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LAY SUMMARY 
 
 
 
 
At about 2900km deep beneath our planet surface, there is a sharp boundary where 

solid rock from the Earth’s mantle gives way to the molten iron-nickel alloy comprising the 

Earth’s outer core, with temperatures over 2000ºC. Further 2200km deeper into the Earth, 

very high pressure turns the core into solid iron, with temperatures exceeding 5000ºC. The 

interaction and heat transfer between the solid and liquid cores combined with the Earth’s 

rotation movements generates the Earth’s magnetic or geomagnetic field, in a process known 

as the geodynamo. 

Direct observations through navigation records, geomagnetic observatories and 

satellites have taught us that the geomagnetic field constantly changes at the Earth’s surface 

and sometimes deviates considerably from the theoretical models, in non-cyclical fluctuations 

called secular variations.  

To study the geomagnetic field in the geological past, we rely on magnetic minerals 

such as magnetite and haematite present in rocks at the Earth’s cold crust, which have the 

ability to preserve the orientation (described as declination and inclination) and sometimes 

the strength (called palaeointensity) of the ancient geomagnetic field at the time the rock was 

formed. In this sense, lake and marine sediments are valuable stratified archives since they 

can provide high-resolution and continuous records of the Earth’s magnetic field fluctuations 

that have occurred through time, known as palaeosecular variations (PSV). 

Recent numerical and computational models of the geodynamo indicate that secular 

variations respond to localized changes at the 2900km depth core-mantle boundary, which 

means that PSV records can potentially give us insight into the evolution and dynamics of the 

Earth’s core and lower mantle through geological time and for specific regions. 

The present PhD project produced the first PSV record for Scotland and the UK covering 

the last 19,000 years from the Late Pleistocene and throughout The Holocene (Late 

Quaternary), using lake sediment cores from Bardowie Loch in the Central Belt of Scotland. 

This is also one of the few studies that describes the variations of the geomagnetic field in 

direction and intensity during The Holocene in the UK, making the hereby results a valuable 

piece in the puzzle of the geodynamo behaviour in the northern North Atlantic region, which 

has been particularly distinctive during the Late Holocene.  

PSV records of North America, Greenland, Iceland, Fennoscandia (Norway, Sweden, 

Finland and Russia), most recently Lake Windermere (England) and now Bardowie Loch 

(Scotland) are consistent with direct observations and computational models of two regions 

of concentrated geomagnetic flux (called flux lobes) at the core-mantle boundary beneath 
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Canada and Siberia. The declination and palaeointensity patterns of the mentioned PSV 

records agree with significant oscillations in strength between both flux lobes for the last 5000 

years. These are especially evident in the records from Bardowie Loch, Lake Windermere and 

the northern North Atlantic (Greenland and Iceland marine-cores), which suggest that the 

Canadian flux lobe has been weakening while the Siberian flux lobe has considerably 

increased in strength for the last 2000 years. 

The Late Pleistocene section of the Bardowie Loch PSV record shows two intervals of 

exceptional deviation in direction at ca 18.3ka to ca 16.2ka and ca 15ka to ca 12.8ka. The 

deepest interval displays rare shallow inclinations (~20º) for Scotland’s latitude joined by large 

oscillations in the declination (a maximum of 70-degree deviation). Such substantial variations 

in the geomagnetic field orientation agree with the poorly known Hilina Palli Excursion, dated 

between 22ka and 17ka and observed globally in volcanic rocks, marine and lake cores from 

Hawaii and California to Lake Baikal and China.  

The upper interval of anomalous geomagnetic field behaviour, close to the end of The 

Pleistocene, exhibits the largest drop of inclination from present-day values (about 70º) to 

negative inclinations (-12º), while the declination presents oscillations over 50-degrees. These 

dramatic variations in orientation are consistent with the controversial Gothenburg Excursion 

(ca 12.3 to ca 13.8ka), which were originally reported in sediments from the Scandinavian 

Glacial Interstadial and also observed in North American glacial lakes, with poorly constrained 

ages from 7.6ka to 14ka. Arguments against this event are based on the large climatic 

changes taking place at the end of The Pleistocene, which could have affected the 

preservation process of the geomagnetic field in such sediments.    

Numerical models have indicated that excursions are caused by magnetic field reversals 

taking place only in the Earth’s outer liquid core, unlike complete reversals where the 

geomagnetic field changes polarity throughout the outer and inner core. This could explain 

why geomagnetic reversals usually last hundreds of thousands to millions of years, while 

geomagnetic excursions only have from few thousand years of duration, like the events 

observed in the Bardowie Loch PSV record, to a maximum of ten thousand years.  

Bardowie Loch was selected as the study site based on its small-size basin, which is part 

of a glacial landscape, and limited catchment area without any sizeable river system. This 

ensures a low energy environment, which is necessary for the magnetic minerals to align with 

the Earth’s magnetic field at the sediment/water interface during deposition. 

Our geological analyses suggest that Bardowie Loch originally formed as consequence 

of the movement of large glaciers, possibly at the time of the last glacial maximum about 

twenty thousand years ago. Then from ~19ka to ca 11.5ka, the Bardowie Loch basin was part 

of a Proglacial Environment, a lake fed with sediments transported by glacial melt-water. 

We carried out rock magnetic characterisation studies based on the magnetic properties 

of the glacial lake-sediments, which were supported by microscopic and geochemical 
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analyses. The results show that there are pulses of substantial deposition into the lake basin 

of sediments eroded from nearby Palaeozoic volcanic rocks, rich in magnetic mineral grains. 

Additionally, there are layers made of very fine sediments (clay and fine silt) that present large 

concentrations of chemical elements associated to biological productivity in the lake-water 

ecosystem, joined by abundant quantities of microscopic-algae fossils (diatoms). These layers 

also give indications of anoxic conditions at the lake-bottom and strong evidence of 

magnetite produced by a remarkable type of bacteria, called magnetotactic bacteria (MTB). 

The results from these glacial lake-sediments analyses were correlated with published 

data from Greenland ice-cores. We found that the largest deposition pulses occurred when 

temperatures abruptly increased at the end of two distinctive periods of colder glacial 

conditions called Stadials, at ca 14.8Ka for Stadial 2 and ca 11.6Ka for Stadial 1 (in Bardowie 

Loch chronology), which implies that these high detrital input events might be the result of 

significant melting of glaciers close to the Bardowie Loch basin. 

We also found that two different warming climate events produced the fine-sediments 

layers containing diatoms and possible MTBs. The first was a period of mild environmental 

conditions in the North Atlantic region known as the Last Glacial Interstadial, between ca 

14.8ka and ca 13.2ka (Bardowie chronology), and the second event was the global warming 

that marked the onset of The Holocene, dated between 11.7ka and 11.3ka for these layers in 

the Bardowie Loch sequence. 

A thousand percent surge in organic matter content combined with a substantial 

decrease of sediment input from the Palaeozoic volcanic rocks and significantly lower 

concentration of magnetic minerals characterised the Holocene sediments of the Bardowie 

Loch sequence. Results from geological, geochemical and rock magnetic studies of these 

layers indicate that Bardowie Loch has been through three very different stages.  

Between ca 11.5ka and ca 8ka Bardowie was a thermally stratified lake, denoted by 

laminated muds and alternation of oxic and anoxic phases, with strong indications of MTBs 

at the lake bottom. These observations imply first that the Bardowie basin was larger and 

considerable deeper at that stage than today and second, large temperature contrasts from 

winters to summers during this time.  

From ca 8ka to ca 4ka we found the largest concentrations of organic matter joined by 

rapid increments of elements related to biological productivity and abundant accumulation 

of insects remains, all of which imply significant climate warming at this time. We also found 

compelling evidence for basin shallowing at this stage combined with strong indications of 

soil formation at ~4.5ka. This shallowing could be the result of the Earth’s crust rising to adjust 

for the deformation caused by the large ice sheet loads during the Pleistocene. 

The most recent stage (ca 4ka to ca 1ka) shows evidence for gradual deepening of the 

Bardowie Loch basin and/or increasing water levels, as well as the largest detrital and 

magnetic minerals input since the glacial period. There are also geochemical and rock 
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magnetic evidence that suggest an intensification of human activity in the Bardowie 

catchment area since 550BC.  

As part of the present PhD project a preliminary chronology was developed for the 

Bardowie Loch Sequence based on 15 radiocarbon dates, funded by two grants awarded by 

the NERC Radiocarbon Facility (allocation numbers 1716.0413 & 2056.0417), and three 

cryptotephra layers. The term cryptotephra refers to microscopic shards of glass and minerals 

with unique chemical composition produced by discrete volcanic eruptions, transported and 

deposited by wind, which are used as time markers for specific regions. We found these tiny 

glasses mixed-in within the lake-sediments, using high-resolution magnetic characterisations 

combined with microscopic analysis. Then, we separated the tephra shards from the clay and 

silt and measured their chemical composition using the world-class NERC electron probe 

micro-analyser, which allow highly accurate results for microscopic fragments, even for 

mineral inclusions found in some of these tiny volcanic glasses. 

The deeper cryptotephra layer is a rhyolite with high iron, calcium and titanium content 

characteristic of Iceland volcanism. These microscopic glasses present the composition of two 

large eruptions from the Hekla volcano and with further modelling of all the chronological 

data, it was found that this layer corresponds to the Hekla 4 Eruption dated ca 2000BC, which 

is one of the largest markers in Northern Europe. 

The upper two cryptotephra layers present chemical compositions typical of a developed 

continental crust, while their high concentration of alkaline oxides is characteristic of the 

Campanian Volcanic Province in the Mediterranean. The major oxides composition of the 

microscopic glasses and mineral inclusions show that the first layer is a rare phonolitic tephra. 

According to these results and the preliminary age-depth model for Bardowie Loch, this 

tephra corresponds to the historical 79AD Pompeii Eruption of the Somma – Vesuvius 

volcano.  

The second layer has an alkaline intermediate composition, called trachyandesite, 

formed between 3ky and 4ky according to the preliminary age-depth model. These results 

agree with the Avellino Eruption, the largest known from the Somma – Vesuvius volcano, 

dated between 1900BC and 1600BC.  

The results herby presented correspond to the first Mediterranean tephras found in the 

British Isles. The provenance of these Bardowie cryptotephra layers were corroborated by 

comparing the major oxides composition of these microscopic volcanic glasses and mineral 

inclusions with tephrochronology studies of marine-cores from the Mediterranean Sea, as well 

as published geochemical data of the Pompeii Eruption tephra shards found in Greenland 

ice-cores. 
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CHAPTER I  

INTRODUCTION 

 

Recently, high-quality geomagnetic field reconstructions have been generated in 

Northern Europe and North America using postglacial lacustrine and marine deposits. They 

constitute attempts to understand the fluctuations of the Earth’s magnetic field in direction 

and magnitude, known as palaeosecular variation (PSV) and relative palaeointensity (RPI), 

which have been particularly dramatic during the Late Quaternary. 

Although pioneering PSV and RPI studies in postglacial sequences were carried out in 

UK almost three decades ago, research in this area has lagged behind and geomagnetic field 

reconstructions using sedimentary records (from the British Isles) have not been carried out 

for more than twenty years.  

In order to generate up-to-date, high-resolution PSV and RPI master-curves for North 

Britain, detailed state-of-the-art palaeomagnetic, rock magnetic, geochemical and 

sedimentology studies of lacustrine sedimentary sequences in Scotland were carried out. For 

accurate age-calibration two independent dating methods were applied to the lacustrine 

sequence: radiocarbon dating and tephrochronology. 

1.1 THE EATH’S MAGNETIC FIELD & PALAEOSECULAR VARIATIONS  

The geomagnetic field is a consequence of the dynamics and chemical composition of 

the Earth’s core. Earth’s rotation movement and thermal convection within the fluid outer 

core causes molten iron, which along with nickel are the core’s main components, to flow 

producing large electrical currents that induce a magnetic field. This mechanism is known as 

the geodynamo (Gallet & Hulot, 1997; Glatzmaier et al., 1999; Sarson & Jones, 1999; Olson, 

2002; Glatzmaier & Olson, 2005; Jones, 2007).  

Satellite observations in the last 30 years and mathematical simulations have shown that 

the geomagnetic field is generated at the core-mantle boundary (Glatzmaier et al., 1999; 

Olson, 2002; Hulot et al., 2002) and just about 1% of the field, mainly of dipolar behaviour, 

reaches the Earth surface (Glatzmaier & Olson, 2005). It has also been noticed that the 

magnetic flux, created by the geodynamo, mirrors the fluid Earth’s core movements (Olson, 
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2002; Jones, 2007). In addition, it has been suggested that structural and thermal changes in 

the Earth’s mantle might also affect convection at the core-mantle boundary, causing 

alterations on the geodynamo, known as flux lobes (Cox & Doell, 1964; Vogt, 1975; Jones, 

1977; McFadden & Merry, 1984; Laj et al. 1981; Bloxham and Gubbins, 1987; Gallet & Hulot, 

1997; Glatzmaier et al., 1999; Sarson & Jones, 1999; Olson, 2002; Glatzmaier & Olson, 2005).   

The interaction of these factors and the fact that the Earth’s core and mantle are 

continually evolving through geological time causes non-cyclical changes in the geodynamo, 

which in turns induces constant fluctuations in the magnetic field at the Earth’s surface, known 

as ‘secular variations’ (Olson, 2002; Linford, 2006; Jones, 2007; Donadini et al., 2009, Gallet 

et al., 2009). Volcanic and sedimentary rocks, in the Earth’s crust, have the ability to register 

such fluctuations due to their magnetic minerals contents, which have the property of 

acquiring a remanent magnetization induced by the geomagnetic field (Aitken & Weaver, 

1962; Clark et al., 1988; Aitken, 1999; Geissman, 2000; Linford, 2006; Tarling 2007; Gallet et 

al., 2009). As a result, past intensities and directions of the Earth’s magnetic field can be 

preserved in the geological record.  

1.2 STUDY LOCATION: BARDOWIE LOCH  

Lacustrine sediments in general comprise continuous depositional sequences, often 

spanning thousands of years. As a result, they provide high-value geological records, while 

preserving changes in the local geomagnetic field for extended periods of time with a good 

temporal resolution (Creer, 1982; Brachfeld and Banerjee, 2000; Ojala and Tiljander, 2003; 

Evans & Heller, 2003; Snowball et al., 2007).  

The general continuity of magnetic records in lake sediments means that they are 

superior to archaeological structures and recent volcanic rocks for PSV and RPI studies for 

The Quaternary Period, because a rock or a fired archaeological structure generally provides 

only an ‘instantaneous snapshot’ of the geomagnetic field for a given point in time (Evans & 

Heller, 2003). 
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Figure 1.1. Location of Bardowie Loch, where BARD2, BARD4 and BARD5 cores were obtained. Also 
the location of Loch Lomond, Glasgow, Campsie Fells and Stirling is shown (map from Google Earth).  

In the British Isles and northern Europe, most inland lakes developed at the end of the 

last glacial period, hence a large number of lacustrine sedimentary sequences, covering the 

entire Holocene, are available in this region (Creer, 1982; Snowball et al., 2007; Ojala et al., 

2012).  

For the present project, Bardowie Loch near Milngavie (East Dunbartonshire) was selected 

as the site study (fig. 1.1). Bardowie Loch is a flooded inter-drumlin hollow, covering an area 

of 815 x 350m2, approximately 12 miles SE outside the limit of Loch Lomond Readvanced 

Glacier. This lake probably developed when the ice started to retreat at the end of the 

Pleistocene, probably c. 15ka.  

1.3 RESEARCH CONTEXT 

The discovery by Mackareth (1971) that unconsolidated lacustrine deposits can preserve 

secular variations for thousands of years opened a new chapter in palaeomagnetism. 

Following this breakthrough, Turner and Thompson carried a series of studies on multiple 
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sedimentary cores from Loch Lomond, Lake Windermere and Llyn Geirionydd, in Scotland, 

northern England and Wales respectively (Turner & Thompson 1979, 1981 and 1982). Their 

research provided invaluable magnetic information about the local geomagnetic field in 

Britain and northern Europe during the entire Holocene (fig. 1.2a), becoming one of the 

fundamental works in PSV studies worldwide, despite the lack of accurate age constraints.  

Declination and inclination features similar to those in the Turner and Thompson master-

curve (fig. 1.2a) have been observed in recent studies across northern Europe (e.g. fig. 1.2b) 

(Snowball and Sandgreen, 2002; Snowball et al., 2007; Ojala & Saarinen, 2002; Ojala and 

Tiljander, 2003; Pavon-Carrasco, 2008, 2010; Lougheed et al., 2012); moreover, Turner and 

Thompson data are still being included in data sets for new European and global models 

(Korte & Constable, 2003, 2005; Donadini et al., 2009; Korte et al., 2009). However, 

techniques and instrumentation have evolved significantly since Turner and Thompson’s 

pioneering studies, resulting in considerably increased sensitivity and accuracy in modern 

laboratory measurements.  

 
Figure 1.2. Thompson & Turner (1981) UK master-curve (a). FENNOSTACK master-curve for Fennoscandia 
(Snowball et al., 2007) (b). Arrows indicate declination and inclination features (Latin and Greek letters, 
respectively) with considerable age misfit. 

a b 
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1.3.1 Palaeosecular Variation Studies in Lacustrine Records 

Although in more than 20 years, in Britain no PSV studies in lake sediments have been 

carried out, a substantial amount of work has taken place in both Europe and North America. 

Most of the data from lake sediments are currently used to model the geomagnetic field 

behaviour during the Holocene, such as CALS7k.2 and CALS10k.1 (Korte et al., 2011; 

Donadini et al., 2009; Korte and Constable, 2003, 2005). Particularly in Scandinavia there has 

been an increasing interest in lake sediment studies in recent years, constraining 

palaeosecular variations and relative palaeointensities curves with varves chronologies, 

tephrocronology and radiocarbon data (Snowball and Sandgreen, 2002; Ojala and Tiljander, 

2003; Snowball et al., 2007; Lougheed et al., 2012). 

The latest palaeosecular variation and relative paleointensity master-curves for Northern 

Europe, FENNOSTACK and FENNORPIS respectively, were generated by Snowball et al. 

(2007) using lake sediment data from Fennoscandia constrained by varves timescales, which 

span the last 10.2ky. The resulting curve shows trends very similar to those of the UK master-

curve of Turner and Thompson (1981) (fig. 1.2) with the critical exception that most of the 

Fennoscandian features are considerably younger than their counterparts in the UK master-

curve (Table 1). Snowball et al. (2007) consider that the age misfit might be substantially large 

to be a consequence of a westward drift of the non-dipolar component of the geomagnetic 

field and instead, could be due to significant inaccuracies in the radiocarbon dating of the 

sedimentary sequences used by Turner and Thompson. 

