture of a sense of change over time which would not 

have been accessible through fieldwork or modern observational techniques. Retrieval 

and analysis of data extended over a one month period, starting September 2nd 2011. 

Work consisted of using archived archaeological and historical records to create a 

database of sites, chronologies and cultural change strategies for the Cappadocia region 

in Turkey. More in-depth work was possible for individual excavated sites to document 

artefact variability and human occupation sequences. This work has led to periods of 
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3.7. Chapter summary 

The methods applied and discussed here were selected according to the aims and 

objectives of the project; geochemical and sedimentary analyses helped to address aim 

1 and archaeological data collection helped to address aims 2 and 3. Nar Lake site was 

chosen because of its usefulness for extracting suitable climate proxies, its potential for 

high-resolution sampling and its varved nature which helped to create a firm chronology, 

at least in part. Fieldwork allowed for the collection of relevant samples for geochemical 

analysis and to assess modern day conditions at the lake. Laboratory procedures were 

adequately developed to extract data suitable for addressing relationships between 

people and climate/environment change. Datasets underwent statistical analyses 

following standard methods to explore the patterns and information stored within values.  
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white) lamina containing mostly summer-precipitated carbonate and a dark (usually dark 

brown or olive green) lamina consisting of diatoms, organic material and clastics which is 

deposited in the autumn/winter (Jones, 2004). In some cases, distinct diatom bloom 

layers are present (Woodbridge, 2009). 210Pb and 137Cs dating of the top 50cm of the 

NAR01/02 core sequence, together with modern data from seston sediment traps, 

provides evidence that these couplets are annually deposited, with each dark and light 

band representing one year of sediment accumulation (England, 2006; Jones et al., 

2005). There are changes in the composition of the carbonate laminae throughout the 

core sequence between aragonite, calcite and dolomite (Dean, in prep; Jones, 2004).  

The NAR10 core sequence has been tied in with previous core sequences extracted 

from the same lake based on sedimentological descriptions, visual comparisons and 

microscopic observations; these are NAR06 (AD 1927-2006) and NAR01/02 (AD 276-

2001). Correlation of Nar Lake cores for the uppermost units of NAR10 and NAR01/02 

provides a means of checking the dating of the upper part of the new (NAR10) core 

sequence. Across the three Nar sequences, clastic event layers and varve types appear 

consistent which may imply that there is little variation in sediment accumulation and 

lithology across the central lake bottom. However, there are some variations, mainly the 

result of variations in the thickness of slump deposits. There are also several small 

sections in the NAR10 sequence which have been disturbed through the coring process, 

where the laminations have become folded and misshapen. Generally, cross-correlation 

between parallel cores has helped to avoid using these disturbed sections, yielding a 

relatively complete master sequence. There is however, one break in the composite 

stratigraphy below 11.3m depth because there was no core recovery for this interval; this 

stratigraphic gap is estimated to be ~22.5cm thick.   

The composite sediment sequence was created using all three lake centre NAR10 cores 

with correlations based on 29 tie points (Tp) (figure 4.1). The master core sequence has 
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appear to be formerly laminated. 

  
713.7(Tp10)-

719.7 

Sub unit 2f: Soft, olive, grey, beige mm 

thick laminated silt. Thick grey lamina at 

top. 

  
719.7-

753.7(Tp11) 

Sub unit 2g: Light grey, olive hard silt. 

Frequent nodular carbonates with no 

laminations. 

753.7-

1138.7 

Unit 3: Silty, brown, grey, olive, red, 

tan, cream, white 1-5mm thick 

laminations. Occasional non-laminated 

section. 

753.7(Tp11)-

798.7(Tp11a) 

Sub unit 3a: Brown, olive-tan laminated 

silt. Thin, regular laminations with bowing 

to structure towards base. Some thick 

brown banding; lighter at bottom. 

  

798.7(Tp11a)-

1006.2(just 

below Tp14) 

Sub unit 3b: Brown, olive, beige, red 

laminated silt. 1-5mm thick, horizontal 

laminations. Occasional disturbance, 

distorted individual laminae structure. 

  

1006.2(just 

below Tp14)-

1022.2 

Sub unit 3c: Brown, dark olive silt. 

Laminated. 

  
1022.2-

1099.7(Tp16) 

Sub unit 3d: Thick, olive, cream 

laminated silt. Highly distorted with some 

non-laminated sections between Tp14 & 

Tp15 (984.2-1045.2cm). 

 . 

1099.7(Tp16)-

1138.7(end of E 

drives) 

Sub unit 3e: Brown, deep red, beige 

laminated silt. Finely laminated. 

1138.7-

1161.2 

Break in sediment sequence: Core 

depths suggest no core recovery for this 

section. 

1138.7-1161.2 

(between E and 

F drives) 

No sub units 

1161.2-

1428.2 

Unit 4: Mostly laminated, very pale 

beige & white silt. Very fine laminations. 

Interrupted by carbonate tufa with plant 

stem inclusions and mm sandy bands. 

1161.2(start of F 

drives)-

1279.2(Tp17) 

Sub unit 4a: Very finely laminated beige, 

white silt with banded sand inclusions. 

Some distorted laminations. 

  
1279.2(Tp17)-

1299.2 

Sub unit 4b: Homogenous grey/brown 

crumbly, calcareous deposit. Contains 

many tufa-encrusted plant stems, ~5mm 

long. 

  
1299.2- 

1428.2(end of F 

Sub unit 4c: Weakly laminated silt, thin 

olive-beige alternations with very few 
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drives) breaks in the laminae. Includes similar but 

thinner calcareous, tufa encrusted plant 

deposit at 1291.2cm and thick black 

organic band at 1341.2cm. 

1428.2-1974 

Unit 5: Mm thick laminations of mainly 

olive-beige alternations but also black, 

grey, red, cream and white laminae. 

1428.2(start of G 

drives)-

1606.2(Tp22) 

Sub unit 5a: Dark olive, grey, dark beige 

coarse laminated silt. Occasional 2-3mm 

thick turbidite and banded sand events; 

black organic band at 1470.2cm. 

  
1606.2(Tp22)-

1921(Tp26) 

Sub unit 5b: Fine, 1-2mm thick, 

distinctive laminated olive, beige, cream 

silt. Most laminae are uniform but few 

have been distorted; Very few clastics and 

banded sands. Following is a 

homogenous, light olive silt which is likely 

slop from coring. 

  1921(Tp26)-1953 

Sub unit 5c: Cream, white finely 

laminated soft silt. Broken by laminated 

brown banding, 0.5-2.5cm thick. 

  
1953-1974(just 

above Tp27) 

Sub unit 5d: Dark brown, olive laminated 

silt. Various colour changes but 

predominately brown. 

1974-2013 

Unit 6: Homogenous mostly non-

laminated grey, beige marl. Hard and 

calcareous; some large concreted 

nodules. Some dark laminations present 

between hard layers. 

1974(just above 

Tp27)-2013 

Sub unit 6a: Light grey marl. Softer 

towards top and more calcareous towards 

bottom. No laminations and some 

carbonate nodules. 

2013-2169 

Unit 7: Coarse and finely laminated 

olive, beige silt; occasional distortions. 

Frequent non-laminated sections; olive 

in colour, some soft nodular 

laminations. Abrupt colour changes at 

bottom between homogenous beige and 

olive silts. 

2013-2128(just 

above Tp29) 

Sub unit 7a: Light grey, beige laminations 

1-3 mm thick. Some distortion to laminae 

from nodules above. Below 2033 cm, 1-

3mm thick, distinctively laminated brown, 

olive, beige soft silt. Some laminae are 

coarse, nodular and distorted. 

  
2128(just above 

Tp29)-2165.2 

Sub unit 7b: Weakly laminated beige, 

cream soft, silt. Interrupted at 2133-

2137.5cm & bottom of core sequence by 

dark brown, weakly laminated silts. 
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numbers may be under or over-represented. Comparing the two records in this fashion 

suggests that the counts for both sequences are not too dissimilar with an estimated 

maximum counting difference of around 1.9% for this part of the core sequence. The 

error estimates suggest that on average, the NAR10 laminae counts are up to 1% 

younger than the NAR01/02 laminae counts. It is reasonable to put forward that for the 

parts of the NAR10 sequence which overlap with the NAR01/02 sequence, there is 

minimal error in the NAR10 varve chronology. The counting error for NAR10 will have 

little influence on the climatic and environmental reconstructions made for the last 

2589vys (unit 1) because the different between NAR10 and NAR01/02 is small. Further 

counting checks for the rest of the NAR10 sequence are planned once radiometric dates 

are made available. 

4.4. NAR10 total organic and total inorganic carbon analysis results 

Total carbon analysis is a method which measures the total inorganic (TIC) and total 

organic carbon (TOC) component of sediments (Dean, 1974). Total organic carbon 

concentration varies through the sedimentary sequence, indicating changes in organic 

deposition and preservation under different sedimentary conditions (Meyers and Lallier-

Vergés, 1999). The NAR10 TOC and TIC results are presented in figure 4.6 and 

described according to depth and lithostratigraphic unit. With 512 sample depths and a 

mean sampling interval of 4.09cm, results show considerable down core variability, 

correlating with sediment lithology and clearly reflecting the diverse nature of the 

lithostratigraphic units. Total inorganic carbon concentrations are significantly higher than 

total organic carbon concentrations. The mean TOC content of the NAR10 sediments is 

about 1.1% although it ranges from 0 to 5.9%. TIC percentages are generally much 

higher, reaching levels of 14.1% (but also low levels of 4.0%). On average, TIC is 9.5%, 

indicating that the NAR10 sediments are relatively carbonate-rich. Visually, total carbon 

(TC) percentages for the top half of the NAR10 sequence are more highly variable than 
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Caution must be given to samples where inorganic carbon values exceed total carbon 

values as this indicates that during total carbon analysis, not all carbon was combusted 

and therefore will underestimate organic carbon values. Similarly, where high TIC values 

exist, organic levels may be swamped by high inorganic readings and also 

underrepresent the amount of organic carbon presence. Samples with low TOC readings 

must therefore be interpreted with some care.  

Lithostratigraphic unit 7 shows the lowest average values of TOC for the whole core 

sequence (0.2%) with TOC values of zero recorded for the bottom 0.5m of the core 

sequence.  High TIC levels, which fluctuate only moderately, and decreased levels of 

organic carbon typically characterise the bottom 165cm of the sediment sequence dating 

to the Late Glacial period. From unit 7 through to sub-unit 5c, values of TIC remain 

constantly high at this sampling resolution. TOC values are likewise consistently low, 

apart from a sharp increase at 20m to 4.4%. Towards the top of unit 5, TIC levels begin 

to decrease, ultimately resulting in relatively low TIC values (down to 4.08%) by sub-unit 

5a. In sub-units 5a & (end of) 5b, carbon values vary quite significantly, with TIC 

percentages ranging between 4.08-13.4% and TOC percentages ranging between 0.5-

5.15%. Unit 4 in comparison is characterised by very high levels of TIC and the 

occasional peak in TOC (0.8% average). The TIC record here is also relatively stable 

with values generally fluctuating between 10 and 13 %, and only dropping when organic 

levels increase beyond 2%. Unit 3 shows a different pattern to that witnessed in unit 4, 

with moderate levels of TIC (12.53% max) and greater fluctuations in concentration. The 

base of unit 3, the transition from unit 3 to unit 2, and unit 2 reveal increased levels of 

TOC, and slight decreases in TIC, making this section very distinctive in terms of organic 

carbon deposition. Average mass percentage values for TOC of 1.86% for unit 2 and 

1.79% for unit 3 suggest fairly similar conditions across the two units. The transition to 

unit 1 is evidenced by a slight increase in TIC and a slight decrease in TOC 

concentrations. Unit 1 shows fairly high levels of TIC (8.4% average) with only three 
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in sample values between units 4 and 5 is very marked, with change occurring over a 

very short time interval and may suggest that sediment material may be missing from 

this section also. Whilst core depths suggest no break in the sediment sequence at this 

point in time, elemental variations may imply a possible break in the core sequence 

following unit 5. It is likely however, given core depth estimates, that this stratigraphic 

gap prior to unit 4 would be small. 

4.5.2. Itrax core scanning results for selected elements 

The following figures (figures 4.7 & 4.8) are plots outlining the Itrax core scanning results 

for elements related to authigenic carbonate deposition within Nar Lake. Note that 

Magnesium (Mg) was not detected by the Itrax XRF scanning procedure.  Moving 

averages have also been plotted to smooth out the short-term fluctuations in the data 

and to highlight longer-term trends.  

Based upon the corrected Itrax data profiles of Calcium (Ca) and Strontium (Sr) (figure 

4.7), elemental variation clearly parallels lithostratigraphy, with unit 4 being particularly 

distinctive. Starting from the bottom of the core sequence, unit 7 shows generally 

elevated levels of Ca and Sr, which can be relatively variable in nature. The change to 

unit 6 is subtle, and characterised mainly by higher levels of Ca and a small drop in Sr. 

The end of unit 6 reveals heightened Sr levels (600 max) and slight decreases in Ca 

(above 4000) (all values in peak area integrals). The beginning of unit 5 is not too 

dissimilar to unit 6 in terms of Ca (average 2500), but levels of Sr in contrast decrease 

significantly here (below 200). Unit 5 witnesses a decrease in Ca values from the base to 

the top, with a slight increase in the levels of Sr. A dramatic change is evident during the 

transition into unit 4 where Ca increases by 60% and Sr values decrease by 50%, 

revealing a major switch in climatic and environmental conditions here. Raised levels of 

Ca (above 3000) in relation to Sr (below 2000) characterises unit 4. This unit also shows 
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Fluctuations of Ca and Sr are typically higher in unit 1, resulting in a noticeable extreme 

event occurring during sub-unit 1c where Ca reaches values up to 4000. At the end of 

this event, a massive increase in Sr is also witnessed at ~293cm (the largest peak in the 

whole data set). In the most recent deposits towards the top of unit 1, Ca and Sr values 

decrease again. 