Table 1.1. Declination and inclination features of the UK master-curve (Thompson and Turner, 1981) 
identified on the Fennostack master-curve (Snowball et al., 2007). Considerable age differences are 
highlighted (orange corresponds to declination and blue represents inclination). 

 

 

Declination 

Feature 

UK master-curve 

(cal. BP) 

Fennostack 

(cal. BP) 

Misfit 

(yr.) 

Inclination 

Feature 

UK master-curve 

(cal. BP) 

Fennostack 

(cal. BP) 

Misfit 

(yr.) 

d 1150 850 300 g 1250 1290 -40 

e 1950 2210 -260 d 1650 1840 -190 

f 2705 2670 35 e 3270 3090 180 

g 5550 5500 50 q 5200 4720 480 

h 7165 6610 555 i 6000 5400 600 

i 8400 7920 480 k 7000 6290 710 

    l 8300 7890 410 

    µ 8800 9000 -200 
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1.3.2 Relative Palaeointensity Studies in Lacustrine Records 

In contrast to the absolute palaeointensities in volcanic rocks or archaeological 

structures, which mainly depend on the geomagnetic field strength, type of magnetic 

minerals and temperature of firing, palaeointensities in sediments are highly affected by the 

concentration, grain size and composition of their magnetic mineral assemblage (King et al., 

1983; Tauxe, 1993; Tauxe et al., 1995; Brachfeld and Banerjee, 2000; Brachfeld et al., 2003; 

Brachfeld, 2007). However, recent studies, particularly in North America, have demonstrated 

that fluctuations observed in relative palaeointensity data from sedimentary sequences, in 

fact correspond to those of absolute palaeointensities from volcanic deposits, and in some 

cases it is even possible to correct for an absolute magnitude (Brachfeld & Banerjee, 2000; 

Brachfeld et al., 2003; Barletta et al., 2010; Gorgoza et al., 2000, 2002; King et al., 2005; 

Stoner et al., 2002, 2003, 2005; St. Onge et al., 2003, 2005; Valet et al., 2005).   

Brachfeld and Banerjee (2000) undertook a high-resolution palaeointensity analysis of a 

Holocene section of Lake Pepin, Minnesota. The relative palaeointensities from Lake Pepin 

yield the same curve than the nearby Lake St. Croix. The results from these two lakes are well 

constrained with absolute palaeointensities from a Holocene volcanic section, which provides 

an independent & absolute record to be used as a comparison proxy for both lakes. The 

authors concluded that the sedimentary records could yield geomagnetic relative 

palaeointensity data with peak to trough amplitudes comparable to absolute intensity 

datasets. This conclusion has shifted the perception from the long-held dogma that relative 

palaeointensities derived from sediments were unreliable and not worthy of analysis.  

Another current major development in this area is the use of relative palaeointensities 

records as global correlation and dating tools, even between sedimentary sequences from 

the Northern and Southern Hemisphere (Brachfeld & Banerjee, 2000; Brachfeld et al., 2003; 

Barletta et al., 2010; Gorgoza et al., 2000, 2002; King et al., 2005; Stoner et al., 2002, 2003, 

2005; St. Onge et al., 2003, 2005; Valet et al., 2005)      

One of the most recent studies in palaeointensities (Barletta et al., 2010) presents both 

a high-resolution palaeomagnetic secular variation and a relative palaeointensity study on 

sediments from eastern Canada. The results from this study are highly promising, since there 

is a very good correlation between the resulting PSV curve and the CALS7K.2 model, 

particularly for the last 4000 yr. BP (Korte & Constable, 2005). In addition, the Canadian RPI 
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data is consistent with a virtual axial dipole moment (VADM) reconstruction from absolute 

palaeointensities. From the successful regional correlations, the authors proposed that the 

Holocene palaeomagnetic secular variations are driven, at least for North America, by large-

scale (>5000 Km) changes in the Earth’s magnetic field. 

Considering the aspects previously exposed and the favourable and inspiring results 

obtained in recent studies from lacustrine sequences worldwide, an updating of the PSV 

record and generation of a high-resolution relative palaeointensity curve, which completely 

describes the changes sustained by the geomagnetic field in the UK through the Late 

Quaternary, are proposed by the present PhD project; while in addition, taking advantage of 

new state-of-the-art palaeomagnetic, rock magnetic and geochemical instrumentation.      

1.4 AIMS OF THE PROJECT 

1) Generate high-resolution PSV and RPI records from lake cores in Scotland: 

• Evaluate stability of the magnetic remanence using state-of-the-art palaeomagnetic 

and rock magnetic analyses. 

• Recognize local environmental/climatic input affecting the remanence, using detailed 

sedimentology analysis, as well as geochemical and magnetic characterizations. 

• Determine the declination, inclination and relative palaeointensities of the 

remanence preserved in the sedimentary sequences. 

2) Provide accurate age constraint for the sedimentary sequences using radiocarbon dating 

and tephrochronology: 

• Determine 4 to 7 radiocarbon dates for each core.  

• Identify tephra markers by applying geochemical analysis to volcanic shards found 

throughout the sedimentary sequence.  

3) Generate a continuous, full-vector description of the regional geomagnetic field during the 

Holocene and Late Pleistocene, by producing PSVs and RPIs curves for Northern Britain. 

4) Identify climate/environmental changes related to Late Quaternary events through 

magnetic characterizations, geochemical, sedimentological and organic remains analysis 

of the sedimentary sequence. 
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1.5 METHODOLOGY AND PROCEDURES 

For palaeomagnetic, rock magnetic, geochemical studies and radiocarbon dating, 

three cores from Bardowie Loch were used, BARD2, BARD4 and BARD5. All cores were 

described in detail and had pictures and x-rays taken (as soon as they were split) to record 

the sediments before oxidation changes could take place (chapter 2, Coring and Sampling). 

For sedimentology analyses, methodologies developed for the Ocean Drilling Program 

(ODP) and adapted by limnologists to use in lake cores, were applied; as well as the 

preparation of nearly 300 smear slides, in order to preserve detailed records of BARD4 and 

BARD5 for future studies (chapter 2, Sedimentology Analyses). These works were carried out 

at the Sedimentary Laboratory of the School of Geographical and Earth Sciences (University 

of Glasgow, UoG), where the cores are carefully stored in a refrigerated room, while the 

microscopic analyses were performed at the Optical Microscope Laboratory of the School of 

Geosciences (University of Edinburgh, UoE). 

Geochemical techniques were applied to assess main changes throughout the 

sequence, i.e. determination of density, water and organic matter content (OMC) (chapter 2, 

Geochemical Analyses), all of which were carried out at the previously mentioned 

Sedimentary Laboratory (UoG), in collaboration with PhD candidate C. Slaymark (UoG); these 

results are also part of her Biomarker research in Bardowie Loch. 

High-resolution Energy Dispersive X-ray Fluorescence (ED-XRF) spectra, generated for 

BARD2 by my supervisor prof. Paul Bishop (UoG), were correlated to sedimentology analyses 

and used to complement Rock Magnetism results (chapter 2, Geochemical Analyses). 

Different techniques of Rock Magnetic Characterisations were applied to over 200 

samples, obtained mainly from BARD2 and BARD5 cores in a 5-cm resolution subsampling, 

in order to evaluate the magnetic remanence stability and local-environmental effects acting 

on the magnetic remanence signal (chapter 4, Preliminary Conditions for RPI Studies). State-

of-the-art Magnetic Susceptibility Studies and Thermomagnetic Analyses were carried out at 

the Palaeomagnetic Laboratory of the School of Geosciences (UoE) (chapter 3, Magnetic 

Susceptibility and Thermomagnetic Analysis). Laboratory induced magnetization curves (ARM 

and IRM acquisition and demagnetization curves) were generated using the unique, 

completely automatized cryogenic magnetometer system of the Palaeomagnetic Laboratory 

‘Fort Hoofddijk’ (University of Utrecht, UoU) (chapter 3, Laboratory Induced Magnetizations). 
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To generate the PSV record, a 5cm-resolution master-core were built with 150 samples 

from BARD5 and BARD4. Declination and inclination curves were obtained from innovative 

palaeomagnetic studies carried out at ‘Fort Hoofddijk’ Palaeomagnetic Laboratory (UoU), 

where the high-stability component of the remanence was successfully determined for 90% 

of the samples (chapter 4, Palaeomagnetic Studies). Using the intensity of the remanence 

determined from these palaeomagnetic analyses, as well as normalizing parameters obtained 

through the Rock Magnetic Characterisations, and applying numerical methods, the Relative 

Palaeointensity records were generated (chapter 5, Normalization Methodologies). 

Separation of the organic fraction from the sediment were carried out in the intervals 

where the OMC curve exhibits larger concentrations, in order to analyse the fossil 

assemblages and select suitable material (land plant remains and seeds) for radiocarbon 

analyses. Radiocarbon dating were carried out in 18 samples at the NERC Radiocarbon 

Facility in East Kilbride (SUERC), funded by two grants awarded by this laboratory to the 

present PhD project, the first consisted on a rangefinder of 6 dates from BARD2, and the 

second (in collaboration with C. Slaymark) is for 12 dates from BARD4 and BARD5 (awaiting 

final results). 

 Mineral separations were carried out, using heavy liquid techniques, in order to separate 

the volcanic glass shards from the sediments and organic material, where four tephra layers 

were identified through high-resolution Magnetic Susceptibility curves, FD Susceptibility 

curves and microscopic analyses (on smear slides). The third tephra layer (Icelandic rhyolitic 

tephra at 335cm depth in BARD2) were located and characterised by Ross Heriot (UoG), as 

part of his undergraduate project under prof. Bishop supervision. The first and second tephra 

layers (at 120cm and 245cm) were identified as Pompeii and Avellino eruptions through their 

major oxide compositions, measured with the world-class EPMA at the Tephra Analysis Unit 

of the School of Geosciences (UoE), and correlating this results with global data bases and 

publish data from the Mediterranean Sea.    
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CHAPTER II  

SEDIMENTOLOGY & GEOCHEMICAL ANALYSIS   

The present chapter comprises the different techniques applied to analyse the lake cores 

in order to figure out the story of the Bardowie Loch sedimentary sequence; its depositional 

processes, as well as important environmental and anthropogenic changes undergone during 

the presumably last 15ky in the lake and catchment area, all of which have the potential to 

affect the preservation of the magnetic remanence by the magnetic minerals present in the 

sediments, as well as leaving an imprint on those same magnetic grains. 

The methodologies employed for sedimentology studies and geochemical analysis are 

presented, as well as the main results obtained from these independent laboratory works. 

Sedimentology and geochemical analyses were performed mainly at the Sedimentary 

Laboratory of the School of Geographical and Earth Sciences (University of Glasgow), where 

the Bardowie Loch cores are stored in a refrigerated room, as well as in the Wet Sediments, 

Chemical and Optical Microscope Laboratories at the Grant Institute (University of 

Edinburgh).  

2.1 CORING AND SAMPLING 

7-m cores were drilled from Bardowie Loch in two field campaigns. BARD2 and BARD3 

were obtained by Prof. Paul Bishop and Kenny Roberts in March 2011 (grid reference: NS 

57894, 73609), while BARD4 and BARD5 were collected in July 2016 (grid reference: NS 

57950, 73592) by Prof. Bishop, Dr Jaime Toney, Kenny Roberts, Charlotte Slaymark and 

Myriam Rada. The cores were drilled from a floating platform in the centre of the loch, over 

10m water depth, using a rod piston Livingstone Corer, and were obtained in 8 sections of 

approximately 1m depth (drives). Drives were wrapped in cling film, aluminium foil and 

encased in PVC tubes as soon as they were retrieved over the platform, in order to avoid 

contamination and for preservation of the sequence as intact as possible. In all four cores the 

first drive was lost due to the highly unconsolidated and extremely waterlogged nature of the 

muds at the top of the sequence. Short cores were used to sample the top meter of the 

sequence; however, the unconsolidated nature made the sediments at the top half-meter 

unsuitable for palaeomagnetic analysis.   
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Back in the laboratory, the drives were carefully split between working and archive 

halves, wrapped in clean cling film and aluminium foil, then protected in plastic cases and 

store in the refrigerated Core Store Room at the Sedimentary Laboratory (University of 

Glasgow). Photographs and X-rays were taken immediately after opening each drive, before 

oxidation could take place causing changes of colours. X-rays were obtained at the X-ray Unit 

of the Small Animal Hospital (University of Glasgow) and pictures were taken at the 

Photography Unit of the School of Geographical and Earth Sciences. Figure 2.1 shows the 

coloured and X-ray photographs obtained from core BARD5. However, a higher - resolution, 

A3 version is presented for BARD2, BARD4 and BARD5 in Appendix 1. These A3 charts were 

laminated and resulted very convenient for rapid examination of the cores, particularly 

important for planning the sampling depths, as well as handling the different core drives.   

1cc samples were taken for geochemical analyses, every 10cm from BARD2 and every 

6cm from BARD4. Samples for rock magnetic and palaeomagnetic studies were obtained 

every 5cm using 6cc plastic cylindrical lidded cups, from drives 1 to 5 of BARD5, drives 6 to 

8 of BARD4 (base of Bardowie lacustrine muds sequence) and also the 5 upper meters of 

BARD2 (drives A to F). Samples were also taken for Radiocarbon dating and 

tephrochronology following very different techniques, which are explained in Chapter VI.      

2.2 SEDIMENTOLOGY ANALYSIS 

2.2.1 METHODOLOGY 

BARD4 and BARD5 were described in cm-detail by M. Rada and C. Slaymark, using an 

Initial Core Description Form for each drive, which are annexed in Appendix 1. For this 

analysis the surfaces of the archive drives were carefully sliced (1-2mm thick slices) with a 

knife, in order to feel the varying textures of the sediments in distinctive beds, as well as 

identify the layers more abundant in plant material and macroscopic organic matter. Also, a 

Munsell Colour Chart were used to record the colours of the different beds, while the 

sediments were fresh. These sediment analyses were done following the methodology 

proposed by Schnurrenberger et al. (2003), based on the procedures developed by the 

Ocean Drilling Project, but adapted for lacustrine sediments. The main advantage is that 

descriptions are more systematic and for macroscopic observations basically conform to the 

following formula: 

BED COLOUR + BEDDING + MAJOR MODIFIER + PRINCIPAL NAME 
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Where the bed colour refers to the Munsell Soil Colour Chart classification and bedding 

indicates the thickness and relation between layers. The principal name and major modifier 

follow the component-based sediment classification, which comprises clastic sediments 

(sand, silt and clay); chemical sediments, referring to evaporites (gypsite and gypsum) and 

carbonates (limestone, dolostone and carbonate mud); and biogenic sediments, which are 

classified as coal (anthracite, bituminous, lignite and peat) and fossiliferous (sapropel, ooze 

and hash/coquina). 

Smear slides were used to complement the sediments description, particularly for 

distinctive layers, where sharp colour or grain sizes contrast were observed, as well as beds 

with anomalously large concentrations of organic or mineral matter. 

Smear slides preparation was carried out using a simple procedure as a guide, which was 

adapted from the ODP by the USA National Lacustrine Core Facility (LacCore, University of 

Minnesota, 2010). Rada and Slaymark applied the following technique, based on low-cost 

material, easy to acquire and use: 

1. 2.5x2cm labels were cut from water/oil proof and tear resistant adhesive labels (sell for 

use in industrial fridges), and marked with the sample’s core, drive, number and depth 

(as in fig. 2.2) 

2. Dust and grease were clean from 1”x 3” glass microscope slides with ‘Opticlear’ lens 

wipes, specially developed for optical devices, then the labels were added. 

3. Using a pipette, a drop of distilled water was put on one slide. While still holding the 

slide, a very small amount of sediment (about 1mm3) was taken from the layer at the 

drive surface, using a 1mm flat head precision screwdriver. Then this sediment was 

dissolved on the water drop and smear over the glass slide, into an almost clear film, 

with the help of a small metal spatula. 

4. Slides were placed on a hot plate (at 50ºC) until dry, which took about 15 minutes. 

5. Once five slides were completely dried, they were put on a small tray and 4 to 6 drops 

(depending on the area of the sediment film) of ‘Norland Optical Adhesive 61’ were 

applied mainly near the borders of each slide. Then, 24x50mm/Nº1.5 coverslips were 

carefully and very quickly dropped over each slide, in order to avoid the formation of 

air bubbles. 
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Figure 2.2. Example of chart designed to correlate pictures, macroscopic analysis (Visual Description 
and Munsell Colours columns), features identified through X-rays (layers marked on third column) and 
microscopic analyses (smear slides column). Dark grey and grey bands represent the laminae sets 
observed on late glacial clays. Here is presented Drive 5 of BARD5, where the transition from light 
glacial clays to dark organic muds were observed.  
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6. The five slides were placed inside a 36-Watt UV Nail Lamp (Nailstar NS-01) during 2 

cycles of 180 seconds (6 minutes in total), in order to cure the optical cement. This 

nail lamp was used since it has the exact same specifications stated on the NOA 61 

instructions and costs about 10% the price of an UV light box. 

7. Smear slides were store in groups of 100 in microscope slide boxes, organised by 

core and drives.  

About 300 smear slides were prepared from BARD4 and BARD5 cores, in order to 

preserve a detailed record of both cores for future studies in Bardowie Loch.  Additionally, a 

chart was developed to compile all the sedimentology data by drive, i.e. photographs, x-rays, 

bedding and colour descriptions, as well as to indicate the exact depth, bed and/or feature 

of each smear slide (fig. 2.2).  

2.2.2 RESULTS 

A general sedimentary model was constructed assembling the main observations from 

BARD5, BARD4, BARD2 and BARD3 sediments and X-rays, at a resolution of tens of cm (fig. 

2.3). The resulting log was produced using SEDLOG ‘Shareware program for drawing graphic 

logs and log data manipulation’ (Zervas et al., 2009) and Illustrator. 

The deepest cores (BARD3 and BARD4) reached the upper part of a poorly sorted silty 

sand and gravel bed, with fine to coarse pebble subangular clasts, which marks the base of 

the Bardowie Loch lacustrine muds sequence (close to 8.5m depth, fig. 2.3). This layer could 

be interpreted as either the base of a Bouma cycle or subglacial till (fig. 2.5e).  