Moving average window plots (figure 4.8) confirm many of the patterns seen within the 

corrected Itrax elemental profiles of Ca and Sr. Running averages reveal three key 

changes along the NAR10 sequence in the Ca record, at sub-units 1c and 5a, and unit 4 

respectively. Unit 4 is the most distinctive, with significantly elevated values of Ca. Unit 4 

is also characterised by very low Sr, a pattern also evident in sub-units 5b, 5c and 5d. 

The averaged Sr record reveals a slightly different pattern to Ca with units 3 and 6 being 

the most distinct; unit 6 indicating the most dramatic rise in Sr deposition for the entire 

core sequence. 

Figures 4.9 & 4.10 for the Iron (Fe) and Manganese (Mn) elemental component of the 

NAR10 sediment sequence represent the distribution of these two elements which is 

controlled a) by influx of detrital iron compounds from the catchment, and b) the 

deposition of hydrous oxides down core and of reduction/oxidation (redox) reaction 

conditions at the lake bed. Moving averages have been plotted to smooth out the short-

term fluctuations in the data and highlight longer-term trends. 
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decreased levels of Mn (~10). The transition between unit 5a and unit 4 is abrupt, 

revealing a dramatic rise in Mn and a drop in Fe. The increase in Mn levels compared to 

the decrease in Fe levels during unit 4 signifies that the two elements are not responding 

together, as is the case in the preceding unit. Units 2 and 3 are very similar to each other 

with relatively low values of Fe (~300) and Mn (~10) and only moderate fluctuations in 

concentration. Several Fe peaks in units 2 and 3 (max 2600) indicate that Fe may be 

responding differently to Mn here also. The transition into unit 1 shows increasing Fe and 

Mn values (79 and 42% respectively). Unit 1 is very distinct in terms of Fe with very high 

and variable levels (range of 0-3500). The Mn values for this unit are not as variable but 

do show some elevated sections during sub-units 1a and 1e. Sub-unit 1c is also 

noticeable by a significant drop in Fe levels to below 500.  

Running average plots (figure 4.10) show three distinct phases of change between Fe 

and Mn. With Fe, unit 1 and sub-unit 5a are the most visually distinctive with values 

exceeding 1000 in some cases. Also noticeable is the long-term increasing trend in Fe in 

the upper 6.5m of the core record. With Mn, unit 4 is by far the most noticeable zone of 

elevated Mn levels, and these levels remain constant for the entire unit. There are some 

other increases in Mn that are visually recognisable at around 5m too. Units 2 and 3 for 

both elements show lowered values and reduced variation. Unit 5, whilst split into two 

distinct sub-units in terms of Fe, in terms of Mn there is less variation in the values 

recorded resulting in a less pronounced separation of the unit for this elemental profile. 
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The Ti record (figure 4.11) shows a similar pattern in places, particularly in unit 1 where 

values can be high (above 40, average 22) and variable. Unit 7 indicates very low 

(around 5) and constant levels of Ti, a pattern which continues until sub-unit 5b. At this 

point in time, Ti values begin to dramatically increase, firstly peaking at ~17m and then 

more prominently at ~15.6m. Following these peaks in Ti, there is a long-lived deviation 

to low Ti which extends across units 4, 3, and to some extent unit 2. There is only one 

noticeable peak in Ti during unit 3 which is likely associated with a dense black sediment 

band observed in the core stratigraphy. During unit 2, Ti values begin to increase again. 

By unit 1, values have increased by 92% from those witnessed during unit 2. Whilst Ti is 

high on average, dramatic amplitudinal changes are also visually apparent during unit 1, 

revealing some dramatic lows in Ti for this unit also (range 0-79). Of importance is a 

deviation to low values during sub-unit 1c where values average around 5. 

Moving average plots of Si and Ti (figure 4.12) confirm that Si is lowest during the middle 

of the core sequence with more modern and older sediments showing generally more 

elevated levels. Ti is most dominant during unit 1 and towards modern times, apart from 

a key event distinguishable during sub-unit 1c. Sub-unit 5a is also distinct; particularly 

because Ti values that precede this event are extremely low and invariable. The 

transition into unit 4 and throughout unit 3 is one of decline. Values remain consistently 

low until unit 2 where Ti deposition greatly increases, reaching very high values by unit 1. 
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Figure 4.13 details the down-core changes of Potassium (K) and Rubidium (Rb). 

Elemental variation clearly parallels sediment stratigraphy again, with unit 1 being the 

most distinctive. Due to their similar nature and patterns of change, K and Rb will be 

discussed together here. Detailing changes from unit 7 towards present times reveals 

very low and consistent levels of both K and Rb in early deposits. The base of the core 

sequence hints at slightly increased variability at this time for both elemental components, 

but generally, change throughout unit 6 and sub-units 5b, 5c & 5d is relatively small 

scale. Sub-unit 5a witnesses a change in conditions, as both levels of K and Rb increase 

significantly here (max 90 and 80 respectively). This abrupt shift to high values is made 

even more apparent by the abrupt drop that follows this event. The transition into unit 4 

sees a reduction in Rb levels by 34% and K by 65%. Also noticeable is the increase in 

variability associated with the change to high values during sub-unit 5a. Unit 4 contains 

the lowest levels of K (average 5.6) and Rb (average 2.8) seen throughout the entire 

core sequence and values remain diminished until the transition into unit 3. Unit 3 is 

characterised by decreased levels of both K and Rb (below 20). However, the two 

elements begin to show a less similar pattern here with values of Rb starting to rise 

towards the base of the unit and values of K moderately fluctuating. There is an extreme 

peak noticeable in the centre of unit 3 associated with a dark black band in the sediment 

stratigraphy and forms a noticeable deviation from the norm. Unit 2 appears to be a 

transitional phase with increasing levels of both elements. Unit 1 sees a 52% increase in 

K values and a dramatic 97% increase in Rb values from unit 2. Unit 1 also reveals a 

highly variable record with very distinctive shifts, the most noticeable occurring during 

sub-unit 1c. Here values of K range between 0-120 and values of Rb between 0-140; 

values which have not been seen since the base of unit 5. This is also in stark contrast to 

unit 4 which has very low variability and a range of 0-20. 
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related elements, and provide a well replicated signal of down-core variability. Notice the 

inclusion of a Magnesium (Mg) profile here due to the increased sensitivity of the 

portable XRF to Mg concentrations (figure 4.15). At the start of the sequence, peaks in 

Sr are recorded and levels of Ca are moderately high. Values of both elements generally 

decrease during the middle of unit 7 and begin to increase again during the transition 

into unit 6. Unit 6 reveals very high levels of Sr (max 1200) and the first noticeable peak 

in Mg (2400). Above this point, Sr decreases quite significantly until 1500cm, whereas 

Ca remains relatively high and stable throughout sub-units 5b, 5c & 5d. Sub-unit 5a is 

distinct in that levels of Ca fall dramatically for the first time (lows of 40000), and is 

associated with smaller drops in Mg and Sr. Sub-unit 5a is characterised by significantly 

decreased values of all three elemental components at this time. The transition into unit 

4 is abrupt with increases in Ca and decreases in Sr. Mg remains fairly constant for this 

section. Ca values for unit 4 are very high (~240000) and Sr values are remarkably 

stable. Unit 3 is similar to unit 4 in terms of Sr and Mg deposition, revealing low and 

stable conditions. Sr values here are the lowest seen throughout the entire core 

sequence (~112). The Ca profile for unit 3 is also low and seems to be responding in 

unison with Sr. The change between unit 3 and 2 is evidence by significantly increasing 

Ca, Sr and Mg values. Unit 2 is characterised by high peaks in Ca and Sr, but more 

importantly by Mg which dominants this unit (highs of 9000). Whilst Mg generally drops 

off by unit 1, another noticeable peak in Mg at 450cm is witnessed. Levels of Ca and Sr 

at the top of the core sequence are relatively high and fairly unstable, with some large-

scale amplitudinal changes occurring. Mg on the other hand remains low and stable up 

to present day. 