Furthermore, the lacustrine sedimentary sequence shows two distinctive groups, with a 

clear boundary about 5m-depth. The deepest group consists of mostly laminated, light-

coloured (reddish to greyish brown) fine-grained sediments (clay, silt and fine sand), while the 

most recent upper 5 metres are mostly massive, organic, brown to black muds (figs. 2.1, 2.2 

and 2.3). 

The deepest light-coloured sediments group show plenty evidence of glacial deposition, 

besides the lack of organic matter and larger density. The most striking feature is the 

rhythmites sets (laminated muds, fig. 2.3), formed by dark silt laminae intercalated with light 

clay laminae or very thin (from 1mm to 1-3cm thick) beds (fig. 2.5a).  
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Figure 2.3. Top 8.5 meters of the sedimentary sequence of Bardowie Loch, presented at a resolution of 
tens of cm. This sedimentary log represents a general sequence, comprising the main layers and 
features observed in BARD5, BARD4 and BARD2 cores. Log was produced using the open software 
SEDLOG.  

Figure 2.4 shows microphotographs corresponding to a clay lamina (fig. 2.4 a-b) and a 

silt lamina (fig. 2.4 c-d) from BARD5 (smear slides Bard5:5-9 and Bard5:5-10, fig. 2.2), with 

obvious differences in grain sizes, fabric and mineralogy. Dark silt laminae show high relief, 
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sub-rounded to angular grains with high interference colours (yellow, orange and green). 

Also, these silt layers are poorly sorted, ranging from clay to coarse silt, which probably 

formed from spring/summer melt-outs, with a provenance including mafic rocks and/or 

relatively immature mafic debris, and possibly limestones (fig. 2.4 c and d).  

Figure 2.4. Microscopic pictures of smear slides from two laminae of a rhythmite bed. Sample Bard5:5-
9 shown in plane polarized light (A) and cross-polarized light (B), and sample Bard5:5-10, in plane 
polarized light (C) and cross-polarized light (D). Bard5:5-9 (56.5cm in Drive 5, BARD5, fig. 2.2) 
corresponds to a greyish brown clay lamina, possibly indicating winter deposition. While Bard5:5-10 
(57cm in Drive 5, BARD5, fig. 2.2) is a very dark grey clayish silt lamina, possibly formed during the 
spring-summer melt.  

Clay laminae are characterised by red clay and fine silt grains (fig. 2.4a), with few coarser, 

possibly mafic grains (high relief and high interference colour in fig. 2.4b) and also presence 

of bacterial remains (possible testate amoebas). The fine silt fraction is composed by red and 

black (in plain-polarized light, fig. 2.4a) and yellow-white (cross-polarized light, fig. 2.4b) 
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grains; the former and the clay fraction are probably authigenic iron oxides and/or sulphides 

and the latter carbonatic mud and very fine mafic grains. It is possible that these mafic detrital 

grains were suspended in water and deposited in winter, when the lake was ice-covered, 

during the overturn; while the iron oxides, sulphides and carbonates precipitated as insoluble 

phases as the result of the hypolimnion mixing with oxic waters, which also takes place during 

the winter overturn (Talbot & Allen, 1996). 

 
Figure 2.5. Examples of main glacial structures identify in the lower ~3.5 meters of the Bardowie Loch 
sedimentary sequence. These features are clearer in cores X-rays, probably due to the contrast of 
densities. Rhythmites (A), dropstones (B) and ice-rafted debris (C) are observed throughout the glacial 
sequence, while the till or mass flow (E), ripple cross-lamination (B) and soft-sediment deformation (F) 
are only present on the base (first 0.5m) of the sequence, underlying the mainly laminated muds.   

Other important glacial features observed in the deepest 3.5m of the Bardowie 

sequence includes dropstones, which are large pebble-sized sub-angular to sub-rounded 

clasts embedded throughout the rhythmitic fine-grained sequences (fig. 2.5c). Similar to 

dropstones, there are layers of poorly sorted clayish sands, where sub-angular medium to 

coarse sand grains interrupts regularly laminated muds, interpreted as ice-rafted debris or till 

clots (sediments dropped in the lake bed from floating ice) (fig. 2.5d). Also, clear soft-

sediment deformation structures, observed on the base of the laminated muds sequence 
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(~7.75m in fig. 2.3), indicates loading and compression from ice-pressure (fig. 2.5f). There is 

also a sand layer showing climbing ripple cross-lamination (fig. 2.5b), overlying the possible 

lodgement till or turbidity current, which could be related to a sub-lacustrine outwash phase, 

and both layers could be indicators of Subglacial Facies, at the start of the formation of 

Bardowie Loch.  

Rhythmites, soft-sediment deformation, mass and turbidity flows are typical structures of 

Glaciolacustrine Basinal Subenvironments, while the presence of both dropstones and ice-

rafted debris are characteristic of Ice-Contact Proglacial Environments (Miller & Edwards, 

1996). All the mentioned features, as well as the drumlinized landscape of the catchment 

area, suggest that Bardowie Loch likely formed as part of an end/push moraines system, 

probably during the end of the Last Glaciation (Late Pleistocene), due to the rapid transition 

from possible Subglacial Facies to Ice-marginal Facies and then to a Temperate Lacustrine 

Environment. Additionally, dropstones and till clots found up to 5cm below the top of the 

glacial laminated muds group imply that glaciers remained considerable close to or in the 

catchment area right before the start of the deposition of the upper organic muds group. 

 
Figure 2.6. Land plant remains found in the first two drives of core BARD2. A and B indicates first and 
second drive, respectively, which correspond to the top 2 meters of the Bardowie Loch sequence. 
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The upper 5 meters of the Bardowie lacustrine sequence is characterised by dark brown 

and black, thick to medium bedded, mostly massive organic muds (fig 2.3); however, fossil 

assemblage, concentration and preservation of organic matter varies throughout these beds. 

Large fragments of well-preserved terrestrial plant material (fig. 2.6) are mainly found in the 

top 1.5 metres (fig. 2.3), as well as in the four beds overlying the glacial clays boundary (5 to 

4m depth, fig. 2.3). On the other hand, chitinous remains are the most abundant, 

predominantly those of aquatic origin; i.e. bryozoan statoblasts (fig. 2.7) and daphnia resting 

eggs (fig. 2.9) are found in every black sapropelic bed along with diatoms and algae. 

Additionally, arthropods’ fragments (fig. 2.8) and eggs (fig. 2.9) are also an important 

component of the highly organic layers, particularly from 4m to 2m depth. 

 
Figure 2.7. Bryozoan remains found in BARD2. A, B, C and D indicate their respective drive (0.5 to 4m 
depth). Bryozoan or moss animals are aqua-tic, sedentary, invertebrates living in colonies at about 5m 
depth. Statoblasts are surviving capsules produced during drying or freezing conditions, as well as when 
food is scarce.   

Sedimentary structures in the upper dark-coloured muds group include black and 

brown/dark brown laminations and thin beds intercalations, observed in layers from 5m to 

~3.7m depth, which progressively are less developed (fig. 2.1, drives 3 to 5) until analogous 

brown / dark brown beds turn massive and thick, interrupted by black thick sapropelic mud 
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beds (upper ~3.5m, fig. 2.3). In general, non-glacial laminations are related to seasonal (or 

episodic) thermal stratification of lake waters; during the stratified stage the hypolimnion (and 

therefore lake bed) are under anoxic conditions and ions such as iron or manganese are 

dissolved in the water; then, due to thermal or density water changes, a rapid unstratified 

stage takes place, resulting in a mixing event with more oxic waters, causing minerals like iron 

or manganese to precipitate, forming an oxidation lamina. Whereas constant oxic or anoxic 

lake bottom conditions result in non-laminated (massive) deposits (Talbot & Allen, 1996). 

Moreover, the permanent oxygenation of the lake water column is an indication of shallow 

water levels, while anoxic conditions prevail at lake bottom during periods of high water 

levels, so alternation of laminated and massive lake deposits could be indications of variations 

in lake levels (Cabrera et al., 1991).  

Figure 2.8. Land insect and mites’ fragments, found in drives B, C and D (1m to 4m depth) in BARD2. 

Another characteristic sedimentary structure is mottled sediments (fig. 2.10), 

distinguished in a thin bed overlying a dark brown thick massive mud layer at about 3m depth 

(fig. 2.3). Mottling is usually related to pedogenic processes, presence of roots or rapid 

changes between wet and dry conditions, therefore this bed could be an indicative of a short 

period of particularly shallow water depth. 
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These sedimentary features along with changes observed in the chitinous vs plant 

remains assemblage, which are possibly related to the preservation/decomposition of 

organic matter, could be an indication of gradual oxygenation of the lake bottom from the 

end of the glaciation due to the disappearance of the water thermal stratification, i.e. 

polymictic lake stage, presumably as a consequence of the warming climate and decreasing 

contrasts between summer and winter temperatures. While the occurrence of mottling 

sediment could suggest that also a considerable shallowing of the Bardowie Loch basin were 

taking place, also contributing to the development of polymictic conditions, which could have 

been an effect of the post-glacial isostatic rebound (5m to ~3m, fig. 2.3).  

 

 
Figure 2.9. Other chitinous remains found in drives A, B, C and D (0.5 to 4m depth) of BARD2. Land 
material corresponds to insect eggs and possible cocoons, as well as the cysts of land roots parasites 
(nematodes). Aquatic eggs are from planktonic crustacean Daphnia, which are produced when 
temperature or food availability decreases.  

The upper 3m of the sedimentary sequence is distinguished by the reappearance of 

coarser grain sizes, i.e. silty clay beds overlying more than 2.5m of mostly clay beds, and also 

the intercalation of black sapropelic muds, rich in plant material, with medium bedded brown 

to reddish muds (fig. 2.3). These features suggest an increasing of energy in the lake 
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environment, i.e. the return to more cyclic conditions, maybe alternating periods of anoxic 

and oxic states, as well as more erosion in the catchment area, all of which could be the result 

of an increasing water depth in the lake basin, as well as presumably more intense 

anthropogenic activity.           

       
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. Thin bed (~10cm thick) 
showing light-coloured mottling, 
indicated by dashed white circles. 
This picture is from the top part of 
drive 3 in BARD5 (aprox. 2.8m to 2.9m 
depth), which was taken as soon as 
this drive was split, before colour 
changes took place due to oxidation 
(naturally caused by exposing the 
cores to air).      
 

 
 

2.3 GEOCHEMICAL ANALYSIS 

2.3.1 METHODOLOGY 

Geochemical techniques applied to Bardowie Loch includes determination of density, 

water and organic matter content, which were carried out in samples from BARD2 and BARD4 

by Slaymark & Rada. 

For density, water content and organic matter determinations, the following procedure 

was followed for each drive: 

1. Empty crucibles were weighed and labelled with a sample’s number.  

2. 1cc sediment samples, obtained using an open 10cc syringe, were put on their 

crucibles and their initial weight was measured using a precision digital scale balance. 
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3. Samples were dried in an oven at 70ºC (in order to avoid combustion of organic 

matter), for over 24 hours and then put to cool down in sealed desiccators for about 

six hours. Subsequently, their new dry weight was determined with a precision digital 

scale balance. 

4. Samples were placed in trays, to go into the furnace, and sketches indicating the 

location of each sample were done, because labels burn once the temperature 

increases. Afterwards, samples were burnt at 450ºC for four hours in order to wipe out 

the organic matter and leave only the mineral matter. 

5. Samples were let to cool down inside the furnace for two hours, then carefully put into 

the desiccators (maintaining their order) and sketches were done in order to record the 

position of each sample. After about four hours, the new weight, corresponding to the 

Loss-On-Ignition, was measured at the precision digital scale balance.  

6.  Density was determined by dividing the initial mass (samples initial weight – crucible 

weight) by the volume (1cc). Water Content correspond to the loss mass after drying 

the samples (initial weight - dried weight) and then expressed as a percentage. Finally, 

Organic Matter Content is calculated from the LOI mass (dried weight – burnt weight) 

and expressed as a percentage of the dried mass. 

In addition, high-resolution XRF analyses were performed using an ITRAX Core Scanner. 

Energy Dispersive X-ray Fluorescence (ED-XRF) spectra were obtained at a resolution of 

0.2mm for 27 elements, in drives A to G (7m) of BARD2. To take advantage of this large 

amount of data, the spectra were selected according to the element association to important 

lake/catchment processes, such as silica, iron, potassium, aluminium, calcium, phosphorous, 

sulphur, lead and copper, as well as their abundance (in ppm), which is the case of titanium, 

zirconium, zinc and manganese. For each selected element 50 continuous measurements 

were averaged to plot the data every 1cm throughout the whole 7.5m of BARD2; then the 

resulting spectra were averaged to a 5cm resolution, in order to observe main changes and 

compare the elements profile with the rock magnetic data, as well as the rest of the 

geochemical curves (density, water and organic matter content).            
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2.3.2 RESULTS 

 
Figure 2.11. Density, water content and organic matter content curves obtained for BARD2 and 
BARD4. Colours highlight maxima (green) and minima (blue and purple) of each property, while yellow 
signals the transition from the lower glacial sediments to the organic muds and pink marks changes 
observed on the top of the Bardowie Loch sequence. 

Density, water content and organic matter content curves generated for BARD2 and 

BARD4 are presented in figure 2.11. These three properties show clear contrasts at 5.5m 

depth for BARD2 and 4.45m depth for BARD4; a transition is highlighted in yellow, marking 

the boundary between the laminated glacial muds and the mostly massive dark organic muds, 

which in the case of BARD2 is more gradual and shorter, while for BARD4 occurs in alternating 

cycles of decreasing amplitudes, covering a longer interval.  

Organic matter content increment from the lower glacial sequence (highlighted in blue) 

is particularly large, from about 5% to over 40% for BARD2 and 5% to 35% for BARD4. Water 

content increase is also considerable, especially for BARD4 fluctuating from 35% to 80%, 

while for BARD2 is from 50% to almost 90%. In the case of density, a gradual increasing 
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profile with depth is expected due to the compaction of soft sediments (highlighted in 

turquoise, fig. 2.11), observed also in the water content profile; however, there is an abrupt 

change in the trend for both BARD2 and BARD4 right above 5.5m and 4.45m depth, 

respectively.  

In the upper organic muds sequence, density fluctuates between 0.8 and 1.1 g/cc for 

BARD2 and 0.8 - 1.2g/cc for BARD4; water is the main component representing over 80% of 

the sediment mass, and for the solid fraction over 30% consists of organic matter, with a few 

exceptions (peaks shown in green and lows in violet, fig. 2.11). However, the upper 1.5m in 

BARD2 and 1.25m in BARD4 show changes in all properties (highlighted in red, fig. 2.11), 

where the density increases over 1.2g/cc, while organic matter content diminishes under 20% 

and water content shows a slight decrease close to 10%. It is important to mention that all 

the variations measured in these three properties correlate with the main changes observed 

in the sedimentary sequence, previously described in section 2.2. 

  
Figure 2.12. ED-XRF spectra of BARD2 (in ppm), averaged at a 5cm-resolution, compared against the 
organic matter content curve of BARD2. Profiles shown here respond to authigenic processes, i.e. 
phosphorous (P), sulphur (S) and zinc (Zn), as well as authigenic and detrital processes, i.e. manganese 
(Mn). There are also the heavy metal profiles, which could be indicative of contamination, i.e. lead (Pb) 
and copper (Cu). Blue highlights intervals of possible reducing conditions, while orange indicates periods 
of probably higher detrital input. 
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To have a better understanding of the potential causes for the observed variations, ED-

XRF spectra of the main elements acting in authigenic and allogenic processes were analysed 

(figs. 2.12 & 2.13). Phosphorous (P) is related to lake production, food availability and organic 

matter within the lake, while sulphur (S) and zinc (Zn) respond to reducing conditions. Lead 

(Pb) and copper (Cu) are important allogenic heavy metals, useful as indicative of 

contamination. Iron (Fe), calcium (Ca) and manganese (Mn) precipitate in the lake bed due to 

alternating oxic/anoxic conditions (Talbot & Allen, 1996), and they are important components 

of mafic and carbonatic rocks; silicon (Si), iron and calcium are also crucial detrital and 

biogenic elements. Potassium (K) is a good indicator of weathering process in the catchment 

area (Hirons & Thompson, 1986, Oldfield et al., 2010), and along with titanium (Ti), aluminium 

(Al) and zirconium (Zr) are significant elements of igneous rocks minerals.   

  
Figure 2.13. ED-XRF spectra of BARD2 (in ppm) at 5cm resolution showing elements that are mainly 
associated with detrital contribution, i.e. potassium (K), titanium (Ti), aluminium (Al), zirconium (Zr), and 
elements important in both authigenic and allogenic processes, i.e. iron (Fe), calcium (Ca) and silicon (Si). 
Orange indicates periods of likely larger detrital input, while blue marks intervals of possible reducing 
conditions.  

The most abundant element throughout the Bardowie Loch sequence is Fe, which varies 

between 4000 and 30000ppm (fig. 2.13), then Mn with concentrations ranging from 50 to 

1000ppm (fig. 2.12), followed by Ti with 40 to 700ppm (fig. 2.13), Pb shows cycles that 
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fluctuate between 30 and 1000ppm (fig. 2.12), and the fifth most abundant element is Ca, 

with concentrations from 20 to 400ppm (fig. 2.13). Surprisingly, Si concentration is particularly 

low, with values ranging from 2 to 30ppm, and Al is also very scarce (with a maximum 

concentration of 7ppm), indicating that neither siliciclastic nor granitic rocks are significant 

sources of sediments for the Bardowie Loch basin. Instead, the remarkably high concentration 

of Fe, as well as the significant presence of Mn, Ti and Ca imply a mafic provenance for the 

lacustrine muds, which actually is in agreement with the silt / fine sandstone fraction observed 

in smear slides (fig. 2.4). 

 
Figure 2.14. ED-XRF spectra of BARD2 (in ppm) at 5cm resolution for P, S, Zn, Mn, Cu and Pb, as well as 
the Organic Matter Content curve. Periods of higher organic matter concentration are marked in green, 
while short intervals of possible larger pollutants input are shown in grey.  

In addition to the elements distribution, likely determined by the detrital provenance, 

XRF spectra seems to respond to erosion, showing periods of larger detrital contribution 

particularly from Ti and K, along with Fe, Ca, Zr, Si and sporadically Al peaks (highlighted in 

orange, figs. 2.13 & 2.12); reducing conditions, recognised by large peaks in S and Cu, 

frequently accompanied by increase in Mn, Zn, P and occasionally Fe and Ca, as well as a 

slight decrease of detrital elements (K, Ti and Si) (highlighted in blue, figs. 2.12 & 2.13). 