4.6.3. Portable XRF scanning results for selected lithogenic elements 

Figure 4.17 shows selected geochemical (detrital related) elemental concentrations for 

NAR10 core sections scanned using the handheld analyser. Figure 4.18 shows these 

elemental components plotted alongside concentrations measured using Itrax core 
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scanning techniques on the same sediment sequence but at much finer resolution. 

Variation in detrital elemental components is similar to that seen within the Itrax derived 

profiles. Broadly, Fe, Ti, Rb and K are visually closely related to each other. Si and Zn 

are generally also of detrital origin but at times can be unrelated to the clastic component.  

From unit 7 through to sub-unit 5b, levels of detrital elements are low and constant apart 

from Zinc (Zn). Si increases when detrital elements are low, showing that at this time, Si 

is not likely related to detrital elemental deposition. There is a noticeable large drop in Si 

associated with sub-units 5b & 5c where Zn levels show a slight rise, hinting at a change 

in conditions here. Similarly, a distinct event occurs at sub-unit 5a where values of Si, K, 

Fe, Ti and Rb all increase and become highly variable, and values of Zn decrease. Unit 4 

sees relatively high Si whilst levels of other detrital components remain low. Zn is poorly 

recorded through this section, as is primarily the case in sub-units 5b-d and may not be 

meaningful; this was mainly because levels of Zn were below the limits of detection. For 

all elements apart from Zn, lowest levels are reached during units 4 & 3, with one sharp 

peak in values associated with a dark black band situated in the middle of unit 3. Zn 

levels during unit 3 are relatively high (above 100), and it is likely that this pattern should 

have been witnessed during unit 4 also based upon the extrapolation of the few values 

obtained for this section. Unit 2 appears to be a transitional phase which sees slowly 

increasing levels of detrital components and moderately high levels of Si. Zn is generally 

low until the base of unit 2 where it visually begins to respond alongside other detrital 

elements. Unit 1 is characterised by high and varying levels of all elements with some 

short-term, large-scale shifts in value; variability in the record is greatest here. To note is 

the abrupt transition to lower values associated with sub-unit 1c and the stabilisation of 

Fe, Ti and Rb for sub-unit 1b.
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distinct erosion profiles and how these vary according to sediment type. The full suite of 

results obtained can be seen in appendix 3. Figure 4.19 shows the results from bulk 

catchment XRF scanning of selected samples. Clearly visible is the large proportion of Si 

that is incorporated into the sediment profile, with highs also apparent in Fe and 

Aluminium (Al). The sediments today therefore seem to consist mainly of alumino-silicate 

minerals and iron oxides. The presence of K may also suggest some inclusion of 

feldspars, of which Fe may become incorporated. Generally, bulk sediment samples are 

higher in Si when there is influence from surrounding ignimbrite deposits, particularly to 

the south of the lake (e.g. sample 3). To the north, where deposits are generally sandier 

and influenced less by eroding unweathered volcanic deposits, there are higher 

proportions of Mg, Ca and Fe (e.g. sample 7). Some of these sand dominated samples 

represent a region of the lake edge thought to be a former lake shoreline. They clearly 

have a different geochemistry to that of the eroding hillsides. Interestingly, those samples 

taken from areas of modern day agricultural activity in the east show little variation from 

the other samples collected (e.g. sample 6). This reveals that perhaps cultivation 

activities are not intensive enough to alter the chemical signal of the sediment.  

Lower values are witnessed for elements such as Ti, Rb and Mn which are more 

dominant in the Itrax derived profiles. Values for Zn, Copper (Cu) and Sr are also low. 

Concentrations of Rb, Zn and Ti are known to be underestimated by the scanning 

procedure though (Roy et al., 2010). Variations in other profiles such as Molybdenum 

(Mo), Niobium (Nb) and Chromium (Cr) are very minimal. Generally, values below 1000 

ppm can be seen as low. Of major importance are the variations seen within Al, Si, K, Fe 

and Ca, as concentrations are usually high and error readings are small. Sample 

variations suggest that these elements are key erosion indicators at Nar Lake today. 
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The Itrax XRF data suggests that sediment composition is strongly controlled by Ca and 

Fe elemental components, which alternate seasonally between spring/summer and 

autumn/winter. Occasional clastic events are characterized by peaks in Fe, Si, Ti, K, Zr, 

and Rb, and some periods contain high levels of elements usually at the limits of 

detection such as Zn and Mg. Other elements which have been detected included Mn 

and Sr; Sr being linked to the authigenic component and Mn being associated primarily 

with changes in Fe. The general story is one of shifting lake conditions linked into 

authigenic processes (Ca and Sr) overprinted by lithogenic in-washed material (Ti and 

Fe). Several elements play multiple roles within the lake system. For example Si is 

principally linked with the lithogenic type elements, but it can also be disassociated from 

these elements, particularly Ti, suggesting a possible biogenic source for Si also. 

The elemental patterns witnessed for authigenic and lithogenic elemental components 

during Itrax scanning were similarly witnessed using other XRF core scanning 

techniques. The high correlation between two XRF scanning techniques provide means 

of testing the reliability of the data expressed through Itrax and suggests that these data 

can be used with some certainty to reflect change events down-core. Some correlations 

between the two methods could not be made due to poor detection rates of some of the 

elements but the good replicability between the two datasets for other elemental profiles 

implies that Itrax scanning is a suitable method for geochemical studies. Modifications 

and improvements to the Itrax suite of elements were made using handheld XRF to 

increase the elemental range to include Mg and to improve values for lighter elements 

such as Si.  

Total carbon analysis was also conducted using sediment from the NAR10 core 

sequence. Total carbon data suggests that the system is highly influenced by inorganic 

carbon levels particularly during sediment unit 4. The presence of total organic carbon in 

the Nar system appears to be mainly restricted to the base of unit 3 and unit 2, as levels 

for the rest of the core sequence are relatively low. Also evident in the total carbon 
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record are changes in variability throughout the core sequence. Towards the top of the 

core, amplitudinal changes between low and high values are greater reflecting an 

increase in total carbon fluctuations for both TIC and TOC during unit 1. 

To evaluate the information gathered from sedimentary and geochemical analysis on the 

NAR10 sediment sequence, various numerical analyses are provided in the next chapter. 

A combination of multivariate statistics and elemental comparisons will provide 

complementary information to aid interpretations of the geochemical data presented here. 