Organic input and/or lake production is identified by larger concentrations of P with organic 
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matter peaks, as well as increments in Zn, Mn, Cu and sometimes Si, along with decreases in 

detrital elements (K, Ti and sporadically Ca and Si) (highlighted in green, figs. 2.14 & 2.15); 

also there are two short intervals, where all the elements and the organic matter present 

considerable minima, particularly Fe, Zr, Mn, P and Si,  while Pb and Cu display large peaks 

(highlighted in grey, figs. 2.14 & 2.15), which could be indication of particularly high levels of 

pollution.  

 
Figure 2.15. ED-XRF spectra of BARD2 (in ppm) at 5cm resolution for Fe, K, Ti, Ca, Si, Zr and Al. Periods 
of higher organic matter concentration are marked in green, while short intervals of possible larger 
pollutants input are shown in grey.  

Figures 2.16 and 2.17 show the BARD2 XRF spectra and the organic matter content 

curve, with the intervals of the different sedimentary groups, identified through the 

sedimentology analyses, marked in different colours and numbers: blue for glacial laminated 

muds (1), green for the black and brown thin bedded/laminated muds (2), violet for the 

massive, thick bedded black to dark brown organic muds (3), and pink for the upper section 

of medium bedded brown/reddish brown silty clays alternating with black organic muds (4).  

Each group display characteristic chemical behaviours, in the case of the glacial 

laminated muds (group 1, figs. 2.16 & 2.17) is particularly evident the alternation between 

likely anoxic conditions (marked by peaks in S, P, Zn, Mn and Cu, dark blue lines, fig. 2.16) 
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and periods of larger detrital input (signalled by peaks in K, Ti, Fe, Si, Zr and occasionally Ca 

and Mn, light blue, fig. 2.17). In addition, detrital elements (Fe, Ti, K, Ca, Si, Zr, Al) show the 

highest concentrations, which are about two to four orders of magnitude higher (in the case 

of Fe) than for the overlying organic muds groups, with the exception of the Zr that present 

the less variable concentrations throughout the whole sequence.  

 
Figure 2.16. ED-XRF spectra of BARD2 (in ppm) at 5cm resolution for P, S, Zn, Mn, Cu and Pb, as well as 
the Organic Matter Content curve. Numbers and colours indicate differences observed on sedimentary 
analysis: 1. laminated glacial muds interval (light blue), 2. laminated dark muds interval (light green), 3. 
massive, thick bedded, dark organic muds (violet), 4. Intercalation of reddish silty clays and dark organic 
muds interval (pink). Darker violet line highlights the thin mottled bed, while dark blue, dark green and 
brown lines mark the possible reducing intervals. Orange and white bands indicate periods of probable 
higher detrital input. 

The second group (highlighted in green, figs. 2.16 & 2.17) is characterised by the 

alternation of likely reducing and presumably oxidizing conditions (peaks and lows in S, Fe, 

Mn and Zn, dark and light green bands, figs 2.16 & 2.17), as well as the highest concentration 

in S, Zn, Al and significant peaks in Fe and Mn, which are one to two orders of magnitude 

larger than for the overlying group. In addition, the detrital elements show a significant 

gradual decrease (K, Ti, Si, Fe, Ca, Zr and Al), interrupted by a period of larger detrital input 
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(white band, fig. 2.17), while the organic matter concentration present the largest increase 

(fig. 2.16). 

 
Figure 2.17. ED-XRF spectra of BARD2 (in ppm) at 5cm resolution for Fe, K, Ti, Ca, Si, Zr and Al. Numbers 
and colours indicate differences observed on sedimentary analysis: 1. laminated glacial muds interval 
(light blue), 2. laminated dark muds interval (light green), 3. massive, thick bedded, dark organic muds 
(violet), 4. Intercalation of reddish silty clays and dark organic muds interval (pink). Darker violet line 
highlights the thin mottled bed, while dark blue, dark green and brown lines mark the possible reducing 
intervals. Orange and white bands indicate periods of probable higher detrital input. 

The massive organic dark muds (group 3, violet, figs. 2.16 & 2.17) present the smallest 

concentration of detrital elements (K, Ti, Fe, Ca, Zr and Si) implying considerable less erosion 

in the catchment area, except for a short period showing peaks in K, Ti, Ca, Si and Zr (white 

band. Fig. 2.17). Reducing elements S, Mn and Zn also show low concentrations, while the 

organic matter varies between 30 and 40%, which suggest more oxidizing conditions in the 

lake bed as well. There is a small interval at 3.2m depth, where detrital and authigenic 

elements (except P), along with heavy metals and organic matter content display a significant 

decrease (dark violet line, figs. 2.16 & 2.17), which is in fact the thin mottled bed (fig. 2.10) in 

BARD2. 

The upper group (highlighted in pink, figs. 2.16 & 2.17) is characterised by a substantial 

increase in detrital elements K, Ti, Zr, Si and Al, along with Fe and Ca and considerable 
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decrease in organic matter concentration, all of which indicates more erosion in the 

catchment area, with periods of particularly large detrital input (orange bands, fig. 2.17). The 

top metre of the Bardowie sequence present a significant rise in S, accompanied by peaks in 

Mn, P, Cu and Ca (brown bands in fig. 2.16), as well as lows in K, Ti, Fe, Si, Al, Zr and P (brown 

bands, fig. 2.17), which suggest the return to periodical reducing conditions.  

2.4 SUMMARY 

Sedimentology analysis suggest that Bardowie Loch originally formed as part of a 

Subglacial Environment, while the overlying 3m of laminated muds indicate deposition in a 

Glaciolacustrine Ice-Marginal Zone, according to the zonation of terrestrial glacial landforms 

proposed by Sugden & John (1988). Smear slides analyses indicate that the glaciolacustrine 

laminated deposits are composed by melt-out laminae of immature, mafic, poorly sorted fine 

sands to clay, that intercalate with thin bedded/laminated clays probably deposited when the 

lake was ice-covered.  ED-XRF spectra confirm the predominantly mafic provenance of the 

lacustrine muds, not only for the glacial deposits but for the whole sedimentary sequence, 

with iron as the most abundant element. The elemental profiles in this lower section also 

imply alternation of anoxic/oxic conditions, while the oxic conditions coincide with periods of 

larger detrital input. In addition, the highest density, lowest percentage of organic matter and 

considerable large concentration of detrital elements indicate mostly terrigenous input during 

the glacial stage.  

 Sediments, properties such as water content, organic matter content, density, as well as 

XRF profiles of detrital elements show a clear contrast at approximately 5.5m depth for 

BARD2, 5m depth for BARD5 and 4.5m depth for BARD4, marking the end of the 

glaciolacustrine deposition.     

Changes observed on the upper non-glacial part of the Bardowie Loch sequence, imply 

that after the Ice-marginal Facies, the loch basin went through three different stages. From 

5m to 3.7m depth, laminated mud sets and thin beds intercalations, as well as the presumably 

alternation of reducing/oxidizing conditions interpreted from XRF spectra, evidence that 

Bardowie was behaving as a thermally stratified lake (at least periodically). While the likely 

anoxic hypolimnion environment (implied from the highest concentration of sulphur and zinc 

at this stage) probably allowed the right preservation of delicate land plant material 

(evidenced by the large concentration of organic matter), as well as the precipitation of 
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oxides/sulphides laminae during episodic mixing (suggested by the large peaks in iron, 

sulphur and manganese profiles). Additionally, the presumably prevalent anoxic conditions 

and low energy levels at the lake bed could be and indicative of relatively deep-water levels.  

From 3.7m to ~2.7m the gradual developing of thick massive brown clay beds likely 

signals the transition to a polymictic lake stage, i.e. not thermally stratified and permanently 

mixed. The significant decrease in sulphur, iron, manganese and zinc concentrations, along 

with the preservation of mainly sturdy chitinous and biogenic matter suggest an almost 

permanent oxygenation of the lake bed. These changes are most likely due to warming 

climatic conditions; however, the presence of the mottled sediments, close to 3m depth in 

the sedimentary column, and the absence of significant terrigenous input for most of this 

stage (lowest concentrations of detrital elements) suggests that considerable water 

shallowing could have taken place at the same time, maybe as a result of the glacial isostatic 

adjustment. 

The interval from 2.7m to ~0.5m goes from a thick, dark brown mud bed to intercalation 

of medium bedded brown silty clays and black organic muds, accompanied by significant 

fluctuations in manganese, iron and zinc that could be an indication of the return to periodic 

anoxic/oxic conditions at the hypolimnion. While the excellent preservation of delicate plant 

material at the top 1.5m, as well as the clearly larger concentrations of sulphur and 

manganese, imply at least a periodically anoxic lake bottom environment. The occurrence of 

larger grain sizes (silty clay) beds overlying more than 2.5m of mostly clay, as well as the 

considerable rise of detrital elements concentration, indicates an increase of energy in the 

lake-catchment system likely caused by larger erosion, which along with the reducing 

conditions could be the result of deepening water levels. Additionally, substantial episodes 

of erosion (marked by large peaks in detrital elements, calcium and iron), accompanied by 

the seemingly thin layer of pollution at 2m depth (signalled by large peaks in lead and copper, 

and the lowest minima of the rest of elements), suggest an intensification of anthropogenic 

activity in the catchment area. 

About the potential terrigenous source for the detrital sediments of Bardowie, the 

particularly low values of silicon and aluminium, as well as the geology of the catchment area 

leaves two possibilities: carbonatic or silica-poor mafic rocks; while the considerable large 

concentration of iron, manganese, titanium and calcium and the microscopic observations 

mainly points to mafic rocks. Furthermore, the highest topography close to Bardowie Loch 
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correspond to the Campsie Fells (Fig.1-1) volcanic hills (North and Western of Bardowie Loch), 

formed by basaltic lavas rich in plagioclase to basaltic lavas rich in olivine and pyroxene, as 

well as basalt and microgabbro sills (Milngavie Sills), all of which are part of the silica-poor 

Clyde Plateau Volcanic Fm. from the Carboniferous (British Geological Survey, 1993). 
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CHAPTER III  

GEOCHRONOLOGY & AGE MODEL 

 

Given that the present PhD project aims to provide a high-resolution description of the 

geomagnetic field behaviour during the Late Quaternary, it is fundamental to tie both the 

PSV and RPI records to an accurate chronology. The sedimentary sequence from Bardowie 

Loch were dated by two independent methods, these being radiocarbon analysis and 

tephrochronology. The geochemical analysis of cryptotephra grains were performed at the 

world-class NERC Electron Probe Microanalysis (EPMA) Facility of the Geosciences School 

(UoE), while the Radiocarbon determinations were carried out at the state-of-the-art NERC 

Radiocarbon Facility in East Kilbride (SUERC), funded by two grants awarded from this facility. 

The present chapter covers the approaches and analyses applied for both 

tephrochronology and radiocarbon dating of the Bardowie Loch sequence, as well as the 

generation of the Age-Depth model for the stratigraphic sequence, in order to express the 

Bardowie Loch PSV record and most important environmental changes in time.     

3.1 TEPHROCHRONOLOGY IN NORTHERN EUROPE   

The term tephra refers to rock fragments of any size, ranging from large volcanic bombs 

to pumice and ash, which were ejected from volcanoes by eruption columns and lava 

fountains. Tephrochronology is based on the use of discretely well-characterized tephra 

deposits as isochronous layers. Such deposits are usually made of microscopic volcanic glass, 

resulting from the undisturbed fallout of volcanic eruptions (Thorarinsson, 1944 in Dugmore 

and Newton, 2012). 

In the case of identified tephra markers from Icelandic volcanoes, a considerable number 

of studies have demonstrated that each of these tephra layers was produced as a single 

eruption event; each horizon comprises a characteristic geochemical composition, are 

temporally well constrained and are found extensively distributed across North Western 

Europe (e.g. Dugmore et al., 1995; Pilcher et al., 1995; Pilcher and Hall, 1996; Lowe & Turney, 

1997; Bogaard & Schmincke, 2002; Zillen et al., 2002; Bergman et al., 2004; Boygle, 2004; 

Chambers et al., 2004; Pilcher et al., 2005; Blockley et al., 2007; Barber et al., 2008; 
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Wastegard et al., 2008; Gudmundsdóttir et al., 2011; Swindles et al., 2011; Dorfler et al., 

2012) (fig. 3.2, table 3.1). 

3.1.1 Late Quaternary Tephra Markers in the British Isles 

Major tephra layers of the North Atlantic region are found in peatbogs, lacustrine and 

marinecores from Ireland to Germany (fig. 3.2); the main tephra isochrones reported in the 

British Isles are listed in table 3.1, describing their spatial distribution and frequency, as well 

as their age and the authors who have carried out the geochemical studies. Since the ages 

reported by different authors for a single tephra layer differ in some cases more than 500 

years (e.g. fig. 3.2), it is particularly important to consider the techniques and methodologies 

used in such studies, in order to select the most appropriate date.  

For most of the tephra layers presented in table 3.1 the date most recently determined 

were adopted. However, in the case of the tephra layers Lairg A, 860 AD, Loch Portain B and 

Hekla 4 newer radiocarbon ages present considerable inconsistencies, while Pilcher et al. 

(1996) and Dugmore et al. (1995) studies produced high-quality results, which translate in 

more reliable dates. 

Table 3.1. Major tephra markers found in North Britain and Ireland  

Tephra Layer 
Possible 
Source 

Date 
Date 

Reference 
 Locations References 

Hekla 1510 / 
Loch Portain 

A 

Hekla 
system 

1510 AD Historic 
date 

Lairg1 Loch Portain1 
Sluggan3 Garry3 

Dugmore et al., 1995; 
Pilcher et al., 1996; Hall 
& Pilcher, 2002; Plunkett 
2006 

Loch Portain 
B 

Hekla 
system 

573 ± 71 
yr calBP 

Dugmore et 
al., 1995 

Loch Portain1 
Lairg1 

Dugmore et al., 1995 

Oraefajokull 
1362 

Oraefajokull 
system 

1362 AD Historic 
date 

Garry3 Garvaghullion3 
Sluggan3 

Barnsmore4 
Owenbeg4 

Pilcher et al., 1996; 
Hall & Pilcher, 2002. 

860 AD / 
Sluggan-B 

Krafla or 
Torfajokull 
system? 

832 ± 56 
yr calBP 

Pilcher et 
al., 1996 

Langlands Moss1 
Harthope Moss2 
Garry3 Derryloughan3 
Claraghmore3 
Sluggan3 
Glen West3 

An Loch Mor4 

Barnsmore4 Clara4 
Lough Lurgeen4 
Owenduff4 Lollymore4 

Pilcher et al., 1995; 
Pilcher et al., 1996; 
Pilcher & Hall, 1996; 
Hall & Pilcher, 2002; 
Langdon & Barber, 
2002; Langdon & 
Barber, 2004; 
Chambers et al., 2004; 
Plunkett, 2006 
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Tephra Layer 
Possible 
Source 

Date 
Date 

Reference 
 Locations References 

Glengarry Possibly 
Askja 

system 

2088 ± 
122 yr 
calBP 

Barber et 
al., 2008 

Glen Garry1 Beinn 
Eighe1 Ben Gorm 
Moss1 Altnabreac1 
Slethill1 Lairg1 Glen Na 
Beiste1 Loch Leer1 New 
Pitsligo1 Craigmaud 
Moss1 Tore Hill Moss1 
Mallachie Moss1 
Temple Hill Moss1 

Shirgarton Moss1 
Langlands Moss1 

Walton Moss2 Fleet 
Moss2 Harthope Moss2 

Dugmore et al., 1995; 
Pilcher & Hall, 1996; 
Hall & Pilcher, 2002; 
Langdon & Barber, 
2001; Langdon & 
Barber, 2004; Barber 
et al., 2008 

Microlite / 
Barnsmore 

Unknown 2647 ± 
33 yr 
calBP 

Bogaard & 
Schmincke, 

2002 

Garry3 Claraghmore3 

Sluggan3 Glen West3 
Garvaghullion3 
Barnsmore4 
Owenduff4 

Lough Lurgeen4 
Moyreen4 

Pilcher et al., 1996; 
Hall & Pilcher, 2002; 
Plunkett, 2006 

Kebister / 
Hekla-Selsund 

Hekla 
system 

3725 ± 
25 yr 
calBP 

Wastegard 
et al., 2008 

Kebister1 Shetland1 

Hoy1 

Dugmore et al., 1995; 
Wastegard et al., 
2008; Swindles et al., 
2013. 

Hekla 4 Hekla 
system 

4218 ± 
65 yr 
calBP 

Dugmore et 
al., 1995 

Altnbreac1 Slethill1 

Lairg1 Shetland1 Loch 
Leer1 New Pitsligo1 

Craigmaud Moss1 
Mallachie Moss1 

Longbridge Moss1 

Ben Gorm Moss1 

Kebister1 Hoy1 

Harthope Moss2 

Fenton Cottage2 

Fleet Moss2 

Ballynahone3 Garry3 

Sluggan3 Malin3 Glen 
West3 Derryloghan3 
Claraghmore3 

Dugmore, 1989; 
Dugmore et al., 1995; 
Pilcher & Hall, 1996; 
Pilcher et al., 1996; 
Hall & Pilcher, 2002; 
Langdon & Barber, 
2001; Langdon & 
Barber, 2004; 
Swindles et al., 2013. 

Lairg B 
Torfajokull 

system 
6831 ± 
99 yr 
calBP 

Dorfler et 
al., 2012 

Lairg1 

Garvaghullion3 
Sluggan3 

Ballynahone3 
Fallahogy3 Garry3 

Owenduff4 An Loch 
Mor4 

Dugmore et al., 1995; 
Pilcher et al., 1996; 
Hall & Pilcher, 2002; 
Chambers et al., 2004; 
Plunkett, 2006 
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Tephra Layer 
Possible 
Source 

Date 
Date 

Reference 
 Locations References 

Lairg A Hekla 
system 

6900 ± 
48 yr 
calBP 

Pilcher et 
al., 1996 

Temple Hill Moss1 

Lairg1 

Fallahogy3 
Ballynahone3 

Sluggan3 Garry3 

Moyreen4 An Loch 
Mor4 

Dugmore et al., 1995; 
Pilcher et al., 1996; 
Hall & Pilcher, 2002; 
Langdon & Barber, 
2004; Chambers et al., 
2004; Plunkett, 2006 

Askja-S Askja 
system 

10830 ± 
114 yr 
calBP 

Bronk-
Ramsey et 
al., 2015 

Inverlair1 

Logh Nadourcan3 
Long Lough3  
Roddans Port3 

Kelly et al., 2017;  
Wulf et al., 2016; 
Turney et al., 2006 
Pilcher at al., 2005  

Vedde Ash Katla 
system 

12029 ± 
197 yr 
calBP 

Blockley et 
al., 2007 

Borrobol1 Summer 
Isles1 Loch Ashik1 

Mishnish1 Loch an 
t’Suidhe1 Muir Park 
Reservoir1 Whitrig 
Bog1 Druin Loch1 
Tynaspirit West1 
Kennethmont1 Logh 
Nadourcan3 Long 
Lough3 Roddans Port3 

Turney et al., 1997; 
Mackie et al., 2002; 
O’Donnell 2010. 

Borrobol Icelandic 
origin 

14550 
±600 yr 
calBP 

Turney et 
al., 1997 

Borrobol1 Tynaspirit 
West1 Whitrig Bog1 

Turney et al., 1997 

1. Scotland; 2. England; 3. Northern Ireland; 4.  Ireland  

Figure 3.1 shows the sites of tephrochronology studies carried out in North Britain and 

Northern Ireland, presented in table 3.1 (Dugmore and Newton, 1992; Dugmore et al., 1995; 

Pilcher et al., 1995, 1996; Pilcher & Hall, 1996; Hall & Pilcher, 2002; Chambers et al., 2004; 

Langdon & Barber, 2001, 2004; Plunkett, 2006; Barber et al., 2008). The tephra layers Glen 

Garry, Hekla 4 and Vedde Ash seem to be the most widely distributed isochrones throughout 

the UK, whereas the 860 AD, Glen Garry and Hekla 4 events are the only isochrones identified 

in northern England so far. However, a considerable smaller number of tephrochronology 

studies have been carried out in England, in comparison with Scotland, Ireland and Northern 

Ireland, with profiles from only 4 sites. 

The distribution of the tephra markers in the vicinity of the location of the current project 

has been determined based on the sites of previous tephrocronology studies (presented in 

table 3.1 and fig. 3.1). The tephra layers 860-AD, Glen Garry, Lairg A, Vedde Ash, Borrobol 

and Hekla 4 have been identified within a 100 km radius of Bardowie Loch. 
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Figure 3.1. Coloured circles indicate the locations of tephra studies in the British Isles (from table 3.1). Yellow 
circle denotes the location of Bardowie Loch, while white circles show main cities for reference (map modified 
from Google Earth). 
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3.1.2 Regional Distribution of Major Tephra Layers 

Table 3.2 presents a summary of the main tephrochronology studies of the Icelandic 

tephra isochrones in North-West Europe, showing the regional distribution of the major 

tephra layers listed in table 3.1, while figure 3.3 displays the location of some of these studies. 

There are two tephra markers that seem to be limited to Scotland, namely Loch Portain B and 

Borrobol tephras, whereas the Hekla 1510 AD layer (Loch Portain A in Scotland) has been 

identified in a wider area, extending west into Northern Ireland (tables 3.1 and 3.2).  

 
Figure 3.2. Radiocarbon dates (with their error ranges) of three tephra isochrones; Hekla3, Kebister and 
Hekla 4, determined by different authors from tephra deposits across Northern Europe. Significant 
differences are observed for recent studies, spanning from 500 years (Hekla 3) to 700 years (Kebister) 
(after Dorfler et al., 2012). 

Aran Islands in Ireland represent the westernmost location of the British Isles (Chambers 

et al., 2004), where most of the widely distributed tephra layers are found; however, some of 

the most important isochrones found to the east, such as Glen Garry, Kebister and Hekla 4 

have not been recognised there or in mainland Ireland, with the exception of Hekla 4.   

The easternmost location for the majority of the tephra markers in the British Isles is 

Sweden (table 3.2). These tephra isochrones are Oraefajokull 1362AD, Glen Garry, Kebister, 

Hekla 4, Lairg A and Vedde Ash. Furthermore, the Vedde Ash eruption of the Katla volcano 

produced the most widespread Late Quaternary tephra layer from Iceland, recognized as 
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south as Switzerland (Blockley et al., 2007) and as far as NW Russia (Wastegard et al., 2000) 

and Greenland (Mortensen et al., 2005).  

The tephra layers 860 AD, Microlite (Barnsmore) and Lairg B present ‘mid-range’ 

dispersal, covering from western Ireland to Germany, and in the case of the 860 AD marker 

reaching as far as Norway. 

Table 3.2. Distribution of the main tephra layers of the British Isles across Northern Europe. Numbers 
indicate the main tephrochronology studies in the region. The most widespread layers are highlighted 
in orange.  

Tephra Layer Ireland Scotland Germany Norway Sweden 

Hekla 1510 / Loch Portain 
A 

1, 2, 3 6 - - - 

Loch Portain B - 6 - - - 
Oraefajokull 1362 1, 2, 4 - - 12 13 

860 AD / Sluggan-B 1, 2, 3, 4 7 - 12 - 
Glen Garry - 6, 7 10 - 13 

Microlite / Barnsmore 1, 2, 3 - 10 - - 
Kebister / Hekla-Selsund - 6, 16 10 - 13, 14, 15, 16 

Hekla 4 1, 2 6, 7 10, 11 12 13, 14, 15, 16 
Lairg B 1, 2, 3, 4 6 10, 11 - - 
Lairg A 1, 2, 3, 4 6, 7 - 12 14 

Vedde Ash 5 8 9 12 17 
Borrobol - 8 - - - 

1. Pilcher et al., 1996; 2. Hall & Pilcher, 2002; 3. Plunkett et al., 2006; 4. Chambers et al., 2004; 5. 
O’Donnel 2010; 6. Dugmore et al., 1995; 7. Langdon & Barber, 2004; 8. Turney et al., 1997; 9. Blockley 
et al., 2007; 10. Bogaard & Schmincke, 2002; 11. Dorfler et al., 2012; 12. Pilcher et al., 2005; 13. 
Bergman et al., 2003; 14. Boygle 2003, 15. Zillen et al., 2002; 16. Wastegard et al., 2008; 17. Wastegard 
et al., 1998 

The distribution of the tephra layers observed in table 3.2 is closely related to the 

intensity of the volcanic activity and volume of expelled ash during each particular event. The 

major tephra markers whose coverage seems the most extensive in North-western Europe, 

apart from Vedde Ash, are Oraefajokull 1362 AD, Hekla 4 and Lairg A, all of them extending 

from west Ireland (Chambers et al., 2004) to Sweden (Bergman et al., 2004; Boygle, 2003; 

Zillen et al., 2002; Wastegard et al., 2008) (fig. 3.3). These spatial observations correlate 

directly to known volumetric estimates of ash deposition; in the case of the 1362 AD eruption 

of the Oraefajokull volcano, an estimated 10 km3 of fresh ash was deposited; while 9 km3 

were attributable to the Hekla 4 event (Thorarinsson, 1958, Larsen and Thorarinsson, 1977 

and Lacasse et al., 1995 in Haflidason et al., 2000). Both the Oraefajokull 1362 AD and Hekla 

4 eruptions have produced the largest volumes of ash in the last 300ka, with the exception 

of the Hekla 3 event (12 km3), although this isochrone has not been reported in Great Britain 

so far (Haflidason et al., 2000). 
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Figure 3.3. Black squares 
show the main locations of 
the principal 
tephrochronology studies 
across North-west Europe, 
which span from Ireland 
and Great Britain 
(Dugmore et al., 1995; 
Pilcher et al., 1996; Hall 
and Pilcher, 2002; 
Langdon & Barber, 2004) 
to Germany and Sweden 
(Bogaard and Schmincke, 
2002; Bergamn et al., 
2013). Black triangles 
indicate the location of the 
three main tephra 
producer volcanoes in 
Iceland (after Bergman et 
al, 2003).  

3.1.3 Provenance of the Main Tephra Layers 

Table 3.3. Volcanic systems in Iceland, provenance of the major tephra layers found in the British Isles 
(Thordarson & Larsen, 2007).   

Volcanic System 
Maximum Elevation 

(m. a. s. l.) 
Length 
(Km) 

Width 
(Km) 

Area 
(Km2) 

Central Volcano 

Katla 1480 110 30 1300 Myrdalsjokull 
Hekla - Vatnafjoll 1491 60 19 720 Hekla 

Torfajokull 1278 50 20 900 Torfajokull 
Askja 1510 200 20 2300 Askja 
Krafla 818 100 19 900 Krafla 

Oraefajokull 2110 20 21 250 Oraefajokull 

The tephra isochrones present in the British Isles have an Icelandic origin, with the 

possible exception of the Microlite (Barnsmore) layer, whose source is currently unknown 

(table 3.1). Based on geochemical analysis, 42% of the tephra layers correspond to eruptions 

of the Hekla volcanic system, while the rest of the tephra markers are volcanic episodes 

associated with the Katla, Oraefajokull, Askja, Torfajokull and Krafla volcanic systems (table 

3.3, fig. 3.4).  

On the basis of form, shape and mineralogical affinity, Iceland’s igneous province 

preserves the full suite of known Earth’s volcano types, with the exception of diatremes 

(Thorarinsson and Sæmundsson, 1979 and Thorarinsson, 1981 in Thordarson & Larsen, 2007). 

The volcanic systems responsible for the major tephra isochrones (table 3.3) are part of a 
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group classified as central volcanoes, with 17 active during the Holocene. These are volcanic 

systems that have a clearly shaped dominant volcano (central volcano, table 3.3), resulting 

from the stacking of multiple igneous events around a central vent system. Most of the 

volcanoes are formed by the assemblage of basaltic lavas with a significant part of felsic and 

intermediate events. The central volcanoes bear strong similarities with the Hawaiian shield 

volcanoes; however, the preservation and geomorphological features of Icelandic volcanoes 

have been strongly modulated by glaciations; in addition, the Icelandic central volcanoes 

produce a higher proportion of intermediate and silicic magma than the Hawaiian volcanoes 

(Walker, 1959, 1963, Carmichael, 1964 and Blake, 1970 in Thordarson & Larsen, 2007). 

 
Figure 3.4. Coloured circles indicate the locations of the Icelandic volcanic systems responsible for 
the major tephra layers during the Late Quaternary; Hekla (green), Torfajokull (yellow), Katla (dark 
blue), Oraefajokull (red) and Askja (turquoise) (after Haflidason et al., 2000).  

The central volcanoes of the Hekla and Oraefajokull systems (fig. 3.4, green and red 

circles) are classified as stratovolcanoes, with small calderas in their summits (fig. 3.5a). 

Oraefajokull presents a typical cone shape, while Hekla has an asymmetrical ridge that is fed 

via an elongate vent system (fig. 3.5b). Hekla is highly active, with at least 27 discrete events 

identified in the last 1000 years; the eruptions are characterised by a mixture of explosive and 

effusive events, ranging from acidic to basaltic andesite. Tephra fallout has been preserved 
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for all historical events, with an estimated cumulative volume of 11km3 (Thordarson & Larsen, 

2007).  

Myrdalsjokull (table 3.3, fig. 3.6) is the central volcano of the Katla volcanic system (fig. 

3.4, dark blue circle), which is the source of the Vedde Ash layer. This volcano along with the 

Askja central volcano (fig. 3.4, light blue circle), the provenance of Askja-S and possibly the 

Glengarry Tephra, present irregular forms and wide calderas, which have been highly affected 

by sub-glacial eruptions; they cannot be classified either as a stratovolcanoes or shield 

volcanoes (Francis & Oppenheimer, 2004). In regard to the Torfajokull and Krafla volcanoes 

(fig. 3.4, yellow circle), which caused the Lairg B and potentially 860 AD tephra events, they 

present shapes comparable to continental andesite-rhyolite volcanoes, with fairly wide 

calderas of 10-18km (Walker, 1984 in Thordarson & Larsen, 2007). 

 
Figure 3.5. Hekla southwest front present a conical form (a), while the east front (b) has a ridge shape 
(after Thordarson & Larsen, 2007). 

 
Figure 3.6. Myrdalsjokull central volcano from the Katla volcanic system. Arrows indicate the position of 
the two calderas (after after Thordarson & Larsen, 2007).  

The Katla system is mostly basaltic, effusing from a fissure system within the calderas. 

However, the volume of the Katla volcano is considerably larger than the Hekla system (table 

3.3), even when this volcano has undergone fewer historical eruptions. By comparison, the 

Krafla volcano only amounts to 0.5 km3 of erupted magma, with a total of 14 discrete events 

in historical times. However, the Krafla episodes are of significant scientific interest as they 

have given insights into the geodynamics of the Icelandic rifting process (Thordarson & 

Larsen, 2007). 

 

b a 
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3.2 METHODOLOGY FOR TEPHRA ANALYSIS 

3.2.1 Stratigraphic location and identification of volcanic glass shards 

• Given that tephra shards had been found in a core from Bardowie Loch 

concentrated in three different levels, 2 preliminary samples (of 5cm depth x 1cm 

wide each) were taken around each level in order to scan relatively large sections 

of the core BARD2. Where considerable concentration of tephras were found, 5 

to 6 shorter and wider samples (1cm depth x 2cm wide) were taken from the 

same horizons, in order to constrain depth of the tephra layers within BARD2. 

• In the case of BARD4 and BARD5, high-resolution magnetic susceptibility curves 

show peaks at the presumably corresponding depths for the cryptotephra layers 

found in BARD2 (fig. 3.7). Smear slides were prepared every 1 - 2cm for these 

depths and subsequent microscopic analyses (see section below) corroborate 

the presence or absence of volcanic glass. In addition, smear slides were 

obtained every 2 to 5cm where considerable susceptibility peaks of short 

‘duration’ were observed, locating four more potential tephra layers in BARD4 

and BARD5 (table 3.4, fig. 3.8). 

• For the extraction of the cryptotephra grains from the muddy matrix, each 

sample were subjected to a mineral separation procedure based on stepped 

heavy liquid (LST) flotation, as described in Blockley et al. (2005). This procedure 

is less corrosive than traditional methods, resulting in good quality samples while 

geochemical composition remains intact. 

3.2.2 Optical Analysis of Potential Tephra grains on Microscopes 

• The most efficient method to identify volcanic glass is by using polarizing light; 

unlike quartz, plagioclases, feldspars and other mineral grains of similar density 

that may be present on the separates, volcanic shards do not display an 

extinction angle given that these have an amorphous internal structure.  

• Transmitted light is useful to discern distinctive features of tephra grains, such as 

vesicles, striations and inclusions, while reflected light allows the observation of 

their characteristic angular surfaces (fig. 3.7).  
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Figure 3.7. 0.5cm–resolution Magnetic Susceptibility curves measured for the 2nd drive of BARD4 and 
BARD5. Peaks corresponding to tephra layers are highlighted in pink, green and blue for TC1, TC3 and 
TD1, respectively (table 3.4). Microphotographs of grains presenting the typical features of tephra shards, 
such as vesicles, striations, angular surfaces and possible inclusions, are shown for each layer.     

3.2.3 Geochemical Analysis of Tephra Shards 

• Separates containing tephra shards where mounted on slides and fixed with resin 

(usually glycerol or epoxy resins) (fig. 3.8)   

• The exact position of each potential tephra grain within the slides where 

determined by creating maps with several microphotographs of each sample 
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(white squares and arrows in fig. 3.8), in order to maximise time at the Tephra 

Analysis facility. 

• At the Tephra Analysis Unit, the distribution of the 10 major and minor elements 

that comprise magmas (Na, Mg, Al, Si, P, K, Ca, Ti, Fe and Mn) were determined 

with an Electron Probe Microanalyser Cameca SX100. Each individual tephra 

grain and occasional inclusions were measured (table 3.5). This equipment is 

capable of precisely analyzing grains smaller than 10 µm without any chemical 

alteration in less than 6 minutes (Hayward, 2012).  

• With the analysis of several glass shards, it was possible to characterize the 

geochemical ‘fingerprint’ for three of the tephra layers present within the 

Bardowie Loch sedimentary sequence. 

 
Figure 3.8. Microphotograph of sample prepared in resin for EPMA analysis with the mineral separates 
obtained from tephra layer TB1 (120-125 depth, BARD2 core). White squares with numbers indicate the 
areas where grains showing features of tephra shads are present, and the area of microphotographs 
taken at resolution of 20X and 40x. The arrows indicate the scanning direction of the sample at a 
resolution of 10x.    
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3.2.4 Comparing Geochemical Data to Tephra Isochrones  

• Compilations of geochemical ‘fingerprints’ of widespread tephra isochrones in 

the North Atlantic region are available at the online database Tephrabase 

(Newton et al., 2007), while the main published geochemical data from the 

tephra markers found in the British Isles are on the references listed in table 3.1.  

• The geochemical results obtained from the tephra shards found in the Bardowie 

sequence were compared to published data (figs. 3.11, 3.12 and 3.13) in an 

effort to relate each tephra horizon to a particular volcanic event. 

3.3 TEPHROCHRONOLOGY RESULTS 

Table 3.4. Depths where possible cryptotephra grains have been observed in Bardowie Loch sediments, 
cores BARD2, BARD4 and BARD5, and their corresponding potential tephra layer based on the 
Northern Europe Tephrochronology (table 3.1) 

Sample 
Potential  
Tephra  
Layer 

BARD2 Depth (cm) BARD4 Depth (cm) BARD5 Depth (cm) 

Drive Core*  Drive Core* Drive Core* 

TA1 
860 AD /  
Sluggan-B 

B 8 - 12 110 1 20 - 23 53 1 11 - 16 98 

TB1 Glengarry B 20 -25 124 1 34 - 39 70 1 21 - 25 110 
TC1 Microlite C 25 - 30 228 2 48 - 53 156 1-2 99 - 2 185 

TC3 
Kebister or 
Hekla 3 or 
Hekla 4 

C 45 - 50 248 2 65 - 72 175 2 17 – 22 204 

TD11 Lairg A D 30 – 35 334 3 31 - 37 249 2 68 – 73 256 
TE1 Askja - S E 75 - 80 478 5 5 - 10 405 4 67 – 72 452 

TF1 
Vedde Ash 
or Borrobol 

F 5 - 10 508 5 26 - 30 425 4-5 97 - 2 484 

*Depth of main concentration of volcanic glass.  
1Tephra grains found, characterised and prepared for EPMA analyses in a previous project by Ross 

Heriot under prof. P. Bishop supervision. 

Table 3.4 shows the depths in each drive, where volcanic glasses where observed 

through microscopic analyses of smear slides and mineral separates, as well as the levels of 

main concentration of cryptotephras in each core (fig. 3.9). These levels, of those tephra layers 

geochemically characterised, were later used to generate the age model (tables 3.8 to 3.12 

& 3.14). 