Comparisons with other Nar Lake and regional proxy datasets will also be conducted to 

strengthen and confirm inferences made regarding possible climatic and environmental 

histories portrayed by the shifting geochemical profiles.
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elements, the association between elements cannot be represented in this way and the 

strength of relationships cannot be quantified. Graphical representation of inter-element 

relationships is a simple yet extremely effective tool to evaluate the strength of a 

relationship. When used in association with correlation statistics, the main elemental 

composition of a sediment sequence can be determined (Boyle, 2001). Correlation 

matrices have therefore been constructed for the entire core length and individual 

lithostratigraphic units to show the strength of associations between paired elements for 

the NAR10 sequence (appendix 4). Table 5.1 highlights the key associations between 

elemental components for each lithostratigraphic unit as detailed in the correlation 

matrices; values stated have r-values above 0.5 or below -0.5, and are significant at the 

0.001 level, and are therefore unlikely to be coincidental. 

Correlation matrices of Itrax elemental data reveal that the coupling and decoupling of 

elements along the core sequence is related to lithology in part, with several elements 

playing key roles within the system. Although patterns associated with lithological units 

can clearly be visually identified from stratigraphical diagrams, variation is more 

distinctive when correlation coefficients are examined.  

The elements which appear to correlate most commonly and most strongly in all units are 

Ti, K, Fe, and sometimes Rb and Si, which suggests a strong association with detrital 

input. Si is interesting as it can play a dual role within the lake, positively correlating with 

clastic elements Ti, Fe and K in units 1-3 (e.g. r-value of +0.88 Si vs. K unit 1) but not 

during units 4-7 (e.g. r-value of +0.22 Si vs. K unit 4) suggesting a changing combination 

of minerogenic and biogenic sources of Si. This dual nature of individual elements can be 

seen elsewhere in the sediment profile where Fe can be linked with either redox 

conditions in the lake or changes in detrital in-wash (Davison, 1993). A reasonably strong 

positive correlation between Fe and Mn in unit 2 (0.67) implies control by redox 

conditions here, whereas negative correlations to Ca (e.g. r-value of -0.65 unit 1) and 

positive correlations to Ti (e.g. r-value of 0.97 unit 2) for the rest of the core sequence 
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suggests Fe is mainly of detrital origin. In unit 3, and to some extent unit 1, Ca is 

correlated with Sr (0.74 and 0.54 respectively) indicating that calcium carbonate 

precipitation is particularly important for these parts of the core sequence (Kylander et al., 

2011a); other units (2,4,5,6,7) show very weak correlation of Ca and Sr (e.g. 0.26 whole).  

More uncommonly, in unit 2, Pb (Lead) is strongly associated with Se and Br (0.69 and 

0.73 respectively) which typically relate to organic rich layers (Croudace et al., 2006). 

This relationship occurs during a suggested association between Fe and Mn (0.67 unit 2). 

Correlation of contaminant trace elements like Pb with Fe-Mn oxide concentrations within 

sediment profiles has been linked to remobilization but is unlikely to be a factor in most 

situations (Boyle, 2001). Lead can also be absorbed by organic-rich deposits during 

anoxic conditions which can be inferred from changes in Fe/Mn (Corella et al., 2011; 

Martín-Puertas et al., 2008). Low TOC values suggest low organic levels for most of unit 

2 and may therefore imply that remobilisation of material in the lake drives the 

association between Pb and Se, Br at this time; however, some peaks in TOC towards 

the start of the unit could imply the uptake of Pb due to increased organic-rich sediments. 

Sulphur is another element which does not clearly relate to any of the key relationships 

witnessed, only strongly correlating alongside Fe in unit 6 (0.61). A strong positive 

relationship between S and Fe here is therefore likely related, in part, to digenetic iron 

sulphides (Corella et al., 2011). Generally, S is weakly positively correlated to detrital 

elements K, Ti and Zn (e.g. 0.12 S vs. Zn unit 7) and weakly negatively correlated to Be, 

Se and Sr (e.g. -0.02 S vs. Se unit 5) revealing that there is no relationship between 

sulphur and organic-rich facies, endogenic and exogenic processes. 

Correlation coefficients indicate that certain elemental components are dominant in the 

sediment profile. Of importance seem to be carbonate related elements Ca and Sr, redox 

related Mn, detrital related components Fe, Ti, K and Rb, and Si which can be biogenic 

in origin. With this in mind, the association of these elemental profiles in relation to each 
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The relationship between Ti and K is somewhat different (figure 5.6). The relationship is 

linear in part but there are both positive and negative relationships visually apparent. 

Generally when values of Ti are highest, then K is not as high. There seems to be a 

maximum peak reached by 35 Ti and 75 K from which values begin to become 

negatively correlated. This pattern in the dataset hints that at times, K and Ti may not be 

as closely related as at other times. Looking at the changes by unit we see a small but 

linear relationship for unit 7, a similar pattern to that witnessed in unit 4. Unit 6 shows 

that K is often poorly correlated with Ti here and indicates that the elements are 

generally out of phase for a time. Unit 5, as seen by the Ti vs. K scatter plot reveals a 

generally linear relationship. The relationship between K and Ti in unit 4 is similarly linear. 

Unit 3 shows a split between the samples again with most samples plotting out in the 

lower ranges but with some clustering at the extreme Ti end also. Values in unit 2 are far 

more bunched together in comparison apart from some with high Ti. The greatest 

variability is witnessed in unit 1 where samples seem to plot out in a boomerang shape, 

indicating that perhaps there are two different relationships here. 

5.2.4. Ratios for selected elements 

Due to the semi-quantitative nature of the values obtained from Itrax XRF core scanning 

and factor related detection rates, it is also useful to plot elemental values as ratios to 

another element to avoid these issues (Francus et al., 2009; Rollinson, 1993). The ratios 

chosen for presentation in figure 5.7 have been selected based on known behaviours of 

elements and ratio proxies. For instance, Zr/Rb can be used as a proxy for changes in 

grain size (Kylander et al., 2011a) and lower values of Ca/Sr can signify higher 

evaporation and salinity, and lower lake levels (Cohen, 2003). Figure 5.8 shows ratios of 

select elements alongside titanium as this is generally a very conservative element, and 

not affected too greatly by transport or weathering processes compared to other 

elements (Young and Nesbitt, 1998). This enables the assessment of the role of other 

elemental components (which are perhaps more variable in character) alongside an 
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index for lithogenic input (Marsh et al., 2007), particularly in the absence of aluminium 

which is more commonly used as a detrital devisor (Rothwell and Rack, 2006). Ti-

normalised element ratios are expected to better represent endogenic and authigenic 

processes. 

Rb and Zr can be used to acquire grain size information due to their associations with 

clay particles and medium-coarse silts respectively. Lower values of Zr/Rb therefore 

reflect typically finer-grained sediments and higher values reflect coarser material 

(Dypvik and Harris, 2001). There is also generally no alteration to the Zr/Rb ratio over 

time from weathering or mobility making it a reasonable ratio to use for looking at grain 

size fractioning characteristics of lake sediments (Wang et al., 2008). Figure 5.7 

highlights changes in the Zr/Rb ratio for NAR10. Typically, sediments at the start of the 

sequence show high values of Zr/Rb which vary significantly, which is in contrast to latter 

deposits which are lower and fluctuate only moderately. There are exceptions to this 

pattern with a distinct drop in Zr/Rb values associated with sub-unit 5a (below 5) and 

some high values recorded for unit 1 (max 40). Lowest levels of Zr/Rb are witnessed 

during unit 2 and the start of unit 1. Decreasing values are also evident at the transition 

between unit 4 and unit 3 but a break in the sequence at this point obscures the 

movement to lower values. 

The Ca/Sr ratio is another commonly used proxy for looking at changing lake conditions 

from Itrax data. Principally it is used to locate enhanced Sr levels and therefore the 

presence of high-Sr aragonite which requires a shallow water source to precipitate 

(Rothwell et al., 2006). The Ca/Sr ratio is linked in to Ca and Sr in-lake precipitation of 

calcium carbonates (Kylander et al., 2011a). Figure 5.7 highlights the changes in Ca/Sr 

at NAR10. Unit 7 reveals moderate but highly fluctuating levels of Ca/Sr which decrease 

during unit 6 to values below 10. The start of unit 5 reveals relatively high levels of Ca/Sr 

but the values drop again towards the end of unit 5. The transition into unit 4 sees 

another jump to high Ca/Sr levels, the highest values recorded (above 40) for the entire 
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The Fe/Mn ratio has been used as an indicator of palaeo-redox conditions in lakes as 

smaller amounts of Mn and larger amounts of Fe are released from the sediments to the 

water under oxygenated (oxic) conditions (Schaller and Wehrli, 1996; Schmidt et al., 

2008). Therefore low values of Fe/Mn should indicate more oxygenated bottom water 

conditions and the separation of Fe and Mn (Marsh et al., 2007). Figure 5.7 highlights 

four distinct low points in the Fe/Mn ratio, associated with sub-units 5b, 5c & 5d, and 

units 6, 4 and 2. Values in unit 4 are the lowest for the entire core section and barely get 

above 0. The rest of the core sequence sees moderate levels of Fe/Mn with highly 

fluctuating conditions. Unit 1 and sub-unit 5a witness particularly high amplitudinal 

changes with values reaching 1200 in places. A similar high peak is evidenced in unit 7 

also, though average values are lower in this unit. 

Figure 5.7 displays the results for Ti/Ca also. This ratio is not as widely used but has 

been used here to indicate the dominance of carbonate and detrital components for each 

lithographical unit. Ca typically represents carbonate precipitation in the lake and Ti 

typically corresponds to clastic influxes, the relationship between the two therefore 

should be informative of the importance of either input at a set time. The latter half of the 

core sequence shows very low levels of Ti/Ca and therefore high carbonate deposition. 

Similarly, unit 4 is characteristically low in Ti/Ca with values barely getting above 0. High 

Ti/Ca is noticed during sub-unit 5a, and unit 1. Unit 3 is also moderately high in Ti/Ca at 

times. Unit 1 is the most visually distinctive with highly variable values documented and 

dramatic amplitudinal shifts between samples (0-0.8).  

Figure 5.8 documents elemental changes in relation to Ti. Si/Ti ratios are widely used as 

an indicator of biogenic silica to identify phases where Si may relate to alumino-silicates 

or diatom productivity as a component of their frustules (Peinerud, 2000). Determination 

of Si by the Itrax scanner is not particularly sensitive and it is important to understand 

that this can produce a high signal/noise ratio (Marsh et al., 2007). The Si/Ti ratio at Nar 

Lake is interesting as it shows very high values for the beginning of the core sequence 
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manganese in the lake water. For unit 7, values are high for the Sr/Ti record. Unit 6 is 

characterised by a decrease in values which peak again towards the end of the unit. Unit 

5 shows lower Sr/Ti values but only after a period of transition from unit 6. Very stable 

values are documented for unit 4 and do not fluctuate greatly from values of around 500. 

The rest of the core sequence shows more variability with higher values recorded for the 

base of unit 3 and lower values for unit 2 and the top of unit 1. Sr/Ti values are relatively 

high for the base of unit 1 in comparison to the start of the unit.  

The Mn/Ti ratio shows some significant changes also. The most visually dominant 

change is noticed in unit 4 where values are relatively high (above 150). Values are also 

high at the start of the core sequence apart from unit 6 where there is a distinguishable 

drop in Mn/Ti levels. Lower values are also evidenced during sub-unit 5a where values 

drop below 5. Material deposited after unit 4 is dominated by generally lower levels of 

Mn/Ti with only subtle variations in values recorded.  

5.2.5. Principal Components Analysis 

Principal components analysis (PCA) was carried out using C2 statistical software on the 

NAR10 elemental dataset (14 elements by unit) to help describe the main variance 

witnessed by a few key factors and to confirm relationships already established by 

correlation matrices, scatter plots, MCC plots and ratios. PCA analysis (figure 5.9) 

confirms the inverse relationship witnessed between elements of detrital origin (e.g. Ti) 

and those associated with organic matter (e.g. Br) and endogenic mineral phases (e.g. 

Ca). The first eigenvector represents 44% of the total variance, and is controlled mainly 

by detrital elements (Ti, Fe, Si, Zn, and Cu) at the positive end and Sr at the negative 

end which is linked in to calcium carbonate precipitation. Positive sample scores on PCA 

axis 1 represents higher clastic input into the lake and characterises periods of increased 

sediment influx from the surrounding catchment. Interestingly, the grouping of Rb and Zr 

at the positive end of PCA axis 1 associates these elements with clastic input too, but as 
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Unit 7 also shows relatively low values associated with detrital elements (see PCA axis 1) 

(figure 5.13) but values rise slightly during the inferred moister hydrological phase 

associated with 2128-2033cm sediment depth. The presence of higher Fe/Mn values 

(figure 5.13) at this time also supports ideas relating to deeper lake waters as high 

Fe/Mn is generally associated with anoxic lake conditions and increased water depths 

(Chirinos et al., 2005). High values of Fe and detrital input at this time however may be 

pushing Fe/Mn values up and thus the ratio cannot always be used as an indicator of 

lake depth. Increased sediment input from the catchment could have been caused by 

higher amounts of precipitation, which would have increased surface runoff into the lake 

by rainfall in the near vicinity, or it could have been caused by greater spring melt from 

snow. The presence of distinct laminations suggests deeper lake conditions and clear 

seasonality, with enough substantial seasonal turn-over of the lake to deliver enough 

organics for the formation of distinct varve couplets (Hedges and Keil, 1995). Seasonal 

turnover and therefore summer stratification of Nar Lake indicates anoxic lake bottom 

waters which fits well with higher Fe/Mn levels (Dean, 1993). 

5.4.3. Unit 6 (ca. 12900-11700 years ago) 

Unit 6 is readily distinguishable by a change in sediment colour from grey varves to 

lighter grey/beige marl without any laminations. The unit is completely homogenous with 

very little visible change in sediment stratigraphy. The unit is also evidenced by a 

decrease in elemental variability, mainly due to the unchanging or mixed nature of the 

sedimentary deposit. Total carbon results (figure 5.13) though suggest that two periods 

of change existed in this unit, ending and starting at around 2001cm sediment depth 

respectively. The change within sediment unit 6 is also noticeable by geochemical 

variations relating to carbonate and detrital deposition (figure 5.13).  