Additionally, table 3.4 presents the potential tephra markers corresponding to the 

Holocene and Late Pleistocene Tephrochronology developed for Northern Europe and, in 

particular, tephra isochrones reported in Scotland (fig. 3.1 and table 3.1). The potential 
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tephras were selected according to the stratigraphic position of the volcanic glasses and 

assuming a constant sedimentation rate for Bardowie Loch for the top 5 metres (organic muds 

group), all of which were the starting point for the development of the Age-Depth model. 

 
Figure 3.9. Magnetic susceptibility curves (blue curves) and depths of the presumably seven tephra layers 
found in BARD2, BARD4 and BARD5 (thick green lines). Solid and dotted lines show the correlation of 
maxima (light grey) and minima (dark grey), while the fine dotted lines show the main peaks (orange) and 
lows (blue) observed in BARD4 and BARD5 at 0.5cm resolution.    

These seven tephra layers were also used as isochronous markers within the Bardowie 

Loch basin, supplying a reliable and independent correlation tool from the Magnetic 

Susceptibility curves for all cores. In this aspect, the tephra layers TC1, TC3 and TD1 resulted 

especially useful since they are located in the middle section of the sedimentary sequence, 

which were very difficult to correlate due to the consistent lower values of the magnetic 

susceptibility and other magnetic properties. Figure 3.9 presents the final correlation of 

BARD2, BARD4 and BARD5, generated with the susceptibility minima and maxima, combined 
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with the depths of the seven tephra layers (table 3.4), which is the base for the Age-Depth 

model of the Bardowie Loch sequence.  

The tephra layers TB1, TC3 and TD1 were selected for EPMA characterisations, the latter 

two, due to their location in the middle section of the core (figure 3.9) and all of them because 

of their potential relation to the main tephra isochrones of North Europe during the Holocene, 

i.e. Glengarry, Hekla 3, Hekla 4 and Lairg A. 

Table 3.5 and figures 3.11, 3.12 and 3.13 show the resulting geochemical composition, 

expressed as weight percentage of major and minor oxides, as well as their TAS diagrams 

(total alkali vs silica content after Le Bas et al., 1986) and major oxides cross-plot correlations 

with the main tephra isochrones (table 3.1) and data from other contemporaneous large 

eruptions.  

Table 3.5. Geochemical composition of single volcanic glass shards and some of their inclusions (EPMA 
analyses) for tephra layers TB1, TC3 and TD1.  

Sample Grain Na2O MgO Al2O3 SiO2 K2O CaO FeO P2O5 TiO2 MnO Total 

TB1             

Glass shard L2T11 6.2 0.02 21.2 58.1 6.5 2.7 1.6 0.01 0.12 0.01 96.5 

Glass shard L2T10 6.5 0.01 22.2 60.6 5.8 2.2 2.5 0.01 0.07 0.00 100.0 

Glass shard L2T29 6.9 0.01 18.6 58.8 7.1 2.6 1.5 0.01 0.03 0.00 95.5 

Glass shard L2T3 7.4 0.03 19.3 61.0 6.4 2.3 0.3 0.00 0.06 0.01 96.7 

Glass shard L3T1 5.6 0.02 19.6 60.7 7.3 2.7 0.8 0.00 0.15 0.00 95.9 

Glass shard L1T5 3.8 0.03 18.9 58.1 10.5 2.6 1.6 0.00 0.03 0.01 95.6 

Glass shard L2t15 2.8 0.00 17.9 57.2 10.8 2.3 1.4 0.00 0.01 0.00 92.5 

Inclusion L1T5-1 0.8 0.00 19.0 61.2 14.3 0.0 0.0 0.00 0.76 0.00 94.6 

Inclusion L2T11-3 0.8 0.00 18.5 64.5 15.6 0.0 0.0 0.00 0.04 0.01 99.3 

Inclusion L2T15-1 1.0 0.01 18.3 64.5 15.2 0.1 0.0 0.08 0.06 0.00 99.0 

Inclusion L3T1-2 11.5 0.05 19.9 67.4 0.1 0.6 0.2 0.01 0.02 0.01 99.8 

Inclusion L3T1-3 12.2 0.00 19.3 68.7 0.0 0.3 0.0 0.00 0.00 0.00 100.5 

Inclusion L2T3-1 12.2 -0.01 19.1 69.3 0.1 0.0 0.0 0.00 0.00 0.01 100.7 

Inclusion L2T10-2 11.9 0.02 19.0 68.8 0.0 0.1 0.0 0.01 0.00 0.01 100.0 

TC3             

Glass shard L1-10T2 6.0 0.01 19.9 60.9 4.9 2.5 3.7 0.02 0.11 0.00 98.0 

Glass shard L1-4T9 8.2 0.04 20.2 60.3 3.0 3.5 1.6 0.05 0.08 0.00 96.9 

Glass shard L5-3T4 5.1 0.89 21.3 58.0 7.3 1.1 4.5 0.00 0.39 0.08 98.6 

Glass shard L1-10T1 7.1 0.03 21.9 63.0 2.9 1.8 3.4 0.02 0.13 0.00 100.3 

Glass shard L1-10T3 7.6 0.01 22.0 64.3 2.1 2.4 1.5 0.01 0.04 0.00 100.0 

Glass shard L1-7T12 6.2 0.81 22.0 60.3 3.6 3.4 1.7 0.00 0.02 0.00 98.1 

Glass shard L2-3T6 7.9 0.28 24.2 56.5 3.3 2.7 3.3 0.04 0.12 0.02 98.4 

Glass shard L2-5T73 2.8 0.04 16.9 68.5 6.9 0.7 0.9 0.01 3.41 0.02 100.1 
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Sample Grain Na2O MgO Al2O3 SiO2 K2O CaO FeO P2O5 TiO2 MnO Total 

TC3 cont.             

Glass shard L2-6T5 3.2 0.18 17.2 61.7 9.2 2.2 1.1 0.01 0.62 0.01 95.3 

Inclusion L2-3T6-2 0.1 0.02 17.6 62.2 15.1 0.0 0.0 0.00 0.30 0.00 94.6 

Inclusion L2-3T6-1 11.0 0.14 20.0 66.1 0.8 0.3 0.3 0.01 0.05 0.01 98.8 

Inclusion L5-3T4-1 11.5 0.11 19.4 69.1 0.2 0.0 0.4 0.01 0.06 0.08 100.8 

Inclusion L2-6T5-1 12.2 0.01 18.6 68.2 0.0 0.1 0.0 0.00 0.02 0.00 99.0 

TD1             

Glass shard 1 4.9 0.01 13.3 72.8 2.8 1.2 2.0 0.01 0.09 0.08 97.3 

Glass shard 2 5.1 0.01 12.5 73.5 2.9 1.3 2.0 0.01 0.10 0.07 97.6 

Geochemical composition of TB1 and TC3 volcanic glasses and inclusions (e.g. fig. 3.10) 

show a completely different provenance and tectonic environment from the Icelandic volcanic 

systems, possibly the same source for both tephra layers; while TD1 results are consistent 

with the fraction of highly silicic magma produced by the central volcanoes of Iceland (table 

3.5).  

In TB1 and TC3, the considerably high content of Al2O3 (average over 20 wt.%, table 3.5) 

indicates a well-developed continental crust setting, unlike the Icelandic mantle plume; while 

the surprisingly high alkali concentration ranging from 10 to 15wt% of Na2O + K2O (table 3.5), 

is characteristic of the Campanian Volcanic Province in the Mediterranean. Volcanic rocks 

produced by this volcanic system present a geochemical composition extending from 

trachybasalts to phonolites (Zanchetta et al., 2011; Santacroce et al., 2008; Turney at al., 

2008). In particular, the unusually high alkaline tephri-phonolitic to phonolitic magmas have 

been produced by the Somma-Vesuvius volcano during the Holocene (Santacroce et al., 

2008; Turney et al., 2008; Barbante et al., 2013).  

TAS diagram of the volcanic glasses from TB1 (fig. 3.11) shows a mainly phonolitic 

composition, very different from the andesitic to rhyolitic composition of the Icelandic 

Glengarry tephra (Ratcliffe et al., 2017; Wulf et al., 2016; Watson et al., 2016; Barber et al., 

2008; Bogaard et al., 2002; Pilcher & Hall, 1996; Dugmore at al., 1995; Dugmore & Netwon, 

1992). According to the stratigraphic position of TB1 (fig. 3.9), the most likely eruption 

generating this tephra layer would be the historically famous 79 AD Pompeii (1871 BP), since 

the previous large phonolitic eruption AP2 (3500 ± 40 BP) took place 1.7ky before, and the 

subsequent one is very recent at 1631 AD (Santacroce et al., 2008). In addition, tephra shards 
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from the 79 AD Pompeii eruption, as well as a related acidity peak used as an isochron, have 

been found in the ice cores of the Greenland Ice Core Project (GRIP) (Barbante et al., 2013).  

The substantial geochemical data of the Pompeii Eruption generated by Santacroce et 

al., (2008) from whole-rock and glass of proximal pyroclastics, as well as the distal data of 

tephra shards from GRIP (Barbante et al., 2013) were used to characterise the EPMA 

measurements of TB1 volcanic glasses. Figure 3.11 displays the cross-plots of calcium, 

aluminium, iron and alkali oxides for the Pompeii, Glengarry and TB1 data. 

 
Figure 3.10. A. – D. Microphotographs of highly alkaline volcanic glasses (phonolite to trachyte) from 
the TB1 sample analysed at the EPMA facility (table 3.5). C. Tephra shard with a plagioclase inclusion, 
possible albite (according to its oxides composition). D. Tephra shard with an inclusion of sanidine. 
Photographs were taken using the maximum magnification lens of the microscope (40x). 

The TB1 tephra shards from Bardowie Loch (orange circles, fig. 3.11) show a very good 

agreement with Pompeii proximal pyroclastic data from Italy (grey circles, fig. 3.11) and distal 

tephras from Greenland (purple circles, fig. 3.11), particularly the alkaline, aluminium and 
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silica composition; while the calcium and iron oxides content is on the lower limit, clustering 

in a different group from the GRIP data but still within the range of the data from Italy. 

 
Figure 3.11. Geochemical characterisation of the EPMA measurements determined for the volcanic 
glass shards of TB1 tephra layer. The main features are the high content of alkali elements and the 
significant concentration of aluminium oxide, which agrees with the type of volcanism in the 
Mediterranean and in particular, due to its stratigraphic position, with Pompeii tephra (Santacroce et al., 
2008; Basbante et al., 2013). Glengarry geochemical data obtained from the online Tephrabase 
database (Ratcliffe et al., 2017; Wulf et al., 2016; Watson et al., 2016; Barber et al., 2008; Bogaard et 
al., 2002; Pilcher & Hall, 1996; Dugmore at al., 1995; Dugmore & Netwon, 1992). 

In addition to the volcanic glass data for TB1, visible inclusions (and possibly crystals of 

plagioclase and feldspar) were measured with the EPMA equipment, showing the 

composition of alkali feldspar sanidine (Al2O3 > 18wt.%, K2O >14 wt.% and Na2O ≤ 1wt.% in 

table 3.5) and sodic plagioclase albite (Al2O3 > 19wt.%, Na2O > 11 wt.% and K2O ≤ 0.1wt.% 

in table 3.5), which are minerals typically found as phenocrysts in the Pompeii eruption 

deposits, along with leucite, clinopyroxene and amphibole (Zanchetta et al., 2011). Figure 

3.10 shows photographs of microscopic volcanic glasses from TB1 of mainly phonolitic 
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composition and few shards with possible alkali feldspar and sodic plagioclase inclusions (fig. 

3.10c and d).         

Volcanic glasses from TC3 tephra layer exhibit a significant alkali concentration, although 

not as high as the Pompeii tephras of TB1 and distributed in a wider range; however, alkali 

feldspar sanidine and sodic plagioclases were also identified as inclusions and possibly crystals 

for this tephra layer (table 3.5), which along with the high aluminium content indicate a 

Campanian provenance. The TAS diagram displays a trachytic composition for most of the 

volcanic glasses analysed, as well as the presence of rare phonolitic and tephri-phonolitic 

glasses (fig. 3.12); while the calcium, aluminium and iron oxides concentration present a larger 

span than the previous TB1 tephra layer.  

Cross-plots of major oxides show that TC3 tephras clusters in completely different groups 

from the Icelandic andesitic to rhyolitic tephras of eruptions Hekla 4, Hekla 3 and Kebister 

(Dugmore et al., 1992; 1995; Dugmore & Netwon, 1992; Boygle, 1998; 1994; Watson et al., 

2016; Lawson et al., 2007; Zillen et al., 2002) (fig. 3.12); while, as mentioned before, lie within 

the range of the highly alkaline central Mediterranean volcanism. 

According to the stratigraphic position and preliminary age model, TC3 age would lie 

within the 4.5 - 3ky interval, which was in fact a very active period of the Campanian Volcanic 

Province, with at least nine large eruptions identified and dated: Averno 1 (4.5ka), Agnano 

Monte Spina (AMS, 4.1ka), Solfatara and Astroni (4.1 – 3.8ka), Avellino (3.6ka), AP1 and AP2 

(3.5ka) and AP4 (3.9ka) (compilations in Turney et al., 2008 and Santacroce et al., 2008). 

Geochemical data of whole-rock and glass oxides composition available from these eruptions 

were used to correlate TC3 tephra glasses, i.e. AMS tephra (Zanchetta et al., 2012), proximal 

pyroclastic deposits of Avellino (Santacroce et al., 2008; Turney et al., 2008; Cioni et al., 2000), 

distal Avellino tephra, found in marine and lacustrine cores of the Mediterranean Basin and the 

Balkans (Sulpizio et al., 2008) and volcanic glasses from the APs eruptions (undifferentiated) 

(Santacroce et al., 2008). 

AMS tephras (dark grey circles, fig. 3.12) cluster around the phonolite and trachyte 

boundary, while the APs eruptions (light violet circles, fig. 3.12) are mostly of tephri-phonolitic 

composition (ranging from phono-tephrites to phonolites). Avellino data presents the wider 

SiO2 and alkali distributions, from mainly tephri-phonolites and phonolites to trachytes for the 

proximal pyroclastic deposits (light grey circles, fig. 3.12) and a more scattered phonolite – 
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trachyte composition in the case of the distal tephras (purple circles, fig. 3.12), which agrees 

with the TC3 glasses composition (orange circles, fig. 3.12).  

 
Figure 3.12. Geochemical characterisation of volcanic glasses from TC3 tephra layer exhibit considerable 
concentration of total alkali and high content of aluminium oxide, typical of the central Mediterranean 
volcanism. Their stratigraphic position and wider SiO2 distribution agree more with the distal tephras of 
the large Avellino eruption. Composition of Avellino tephras obtained from published studies of the 
Mediterranean Basin (Santacroce et al., 2008; Turney et al., 2008; Cioni et al., 2000), as well as the data 
from Agnano Monte Spina tephra (AMS) (Zanchetta et al., 2012) and AP eruptions tephras (Santacroce et 
al., 2008). Data downloaded from Tephrabase for Icelandic tephras Hekla 4 (Dugmore et al., 1992; 1995; 
Dugmore & Netwon, 1992), Kebister (Dugmore et al., 1995; Boygle, 1998; Zillen et al., 2002; Watson et 
al., 2016) and Hekla 3 (Lawson et al., 2007; Zillen et al., 2002; Boygle, 1994).  

Cross-plots of major oxides exhibit a larger spread for the Avellino deposits in total alkalis 

and aluminium content, particularly the distal volcanic glasses, that are consistent with the data 

obtained for TC3 samples. AMS cluster in a small group within the range of the Avellino 

proximal and distal data, while the AP eruptions present the widest ranges of calcium and iron, 

unlike Avellino and TC3 glasses. 
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Based on these observations, tephra layer TC3 is interpreted as cryptotephras generated 

by the Avellino eruption. This was in fact one of the main Holocene eruptions of the Somma-

Vesuvius volcano, which had a significant environmental impact on the Mediterranean basin, 

making it an important tephra marker for environmental and archaeological studies of the 

Ancient Bronze Age that region (Zanchetta et al., 2011; Sulpizio et al., 2008). There are several 

published dates for this eruption, from 4520 cal. BP to 3560 cal. BP (compilation in Zanchetta 

et al., 2011); however, the age considered for the Bardowie Loch Age -Depth model is 3360 ± 

40 14C BP, determined from charcoal found within the proximal deposits (Zanchetta et al, 2011).  

 
Figure 3.13. Geochemical data of the volcanic glasses analysed from tephra layer TD1 shows characteristic 
composition of the rhyolitic fraction from the Icelandic Hekla system, particularly the Hekla 4 and Lairg A 
eruptions. Geochemical data of Hekla 4 (Zillen et al., 2002; Wastegard et al., 2001; Dugmore et al., 1997; 
1995; 1992; Pilcher et al., 1996; Boygle, 1994; Dugmore & Netwon, 1992), Hekla 5 (Pilcher et al., 2005; 
Chambers et al., 2004), Lairg A (Chambers et al., 2004; Hall & Pilcher 2002; Pilcher et al., 1996) and Hekla 
DH (Gudmundsdóttir et al., 2011a) downloaded from Tephrabase.    
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TAS diagram of the two volcanic glasses analysed from tephra layer TD1 displays a 

rhyolitic composition, while the major oxides content are within the range of the acidic 

eruptions from the Hekla volcanic system, particularly those of Lairg A, Hekla 5 and Hekla 4 

(fig. 3.13). 

According to the stratigraphic position of tephra TD1 and a constant sedimentation rate, 

the age of this layer would be in the 5 - 7ky interval, when the eruptions Hekla DH (6.7 ka), 

Lairg A (6.9 ka) and Hekla 5 (7.2 ka) occurred (compilations in Gudmundsdóttir et al., 2011b). 

In addition, TD1 data was correlated to Hekla 4 (4.2 ka) since this eruption, subsequent to 

Hekla DH, was arguably the largest in Iceland during the Holocene. Geochemical composition 

of volcanic glasses were obtained from the online database Tephrabase, corresponding to 

data generated from studies in lacustrine and marine-cores, as well as peat deposits across 

Northern Europe for the tephra isochrones Hekla DH (Gudmundsdóttir et al., 2011a), Lairg A 

(Chambers et al., 2004; Hall & Pilcher 2002; Pilcher et al., 1996), ), Hekla 5 (Pilcher et al., 2005; 

Chambers et al., 2004) and Hekla 4 (Zillen et al., 2002; Wastegard et al., 2001; Dugmore et 

al., 1997; 1995; 1992; Pilcher et al., 1996; Boygle, 1994; Dugmore & Netwon, 1992). 

Cross-plots of major oxides show that samples from the TD1 tephra layer (orange circles, 

fig. 3.13) have similar concentration of silica, calcium and aluminium oxides to Hekla 5 (blue 

circles, fig. 3.13) and Lairg A (purple circles, fig. 3.13), while Hekla 4 (grey circles, fig. 3.13) 

presents a much wider range, which encompasses Hekla 5, Lairg A and TD1 samples. In the 

case of Hekla DH, these volcanic glasses (green circles, fig. 3.13) cluster in a completely 

different group, with higher calcium and iron content, and considerably lower concentration 

of silica, ranging from basaltic-andesitic to basaltic composition.  

TD1 tephras exhibit a more alkaline composition than Hekla 5 (fig. 3.13), particularly the 

sodium oxide concentration of TD1 is 20% more than most of the samples of Hekla 5, about 

10% over Lairg A values and in the upper limit of Hekla 4 (fig. 3.14); in like manner, the iron 

oxide content of TD1 is 15% and 10% larger than those of Lairg A and Hekla 5, respectively, 

and within the range of Hekla 4 (fig. 3.14). 

Figures 3.13 and 3.14 prove that discriminating between Lairg A and Hekla 4 to identify 

the eruption that generated TD1 tephra, is in fact very difficult based only on the geochemical 

composition. Due to the stratigraphic position and assuming a relatively constant 

sedimentation rate, it was supposed that TD1 was part of the Lairg A tephra isochron (fig. 
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3.18A). However, improving of the Age – Depth model with increasing data from radiocarbon 

analyses, started pointing towards the possibility that TD1 could be Hekla 4 tephra. This was 

in fact, very recently confirmed by the latest batch of radiocarbon dating results, with a sample 

(Ba4-Rc5) 12cm deeper than TD1, producing a radiocarbon age of 3827 ± 38 14C years BP 

(4251 ± 155 cal. BP).    

 
Figure 3.14. Discrimination between Hekla 5, Lairg A and Hekla 4 as the potential tephra layer of volcanic 
glasses of TD1, based on iron, aluminium and sodium oxides, as well as silica content.   
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3.4 RADIOCARBON ANALYSIS 

15 radiocarbon determinations have been funded and performed by the NERC 

Radiocarbon Facility at the Scottish Universities Environmental Research Centre (SUERC) in 

East Kilbride (Glasgow). Grants were awarded to two projects created in order to develop a 

chronology for the Bardowie Lacustrine muds.  

The first project (allocation number 1716.0413): ‘Radiocarbon Chronology for Holocene 

Geomagnetic Field Reconstruction from a UK Lacustrine Sedimentary Record’ was submitted 

by M. Rada and prof. P. Bishop in May 2013, as a rangefinder application for six radiocarbon 

determinations, one every meter of BARD2 core, in order to cover the Holocene section of 

the Bardowie Loch sedimentary sequence (upper organic muds group, chapter 2, section 

2.2). 

The second project (allocation number 2056.0417): ‘Radiocarbon Chronology for 

Palaeoenvironmental and Geomagnetic Field Reconstructions from a Northern British 

Lacustrine Sedimentary Record’ was submitted by M. Rada, C. Slaymark, Dr. D. Fabel and 

prof. P. Bishop in May 2017, as a full follow-up application for nine radiocarbon 

determinations of core BARD4, in order to refine the preliminary age-depth model and to 

extend it to the Lateglacial Interstadial (Late Pleistocene).    

3.5 METHODOLOGY FOR RADIOCARBON ANALYSIS 

3.5.1 Samples preparation 

• 1.5 to 3cc bulk samples were taken from levels with considerable organic matter 

concentration, which coincides with a decrease in magnetic susceptibility (fig. 

3.15). BARD2 sampling were aiming for at least one radiocarbon determination 

every meter (BARD2 curves in fig. 3.15); while in BARD4 case, two or more 

samples were obtained in levels that either produced inconclusive results on the 

rangefinder project, or are particularly important, such as the transition from 

glacial to organic muds (BARD4 curves in fig. 3.15). 

• After disaggregating the bulk samples in still water overnight, they were sifted 

out through 125µm and 90µm sieves using a 0.1M Potassium Hydroxide 

solution, in order to separate the organic remains from the sediments. The 
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resulting organic fraction were kept in separate labelled petri dishes and dried 

overnight with temperatures under 45ºC to avoid any physical or chemical 

alteration. Then, the dried separated organic remains were stored in labelled 

small glass vials.  

 
Figure 3.15. Magnetic susceptibility and organic matter content curves for BARD2 and BARD4. Green 
lines indicate the depth of the organic remains used for radiocarbon determinations (tables 3.6 and 3.7). 
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These sample preparations were carried out by M. Rada at the Wet Sedimentology 

Laboratory of the Geosciences School (UoE) for BARD2 samples and half of BARD4 samples, 

while the rest were prepared by C. Slaymark at the Sedimentary Laboratory (UoG).  

3.5.2 Analysis of Samples Under Microscope 

• Each sample was checked several times under the microscope, with 

magnifications usually ranging from 10X to 30X. These observations were carried 

out by M. Rada at the Micropalaeontology Laboratory (UoE) for BARD2 and 

BARD4 samples, as well as C. Slaymark at the Sedimentary Laboratory (UoG) in 

the case of BARD4 samples.     

• More detailed analyses were carried out on the BARD2 samples in order to 

determine the type of fossils and plant fragments present in the Bardowie Loch 

sequence, as well as to classify and identify organic content and photograph the 

most relevant organic remains (fig. 3.16 and Chapter 2, figs. 2.6, 2.7. 2.8 and 

2.9). These results were discussed in chapter 2, section 2.2.2.     

3.5.3 Selection of Suitable Material for Radiocarbon Dating 

 The ideal organic remains for radiocarbon determinations are land plant macrofossils, 

such as charcoal, seeds and leaf fragments. However, in the Bardowie sedimentary sequence 

this type of material proved difficult to find, particularly in the middle section of the core 

(interval highlighted in purple, figs. 3.21 & 3.22), which could be due to the likely low energy 

environment and slow sedimentation rates at this stage, as well as the possible oxygenation 

of the lake bed (chapter 2, section 2.4). 

For this reason, considerably more samples than the ones submitted to the NERC 

Radiocarbon Facility were actually prepared and checked under the microscope, choosing 

the ones that presented seeds, charcoal and presumably adequate amount of land plant 

fragments (green lines, fig. 3.15). Then, mostly seeds, roots, as well as twig, leaf and, in a few 

cases, charcoal fragments (fig. 3.16) were carefully picked under the microscope, using fine 

tweezers and pipettes and kept in distilled water, inside 5cc glass vials. Enough material was 

picked to make for at least 15mg of dried-weight for each sample, although most of the 

samples submitted were between 20 and 60mg. 
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Figure 3.16. Microphotographs of representative plant remains submitted for radiocarbon dating. 
Numbers indicate type of fossils, while letters refer to sample to which these fragments are part of: A. 
Ba2-RcA1; B. Ba2-RcB1; C. Ba2-RcC1; D. Ba2-RcD1 and F. Ba2-RcF1.    

3.5.4 Radiocarbon Determinations  

• Selected plant material of samples from BARD2 and BARD4 (green lines, fig. 

3.15) were submitted to the NERC Radiocarbon Facility at SUERC, where they 

were pre-treated using a 2M HCl solution at 80ºC for 8 hours, followed by a 

distilled water wash to clean any mineral acid and then, dried and homogenised.    

• Each sample were burnt to extract its CO2 as gas, using CuO in a sealed quartz 

tube. Subsequently, this gas was converted to a graphite pellet through Fe/Zn 

reduction.  

• The graphite samples were run through the world-class NEC Accelerator Mass 

Spectrometer at the SUERC AMS Laboratory, which combines conventional 

mass spectrometry with high-energy collisions for high precision measurements 

of isotopes ratios (3‰ for 14C measurements), requiring for routing analysis 1-

2mg of carbon.  
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As part of the first NERC award, a week hands-on visit to the Radiocarbon Facility at 

SUERC in March 2015, allowed M. Rada to observe, learn and participate in the processing 

of standard samples (barley and anthracite) from pre-treating to graphite conversion under 

the supervision of Dr. Pauline Gulliver, which were later used to calibrate the SUERC 

Accelerator Mass Spectrometer for radiocarbon determinations.  

3.6 RADIOCARBON DATING RESULTS 

Results obtained from BARD2 and BARD4 samples are presented in tables 3.6 and 3.7, 

respectively. Tables show the samples names, publication codes (assigned by the NERC 

Radiocarbon Facility), depths, radiocarbon determinations (expressed as conventional 

radiocarbon age in years before present), as well as the calibrated results (shown as calendar 

years before present). 

BARD2 samples mostly consisted of microscopic fragments of land plant material (twigs, 

leaves, wood and charcoal, fig. 3.16), as well as whole seeds, oospores and megaspores and 

occasionally, fragments of these (chapter 2, fig. 2.6). This material yielded between 15% and 

30% Carbon content by weight, equivalent from 7 to 12 mg of Carbon per sample.     

Table 3.6. Radiocarbon determinations obtained from mainly microscopic plant material and seeds 
picked from the organic separates of BARD2 core samples (project allocation Nº 1716.0413). Calibration 
generated with OxCal v4.3.2 (Bronk Ramsey, 1994; 2009) using the latest calibration curve IntCal13 
(Reimer et al., 2013).  

Sample Publication Code 
Depth 
(cm) 

Conventional 14C  
age (years BP) 

Calibrated age 
95% range (years calBP) 

Ba2-RcA1 SUERC-65896 85 1232 ± 37 1166 ± 100 
Ba2-RcB1 SUERC-65900 164 3491 ± 37 3753.5 ± 108.5 
Ba2-RcC1 SUERC-65901 270 3266 ± 37 3487 ± 88 
Ba2-RcD1 SUERC-65902 370 4768 ± 38 5461 ± 130 
Ba2-RcE1 SUERC-40349 487.3 8265 ± 40 9270 ± 146 
Ba2-RcF1 SUERC-65903 537 10518 ± 42 12436 ± 186 

 
In the case of BARD4, levels with considerable concentration of macroscopic land plant 

remains were identified through sedimentology and smear slides analysis (chapter 2, beds 

with plant material, twigs and roots in fig. 2.3). These layers contained mainly roots, twigs and 

leaves fragments, as well as mosses in the deepest levels. The three upper and four lower 

samples were obtained from these layers, composed mainly of these macroscopic plant 

fossils; while the two samples from the middle section of the core consisted of microscopic 

plant fragments, like BARD2 samples. All the BARD4 plant material produced between 40% 
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and 55% Carbon content by weight, which corresponds to 8mg to 16mg of Carbon per 

sample.  

It is important to mention, that the final batch of BARD4 plant macrofossils (Ba4-Rc1 to 

Ba4-Rc3) were submitted to the NERC Radiocarbon Facility in December 2017; however, the 

resulting radiocarbon determinations have not been received yet.              

Table 3.7. Radiocarbon dating results of mostly plant material (roots, twigs, moss fragments and seeds) 
picked from the organic fraction of BARD4 core (project allocation Nº 2056.0417). Calibration generated 
with OxCal v4.3.2 (Bronk Ramsey, 1994; 2009) using the latest calibration curve IntCal13 (Reimer et al., 
2013).  

Sample Publication Code 
Depth 
(cm) 

Conventional 14C 
age (years BP) 

Calibrated age 
95% range (years calBP) 

Ba4-Rc1 - 66 Awaiting results - 
Ba4-Rc2 - 120 Awaiting results - 
Ba4-Rc3 - 132 Awaiting results - 
Ba4-Rc5 SUERC-74565 261 3827 ± 38 4251 ± 155 
Ba4-Rc6 SUERC-74566 311.5 4752 ± 36 5458.5 ± 128.5 
Ba4-Rc4 SUERC-76489 420 9685 ± 45 11008.5 ± 208.5 
Ba4-Rc7 SUERC-76488 430 9264 ± 39 10429.5 ± 134.5 
Ba4-Rc9 SUERC-74571 440.5 9753 ± 40 11184 ± 59 
Ba4-Rc8 SUERC-74570 540 12252 ± 46 14189.5 ± 194.5 

 
 Since radiocarbon analysis assume a constant concentration of 14C in the environment 

throughout time, corrections have to be made for the true atmospheric concentration of the 

time when the organism died and the half-life of radiocarbon. These are done by calibrating 

14C ages with independent measurements (i.e. tree rings, speleothems, corals, etc.), which 

are compiled in an international calibration curve called IntCal, of which IntCal13 (Reimer et 

al., 2013) is the most recent version.  

In order to determine the calendar years of BARD2 and BARD4 radiocarbon dates, the 

IntCal13 curve was applied with the open online software OxCal v4.3.2 (Bronk Ramsey, 1994 

& 2009), which uses Bayesian analysis to determine the time range of the fossil assemblage 

with a 95% probability.  

Figure 3.17 presents examples of the calibration plots generated by OxCal for two 

samples of BARD2 (A. Ba2-RcC1 and C. Ba2-RcF1) and BARD4 (B. Ba4-Rc9 and D. Ba4-Rc8), 

where the red Gaussian curve represents the radiocarbon determination (in radiocarbon years 

BP), the blue curve is the IntCal13 calibration and the grey area indicates the time range and 

probability for the calibrated age (in calendar years BP).         
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Figure 3.17. Calibration examples of the radiocarbon determinations (grey area) generated with the 
software OxCal v4.3.2 (Bronk Ramsey, 1994 & 2009), using the IntCal13 curve (Reimer et al., 2013), for 
sample Ba2-RcC1 (A), Ba4-Rc9 (B), Ba2-RcF1 (C) and Ba4-Rc8 (D).   

3.7 MODELLING AGE VS. DEPTH 

3.7.1 BARD2 Models  

Using the first group of radiocarbon determinations (table 3.6) and tephrochronology 

results, preliminary age-depth models were generated for BARD2 core. Due to the almost 

undistinguishable geochemical composition of Lairg A and Hekla 4, two models were 

produced, interpreting TD1 as either tephra layer (fig. 3.18 and tables 3.8 & 3.9).  

The open-source software Bacon v2.3.3 (Blaauw & Christen, 2011), which runs on R (R 

Development Core Team, 2013), were used for the age-depth modelling. This software 

combines radiocarbon determinations (calibrated with the IntCal13 curve), calendar dates 

and other dating methodologies, as well as prior sedimentary information through Markov 

Chain Monte Carlo (MCMC) iterations to generate Bayesian accumulation histories (in 

years/cm) for sedimentary sequences (fig. 3.23), which then, are converted into calendar age-

depth models (figs. 3.18, 3.19, 36.20 & 3.22). 



	

	

68 

In the case of BARD2 Lairg A Model, a simple age-depth model was generated, 

introducing in the Bacon software the dates and depth of the Pompeii, Avellino and Lairg A 

tephras, as well as the radiocarbon determinations previously obtained for BARD2 (table 3.8); 

then, the sedimentary sequence, starting at 50cm down to 550cm depth, was divided into 

10cm-vertical sections for the MCMC iterations. For the historic Pompeii tephra an uncertainty 

of 1yr had to be added so the software could run properly.   

The resulting model comprises 78% of the chronology data within its 95% probability 

range, which spans in average 1229yr from a minimum of 17yr at 126cm depth and a 

maximum of 2400yr at 550cm depth (grey area in fig. 3.18A). Radiocarbon dates from Ba2-

RcB1 and Ba2-RcC1 samples completely lie outside this model (highlighted in grey in table 

3.8), while Ba2-RcD1 (36 cm deeper than TD1 tephra, highlighted in blue) has a calibrated 

age of more than 1000yr younger than Lairg A tephra; however, this model indicates a 

relatively constant and homogenous sedimentation for the last 12kyr (fig.3.18A). 

Table 3.8. Radiocarbon determinations and tephra isochrones used for generating the BARD2 Lairg A 
Model. *Historic date (79AD). 1Avellino date from Zanchetta et al., 2011. 2Lairg A date from Pilcher et 
al., 1996 

Sample Publication Code 
Conventional 14C Age 

(years BP) 
Uncertainty 

(years) Depth (cm) 

Min Depth - - - 50 
Ba2-RcA1 SUERC-65896 1232 37 85 
TB1 Pompeii Tephra 1871* 1 124 
Ba2-RcB1 SUERC-65900 3491 37 164 
TC3 Avellino Tephra 33601 40 248 
Ba2-RcC1 SUERC-65901 3266 37 270 
TD1 Lairg A Tephra 60362 20 334 
Ba2-RcD1 SUERC-65902 4768 38 370 
Ba2-RcE1 SUERC-40349 8265 40 487 
Ba2-RcF1 SUERC-65903 10518 42 537 
Max Depth - - - 550 

To generate BARD2 Hekla 4 Model, the same procedure to the previous age-model was 

applied, using the Hekla 4 radiocarbon date of 3826 ± 12yr 14C BP for the TD1 tephra layer, 

instead; table 3.9 shows the data input into the Bacon software. The model shows a 

considerable inflection at Hekla 4 date, which implies an abrupt change in sedimentation 

rates at ca 4ky BP. Nevertheless, 89% of the chronology data lie within the 95% probability 

range of the model, only Ba2-RcB1 radiocarbon determination is an outlier (highlighted in 

grey, table 3.9). The 14C date of Ba2-RcC1 (highlighted in blue) is almost a hundred years 

younger than the Avellino tephra (22cm upwards), but considering their calibrated dates, 
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which are 3487 ± 88yr calBP for Ba2-RcC1 (table 6.6) and 3588 ± 108yr calBP for Avellino, 

they both overlap. 