Visually the beginning of unit 6 is not very different chemically from sediments deposited 

at the end of unit 7 and likely reveals a continuation in sediment formation. The first half 
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of unit 6 consists of lower TIC and higher TOC, higher Ca/Sr and relatively little detrital 

influence (figure 5.13). It is possible that these geochemical parameters are reflecting 

generally moister lake conditions, which is particularly evidenced by increased Ca/Sr 

values (Cohen, 2003). Once waters were deep enough, organic preservation would have 

improved (Hedges and Keil, 1995) and thus may explain the slight increase in TOC here. 

The Inc/Coh ratio (a proxy for organic levels) (figure 5.11) however, shows only a slight 

elevation in the amount of organic material being deposited in the lake at this time, and 

values are greatly reduced from unit 7. The absence of laminations, lower Inc/Coh 

values and generally reduced Fe/Mn values suggest lake levels were shallower than in 

unit 7. Lower lake waters are substantiated by large calcareous nodules and distortions 

towards the end of this depositional phase, and relatively higher levels of carbonate 

deposition as outlined by increased Ca (figure 5.12).  A dry and evaporative event 

following the deposition of fairly moist material may have diagenetically altered the 

sediment appearance and could help explain the somewhat confusing geochemistry for 

this phase which could be inferred to represent both wetter and drier conditions.  

The latter half of unit 6 is evidenced by higher TIC, Ca and Sr (figure 4.7), and lows in 

Ca/Sr (figure 5.13). The potentially short-lived excursion to more moisture availability 

following unit 7 was disrupted by a return to exceptionally dry and evaporative conditions, 

and therefore lower lake stands. This is confirmed by increased oxygenation of lake 

bottom waters as suggested by lower Fe/Mn values (figure 5.13). Whilst low in terms of 

the rest of the core sequence, slightly raised levels of biogenic silica (as outlined by the 

Si/Ti ratio (figure 5.8)) are also documented for the latter half of unit 6. If lower lake 

waters did persist then more light would have reached the lake bed and may have 

influenced the growth of diatom communities at this time. If lake waters receded then 

much of the exposed material on the basin sides would have been prone to some 

erosion. Slightly elevated levels of K (figure 4.13) indicates some weathering but 

relatively low levels of detrital in-wash (figure 5.13) suggest that on the whole, the 
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varves would not normally form under oxygenated lake bottom waters (Dean, 1993). It is 

possible that oxic conditions are reflected because of reduced seasonality and/or lake 

turn-over during the spring and autumn months rather than lower lake waters per se 

(Magyari et al., 2009). It is also possible the low Fe/Mn values relate to the lack of detrital 

material entering the lack at this time (figure 5.13) and thus a reduced level of Fe in the 

lake system. The formation of varves suggests it is likely that the lake level rose from unit 

6 and conditions became more nutrient rich, a condition expressed by high diatom 

productivity and high Si/Ti values (figure 5.8) at this time too. The increased water level 

would have submerged near shore settings and expanded the lake surface area which 

would have introduced more nutrients into the lake waters accelerating secondary 

carbonate productivity from algal communities. A noticeable excursion in Ti levels (figure 

4.11) at 1708.2cm (9966vys) is associated with a decline in biogenic silica shortly 

beforehand. Decreased aquatic communities and an increase in clay related elements 

(e.g. Ti, Fe) may imply a short lived excursion to drier and cooler conditions.   

Sub-unit 5a is characterised by dramatic shifts in detrital and generally fine grained input 

centred at 1574.2 cm (9072vys), with five other important peaks occurring at 1503.2, 

1485.2, 1468.2, 1448.2 and 1432.2 cm (8599, 8419, 8303, 8169 and 8065vys 

respectively). Detrital elemental profiles show significant high peaks during this phase 

and relatively variable conditions (figure 5.13). Clay mineral and clastic influx at this time 

forms a major component of the sediment sequence indicating control by allochthonous 

processes. At this time also, Fe/Mn ratios (figure 5.13) suggest increased lake bottom 

anoxia, lake water stratification during the summer months and enhanced seasonal 

extremes. Grain size is small as indicated by the Zr/Rb ratio (figure 5.13), as is Si/Ti 

(figure 5.8) for most of the time. Lows in Ca and Sr (figure 4.7) suggest that carbonate 

deposition was reduced (Kylander et al., 2011a), but it is likely that some of the 

carbonate signal is diluted because of high clastic elemental readings.  A slight rise in 

Inc/Coh and TOC values (figure 5.11) may indicate more terrestrial organic material 
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entering the lake with the detrital elements. It is postulated that during sub-unit 5a, 

conditions were drier in the catchment than the rest of unit 5, with shifting moisture levels 

relating to changes in seasonal precipitation patterns. Lack of moisture availability in the 

catchment would have been enough to trigger frequent landscape instability and erosion 

of catchment material into the lake water (Giguet-Covex et al., 2011). The change in 

nutrient supply would have also been enough to disrupt biological communities in the 

lake thus lowering levels of biogenic silica at this time. Heightened levels of detrital in-

wash may also be explained however by human activity within the lake catchment which 

could have potentially disturbed the stability of soils and by increased volcanic eruptions 

as may be evidenced by the presence of a possible tephra horizon during sub-unit 5a. 

5.4.5. Unit 4 (ca. 8046-6398vys B.P.) 

Lacustrine sediments deposited throughout unit 4 consist of thin (mm scale) and very 

faint but visible laminations compared to sediments deposited earlier. Organic carbon is 

relatively low in unit 4 but inorganic carbon is exceptionally high (figure 5.13), and 

reaches levels not seen elsewhere in the core sequence. Unit 4 is also markedly 

different in terms of geochemistry, with relatively low detrital values recorded and 

remarkably high calcium concentrations (figure 4.7). These changes are linked in with 

the occasional deposition of calcareous granules of biochemical origin and a huge 

increase in Mn deposition (figure 4.9). Higher aquatic productivity is evidence by slightly 

elevated levels of Si/Ti (figure 5.8) but in comparison to units 7 and 5, these values are 

low. The high inorganic carbon content, as well as high Ca and low Sr (figure 4.7) in unit 

4 suggests conditions are strongly controlled by calcium carbonate precipitation (Treese 

et al., 1981). The indication of oxic conditions by low Fe/Mn (figure 5.13) could imply 

sediment fixing of Ca which would result in increased levels (Boyle, 2001). A lack of 

seasonal turnover of lake waters as potentially implied by low Fe/Mn could also be 

considered as a function of stable yearly rainfall levels, and therefore high Ca values in 

this instance would relate to in-lake chemical precipitation as a result of sustained 
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moisture levels (Arnaud, 2013, pers. comm; Heymann et al., 2013). More stable and 

year-round precipitation levels may also be substantiated by only faint winter laminae 

and enhanced carbonate summer laminae. 

Based on very low detrital influence at this time (figure 5.13) it is also possible to assume 

little influence of eroded catchment material on lake geochemistry. The surrounding 

landscape must have been very stable and soil erosion was decelerated for a time. Lack 

of clastic influence could be characteristic of a moist phase which encouraged greater 

catchment vegetation and soil cover and therefore a reduction in landscape instability 

during unit 4. It could also be characteristic of relatively reduced human activity in the 

catchment and therefore less human-induced landscape disturbance. A one-off event 

does occur at 1356.2 cm (7588vys) where levels of Ti, Fe, Rb, Si and K (figures 4.9, 4.11 

and 4.13) increase significantly and signify a sudden and short lived influx of clastic 

material. This is evidenced to by a dark grey clay band in the sediment stratigraphy and 

SEM scans (figure 4.22) indicating increased input of alumino-silicates (detrital type 

material). It is likely that this event is similar to other large detrital peaks witnessed in 

sub-unit 5a. The cause of this event could be decreased moisture availability, 

destabilisation of the surrounding landscape or the deposition of volcanic material (see 

section 4.8). Generally, constant conditions persisted during unit 4 as variation in 

geochemistry is often minimal (figure 5.13). Fluctuating conditions are barely witnessed 

and highlight the unchanging nature of the climatic/environmental state at this time. 

5.4.6. Unit 3 (ca. 6398vys B.P.-?)  

Unit 3 is characterised by thick laminations in the sediment stratigraphy (figure 5.13) that 

cannot be confirmed as annual deposits. Organic matter values rose considerably as 

highlighted by increased Inc/Coh values and elevated TOC levels in relation to unit 4 

(figure 5.11); with the most rapid rise evident towards the base of the unit and into the 

transition with the next lithostratigraphic unit. Visually, unit 3 is markedly different with 
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dramatic colour changes between bands and the deposition of bright white carbonate 

rich lamina. Both are strongly linked to shifts between precipitated carbonates and up-

core increases in organic levels. Unit 3 also signifies the start of reduced Si/Ti (figure 5.8) 

and therefore diatom biological activity in the lake, which remains low until present times. 

Carbonate deposition at this time was not controlled by increased biogenic productivity in 

the lake and is likely to relate more firmly to non-biological endogenic processes. Grain 

size (Zr/Rb), clastic input, biogenic silica and precipitated carbonate (figure 5.13) are on 

the whole reduced for this time period but some changes in these components are seen 

and signify partially alternating conditions in lake state.  

High peaks in detrital elements are witnessed at 1107.7, 958.5, 897, 842.8 and 804.4cm 

sediment depth. These peaks show that at times, the influence of clastic material was 

greater than at other times, and highlights increased catchment instability for short 

abrupt episodes. The most distinctive peak is at 958.5cm and is witnessed by a dark 

black sediment band in the stratigraphy. SEM scanning (figure 4.22) of this band was 

conducted as it have characteristics of a tephra horizon. Another significant elemental 

component of unit 3 is Sr (figure 4.7), with values shifting from below 200 to above 400 

(peak area integral value) at two points in the sequence. These shifts correspond to 

925.9-858.9cm and 805.1-741cm sediment depth. Co-precipitation of Sr and Ca at this 

time suggests endogenic precipitation (Kylander et al., 2011a) of aragonite, a signal 

confirmed by XRD analysis (Dean, in prep). Aragonite carbonates likely cause the bright 

white laminae documented in the sediment stratigraphy, particularly towards the top of 

the unit sequence. Lake level and moisture availability is hard to interpret during unit 3 

but generally reduced Fe/Mn and Ca/Sr values suggest that lake levels were lower than 

in unit 4. The presence of detrital in-wash events however suggests less stable 

conditions than in unit 4. 
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5.4.7. Unit 2 (>2600vys B.P.) 

Sediments in unit 2 are very distinctive as most of the unit is non-varved. Laminations 

are rare, and where apparent they are thin and often disturbed. Hard carbonate 

concretions dominate the unit; concretions can be as large as 3cm in diameter and 

extremely tough to break apart. Considering these deposits are carbonate rich, the total 

inorganic carbon values recorded are relatively low (average 8.78%) (figure 5.13). 

Normalised Ca values (figure 5.12) also suggest that during unit 2, calcium carbonate 

deposition (in the form of calcite) is reduced. The start of the unit corresponds to 

relatively high levels of organic carbon (average 1.86%), a pattern witnessed towards the 

end of unit 3 also (figure 5.13). These values tail off by the end of unit 2 as TIC rises. 

The Inc/Coh ratio in contrast suggests primarily low organic levels for the whole of unit 2 

besides the transition with unit 3 (figure 5.11) and it has been suggested that this proxy 

offers a better representation of down-core changes in organic levels.  

The high inorganic content and lack of visible laminations towards the bottom half of unit 

2 may be indicative of a low lake level. The nodular nature of deposits also indicates 

extreme drying at this time, with water levels significantly reduced. The interpretation of 

lower lake stands is substantiated by the Fe/Mn ratio (figure 5.13) which highlights an 

oxic lake state and therefore oxygenation of bottom lake waters. Organic matter 

decomposition occurred due to higher oxygen levels at the bottom of the lake. In addition, 

the lack of yearly stratification and continual ventilation of the water-column can be 

inferred from sediment homogenisation. The strong presence of Sr and Mg (figures 4.7 & 

5.13) at this time also indicates that there was extreme drying. Magnesium 

supersaturation in unit 2 (figure 5.13) indicates intense evaporative conditions and 

increased salinity (Hubert-Ferrari et al., 2012), and thus higher levels of aridity. 

The presence of some varves and a small amount of organic matter preservation 

towards the start of the unit suggests that water levels may have periodically been higher 
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as the breakdown of organics did not occur readily and conditions must have been 

anaerobic enough to preserve varve formations. With increased water depth, 

bioturbation would have been reduced and thus enhanced the deposition of organics. 

Relatively low levels of Si/Ti (figure 5.8) suggest low productivity at the lake during unit 2. 

The slightly elevated peaks in Si (figure 4.11), though, is interesting as detrital elements 

are generally minimal here which suggests that the Si profile may show some variation in 

biogenic silica and diatom productivity. The reduction in erosion indicators (figure 5.13) 

and therefore clastic input into the lake may be a consequence of a buffering effect from 

growth of littoral vegetation if water levels were relatively higher at the beginning of this 

phase. The lack of organic matter for most of the unit (figure 5.13) however implies that 

reduced detrital values relate primarily to another mechanism of change, possibly 

reduced human landscape disturbance and/or reduced surface erosion from wetter 

climatic conditions. Less precipitation may have resulted in less detritus material being 

transported into the lake. 

5.4.8. Unit 1 (ca. 2589vys B.P.-present) 

During unit 1, the return to varved sediments and absence of hard carbonate nodules 

suggest a return to anoxic and higher lake level conditions. Relatively stable average 

carbonate and organic conditions after unit 2 implies little mean change between these 

two phases. More extreme values in both TIC and TOC (figure 5.13) however imply that 

conditions were far from stable and in fact fluctuated on a frequent basis. The deposition 

of Ti, Fe, K, Si and Rb as highlighted by the PCA axis profile in figure 5.13, suggests 

increased input of catchment material on the lake setting during unit 1. The coincidence 

of clastic matter and relatively high levels of TOC (figure 5.13) may imply enhanced 

terrestrial organic matter input at this time. This change in hydrological condition to 

higher lake stands and increased sedimentation is reflected in the Fe/Mn ratio (figure 

5.13) which is likely not only indicating highs in detrital Fe but also a switch back to 

stratified lake waters and therefore potentially wetter climatic conditions. Increased 


































































































































































































































































































































