 
Figure 3.18. Calendar age-depth models (red curve), showing their 95% probability range (grey 
envelope) obtained for BARD2 tephrochronology (green data) and radiocarbon determinations (blue 
data), using the open-source software Bacon v2.3.3 (Blaauw & Christen, 2011) and IntCal13 curve 
(Reimer et al., 2013).    
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Table 3.9. Radiocarbon determinations and tephra isochrones used for generating the BARD2 Hekla 4 
Model. *Historic date (79AD). 1Avellino date from Zanchetta et al., 2011. 2Hekla 4 date from Dugmore 
et al., 1995 

Sample Publication Code 
Conventional 14C Age 

(years BP) 
Uncertainty 

(years) 
Depth (cm) 

Min Depth - - - 50 
Ba2-RcA1 SUERC-65896 1232 37 85 
TB1 Pompeii Tephra 1871* 1 124 
Ba2-RcB1 SUERC-65900 3491 37 164 
TC3 Avellino Tephra 33601 40 248 
Ba2-RcC1 SUERC-65901 3266 37 270 
TD1 Hekla 4 Tephra 38262 12 334 
Ba2-RcD1 SUERC-65902 4768 38 370 
Ba2-RcE1 SUERC-40349 8265 40 487 
Ba2-RcF1 SUERC-65903 10518 42 537 
Max Depth - - - 550 

The 95% probability range of the BARD2 Hekla 4 Model (grey area engulfing the red 

curve in fig. 3.18B) goes from a minimum span of 14yr at 125cm depth to a maximum of 

2467yr at a depth of 542cm and has an average of 727yr, which represents a mean uncertainty 

40% smaller than the Lairg A model. 

3.7.2 BARD4 Models  

To check the new radiocarbon analyses (table 3.7), as well to try to discern between Lairg 

A or Hekla 4 as the correct isochron for TD1 tephra, independent calendar age-depth models 

were generated for BARD4 core chronological data, using the open-source software Bacon 

v2.3.3.  

The first model, BARD4 Pompeii and Avellino Model, was generated using the recently 

available radiocarbon dates obtained from BARD4 samples, as well as the dates and depths 

of the Pompeii and Avellino tephras, while TD1 tephra was disregarded, to focus on the new 

data set (table 3.10). The sedimentary sequence was extended from 30cm to 600cm depth 

and was divided into 10cm-thick intervals for the Bacon iterations, as the case of BARD2. This 

model encompasses 100% of the chronological data, with an average of 781yr for the 95% 

probability range, going from a minimum of 21yr at 70cm depth to a maximum of 1808yr at 

375cm depth. Like the BARD2 Hekla 4 Model, there is an inflection between 4ky and 5ky BP 

(samples Ba4-Rc5 and Ba4-Rc6), although is not as abrupt as the previous model, indicates 

there are important changes in sedimentation rates throughout the Holocene (fig. 3.19).     
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Table 3.10. Radiocarbon determinations and tephra isochrones used for generating the BARD4 Pompeii 
and Avellino Model. *Historic date (79AD). 1Avellino date from Zanchetta et al., 2011. 

Sample Publication Code 
Conventional 14C Age 
(years BP) 

Uncertainty 
(years) Depth (cm) 

Min Depth - - - 30 
TB1 Pompeii Tephra 1871* 1 70 
TC3 Avellino Tephra 33601 40 175 
Ba4-Rc5 SUERC-74565 3827 38 261 
Ba4-Rc6 SUERC-74566 4752 36 311.5 
Ba4-Rc4 SUERC-76489 9685 45 420 
Ba4-Rc7 SUERC-76488 9264 39 430 
Ba4-Rc9 SUERC-74571 9753 40 440.5 
Ba4-Rc8 SUERC-74570 12252 46 540 
Max Depth - - - 600 

While there are no data outside the uncertainty envelope of BARD4 Pompeii and 

Avellino model, sample Ba4-Rc4 (highlighted in blue in table 3.10) presents a calibrated date 

presumably older for its stratigraphic position (11008.5 ± 208.5yr calBP, table 3.7), which is 

almost 600yr more than the underlying Ba4-Rc7 (10429.5 ± 134.5yr calBP, table 3.7) and 

overlaps the 20cm-deeper Ba4-Rc9 (11184 ± 59yr calBP, table 3.7). 

 
Figure 3.19. Calendar age-depth model (red curve), showing the 95% probability range (grey envelope) 
obtained for BARD4 radiocarbon determinations (blue data), as well as Pompeii and Avellino tephras 
using the open-source software Bacon v2.3.3 (Blaauw & Christen, 2011) and IntCal13 curve (Reimer et 
al., 2013).    
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The BARD4 Pompeii, Avellino and Lairg A Model was produced with the same 

methodology as the previous one; while adding TD1 tephra (highlighted in orange in table 

3.11) as the Lairg A isochron (6036 ± 20 yr 14C BP), at 249cm depth, to the BARD4 radiocarbon 

determinations and Pompeii and Avellino data (table 3.11).  

Table 3.11. Radiocarbon determinations and tephra isochrones used for generating the BARD4 
Pompeii, Avellino and Lairg A Model. *Historic date (79AD). 1Avellino date from Zanchetta et al., 2011. 
2Lairg A date from Pilcher et al., 1996 

Sample Publication Code 
Conventional 14C Age 

(years BP) 
Uncertainty 

(years) Depth (cm) 

Min Depth - - - 30 
TB1 Pompeii Tephra 1871* 1 70 
TC3 Avellino Tephra 33601 40 175 
TD1 Lairg A Tephra 60362 20 249 
Ba4-Rc5 SUERC-74565 3827 38 261 
Ba4-Rc6 SUERC-74566 4752 36 311.5 
Ba4-Rc4 SUERC-76489 9685 45 420 
Ba4-Rc7 SUERC-76488 9264 39 430 
Ba4-Rc9 SUERC-74571 9753 40 440.5 
Ba4-Rc8 SUERC-74570 12252 46 540 
Max Depth - - - 600 

The resulting depth – age model is in fact very similar to the BARD4 Pompeii and Avellino 

Model, since there is enough radiocarbon data in BARD4 close to TD1 tephra layer to 

evidence that Lairg A is over 2kyr older for this stratigraphic position, completely lying outside 

the model (fig. 3.20A).               

Table 3.12. Radiocarbon determinations and tephra isochrones used for generating the BARD4 
Pompeii, Avellino and Hekla 4 Model. *Historic date (79AD). 1Avellino date from Zanchetta et al., 2011. 
2Hekla 4 date from Dugmore et al., 1995 

Sample Publication Code 
Conventional 14C Age 

(years BP) 
Uncertainty 

(years) Depth (cm) 

Min Depth - - - 30 
TB1 Pompeii Tephra 1871* 1 70 
TC3 Avellino Tephra 33601 40 175 
TD1 Hekla 4 Tephra 38262 12 249 
Ba4-Rc5 SUERC-74565 3827 38 261 
Ba4-Rc6 SUERC-74566 4752 36 311.5 
Ba4-Rc4 SUERC-76489 9685 45 420 
Ba4-Rc7 SUERC-76488 9264 39 430 
Ba4-Rc9 SUERC-74571 9753 40 440.5 
Ba4-Rc8 SUERC-74570 12252 46 540 
Max Depth - - - 600 

BARD4 Pompeii, Avellino and Lairg A Model presents a 95% probability range spanning 

from 18yr at 70cm to a maximum of 1936yr at 370cm, with an average of 792yr, comprising 

89% of the chronology data, with Lairg A tephra as a clear outlier and radiocarbon 
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determination Ba4-Rc4 (highlighted in blue in table 6.11) older than its neighbouring samples, 

as in the previous model (fig. 3.20A).  

 
Figure 3.20. Calendar age-depth models (red curve), showing their 95% probability range (grey 
envelope) obtained for BARD4 tephrochronology (green data) and radiocarbon determinations (blue 
data), using the open-source software Bacon v2.3.3 (Blaauw & Christen, 2011) and IntCal13 curve 
(Reimer et al., 2013). 
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For the third age–depth model, the Bacon software was run with the BARD4 radiocarbon 

data plus the tephras Hekla 4, Avellino and Pompeii (table 3.12), following the procedure 

previously explained for the first BARD4 model. The generated model comprises 100% of the 

data within its 95% probability range, which spans in average 760yr from a minimum of 20yr 

at 70cm depth and a maximum of 1866yr at 380cm depth.  

In the BARD4 Pompeii, Avellino and Hekla 4 Model, TD1 tephra is ascribed to the Hekla 

4 eruption (highlighted in orange, table 3.12), which nicely fits within the model (fig. 3.20A). 

Particularly, Hekla 4 calibrated age of 4218 ± 65yr calBP (table 3.1) completely agrees with 

sample Ba4-Rc5 result of 4251 ± 155yr calBP (table 3.7), which is 12cm deeper in the BARD4 

stratigraphy. Additionally, sample Ba4-Rc4 (highlighted in blue, table 3.12) is out of 

stratigraphic order, like in the rest of BARD4 models, but within the range of the model’s 

uncertainty.    

3.7.3 Composite Age-Depth Model for the Bardowie Loch Sedimentary Sequence  

Table 3.13 presents a summary of the main statistical features of the age-depth models 

produced for BARD2 and BARD4 cores, using the open-source Bacon v2.3.3 software and 

IntCal13 calibration curve. As expected, all the models present their minimum uncertainty 

close to the Pompeii tephra depth, 124cm for BARD2 and 70cm for BARD4. BARD2 models 

exhibit the largest maximum uncertainties, which are located at their oldest dates, maybe 

caused by the extrapolation of few data; while for BARD4 models, the maximum uncertainties 

are found between 370 and 380cm depth, which is probably a consequence of the lack of 

data from the middle of the core (purple interval in BARD4, fig. 3.21), as well as the sample 

Ba4-Rc4 date being out of stratigraphic order.  

Sample Ba2-RcB1 is definitely an outlier, since it is over 200 years older than the Avellino 

tephra and Ba2-RcC1 sample, both of which are about a meter deeper. Lairg A tephra date 

also falls outside the BARD4 age – depth models.  

The largest mean uncertainty is found in BARD2 Lairg A Model, while the lowest 

uncertainties are related to TD1 being part of the Hekla 4 tephra isochron, i.e. BARD2 Hekla 

4 Model and BARD4 Pompeii, Avellino and Hekla 4 Model. 

Based on these observations, chronological data for a complete and final age-depth 

model were selected (table 3.14); samples Ba2-RcB1 and Ba4-Rc4 were discarded 
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(highlighted and written in grey, table 3.14), while TD1 volcanic glasses were confidently 

attributed to the Hekla 4 eruption.  

Table 3.13. Characteristics of the age-depth models obtained from BARD2 and BARD4 radiocarbon 
determinations and tephra layers Pompeii, Avellino, Lairg A and Hekla 4 (figs. 3.18, 3.19 & 3.20)    

Models 
BARD2 
Lairg A 

BARD2 
Hekla 4 

BARD4 
Pompeii 
and 
Avellino 

BARD4 
Pompeii, 
Avellino and 
Lairg A 

BARD4 
Pompeii, 
Avellino and 
Hekla 4 

95
%

 P
ro

ba
bi

lit
y 

Ra
ng

e 

Mean Uncertainty 
(years) 

615 364 391 396 380 

Minimum 
Uncertainty (years) 

9 7 11 9 10 

Depth 
(cm) 

126 125 70 70 70 

Maximum 
Uncertainty (years) 

1200 1235 904 968 933 

Depth 
(cm) 

550 542 375 370 380 

Data within 
model  

78% 95% 100% 89% 100% 

Outliers 
Ba2-RcB1 
Ba2-RcC1 

Ba2-RcB1 None Lairg A tephra None 

Problematic 
dates 

Ba2-RcD1 Ba2-RcC1 Ba4-Rc4 Ba4-Rc4 Ba4-Rc4 

Since radiocarbon determinations were obtained from two different cores, they had to 

be assembled into a combined sequence. In addition, the majority of the samples used for 

palaeomagnetic analysis come from BARD5 core and about 30% from BARD4; these had 

been integrated into a composite core (chapter 5, fig. 5.6) based on BARD5 stratigraphy 

sequence, through correlation of 0.5cm-resolution magnetic susceptibility curves of both 

cores.  

For these reasons, BARD2 and BARD4 radiocarbon determinations (tables 3.6 & 3.7) 

were projected onto the BARD5 sequence (fig. 3.21) using the magnetic susceptibility and 

tephrochronology correlations (fig. 3.9) originally developed for integrating rock magnetic 

and geochemical analyses (chapter 4, fig. 4.2). Because bulk samples for the radiocarbon 

analyses were taken from levels with distinctive susceptibility behaviour, either minima 

(BARD2 samples) or clear inflections of the curve (BARD4 samples) (fig. 3.15), it was relatively 

straight-forward to locate BARD2 (pink lines in fig. 3.21) and BARD4 determinations (dark 

blue lines in fig. 3.21) in BARD5 susceptibility curve. Table 3.14 presents the resulting depth 

of each chronological sample in BARD5 stratigraphic sequence. 
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Figure 3.21. 
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intervals and the 
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age -depth m

odel is 
indicated in grey    
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In addition, two radiocarbon dates from BARD5 core, i.e. Ba5:1-85 and Ba5:4-48 (orange 

lines in fig. 3.21) were obtained by C. Slaymark as part of her PhD project, funded by a SAGES 

grant awarded to Slaymark. Ba5:4-48 (430cm depth) yielded an age of 10387 ± 113yr calBP 

which is over a 1kyr older than the underlying Ba2-RcE1 (9270 ± 146yr calBP) and overlaps 

with Ba4-Rc7 (10430 ± 134yr calBP), which is about 0.5 meter deeper. As a result, only Ba5:1-

85 (2257 ± 97yr calBP) were added to the composite model (table 3.14).                           

Table 3.14. Chronology data used to generate the BARD5 Composite Model; radiocarbon 
determinations, tephra isochrones and the boundaries of the chemical-stratigraphic stages (highlighted 
in colours). *Historic date (79AD). 1Avellino date from Zanchetta et al., 2011. 2Hekla 4 date from 
Dugmore et al., 1995 

Sample Publication Code 
Conventional 14C Age 

(years BP) 
Uncertainty 

(years) 
Depth (cm) 

Minimum depth             - - - 40 
Ba2-RcA1 SUERC-65896 1232 37 78 
TB1 Pompeii Tephra 1871* 1 110 
Ba2-RcB1 SUERC-65900 3491 37 135 
Boundary 4 - - - 150 
Ba5:1-85 SUERC-73634 2283 31 167 
TC3 Avellino Tephra 33601 40 204 
Boundary 3 - - - 210 
Ba2-RcC1 SUERC-65901 3266 37 214 
TD1 Hekla 4 Tephra 38262 12 256 
Ba4-Rc5 SUERC-74565 3827 38 284 
Ba4-Rc6 SUERC-74566 4752 36 330 
Ba2-RcD1 SUERC-65902 4768 38 333 
Boundary 2 - - - 420 
Ba2-RcE1 SUERC-40349 8265 40 458 
Ba4-Rc4 SUERC-76489 9685 45 469 
Ba4-Rc7 SUERC-76488 9264 39 482 
Ba4-Rc9 SUERC-74571 9753 40 497 
Boundary 1 - - - 502 
Ba2-RcF1 SUERC-65903 10518 42 507 
Ba4-Rc8 SUERC-74570 12252 46 560 
Maximum depth           -     - - 770 

The inflections observed in BARD4 age–depth models (figs. 3.19 & 3.20) and BARD2 

Hekla 4 model (fig. 3.18B) denote important fluctuations in the sedimentation rates in the top 

5 meters of the Bardowie Loch sequence, which agrees with geochemical evidence of periods 

with larger detrital input (chapter 2, figs. 2.12, 2.13 & 2.16), as well as with the main variations 

observed in NRM intensity, IRMs, SIRM, ARM and Magnetic Susceptibility curves (fig. 3.25; 

chapter 4, figs. 4.1, 4.7 & 4.8 and chapter 5, fig. 5.6), which are probably caused by changes 

in concentration of magnetic detrital grains (chapter 4, section 4.3.2). Moreover, 
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sedimentology and geochemical analyses suggest three different stages for the upper non-

glacial section of the Bardowie sequence, with particularly intensive periods of erosion in the 

top two meters (chapter 2, section 2.4 and figs. 2.16 & 2.17).  

 
Figure 3.22. Composite age-depth model (red curve), showing the 95% probability range (grey envelope) 
obtained for BARD5 tephrochronology (green data), BARD2 and BARD4 radiocarbon determinations (blue 
data) and the limits of the chemical-stratigraphic intervals (dotted lines dividing coloured sections). Model 
were obtained using the open-source software Bacon v2.3.3 (Blaauw & Christen, 2011) and IntCal13 curve 
(Reimer et al., 2013).  

Based on the results previously mentioned, the Bardowie sequence was divided into five 

intervals for the generation of the Age-Depth model, indicated by colours in figures 3.21 & 

3.22, since these could imply completely different sedimentation regimes and even hiatus 

between them. These intervals correspond to glacial laminated muds from an Ice-Marginal 

environment (highlighted in blue, figs. 3.21, 3.22 & 3.23) up to boundary 1 (highlighted in 

blue, table 3.14); then, organic laminated mud sets from a thermally stratified stage 

(highlighted in green, figs. 3.21, 3.22 & 36.23)  up to boundary 2 (highlighted in green, table 

3.14); between boundary 2 and 3 (highlighted in purple, table 3.14), dark massive clay beds 

of a polymictic stage (highlighted in purple in figs. 3.21, 3.22 & 3.23); followed by 

intercalations of silty clays and organic muds from a stage of periodic anoxic/oxic conditions 



	

	

79 

(highlighted in pink, figs. 3.21, 3.22 & 3.23) and delimited by boundary 4 (highlighted in 

orange, table 3.14); finally, the top interval marked by intermittent substantial erosion, as well 

as an apparently thin layer of pollution at 150cm depth (chapter 2, fig. 2.14), suggesting 

intensification of anthropogenic activity (highlighted in orange, figs. 3.21, 3.22 & 3.23). 

To produce the composite age-depth model, the radiocarbon determinations from 

BARD2 and BARD4 were introduced in the Bacon v2.3.3 software, along with the tephra 

isochrones identified for BARD5 (Pompeii, Avellino and Hekla 4); the Bardowie sequence, 

extending from 40cm to the base of the BARD5 Composite core at 770cm depth, were 

divided in sections of 5cm for the MCMC iterations. Since the software allows the input of 

boundaries (such as stratigraphic contacts or erosive bases, etc.), the limits of the five 

chemical-stratigraphic intervals were added as well (table 3.14, fig. 3.22).  

The resulting BARD5 Composite Model (fig. 3.22) comprises 100% of the chronology 

data within the 95% probability range, with a mean uncertainty of 429yr from a minimum of 

12yr at 110cm depth (Pompeii tephra) to a maximum of 1079yr at 770cm depth (base of 

sequence). This large maximum uncertainty is likely a consequence of the model’s 

extrapolation for the deepest 2 metres, due to the scarcity of data in the glacial section of 

the Bardowie sequence.  

Table 3.15. Main chemical-stratigraphic stages of the Bardowie Loch Sequence  

Stage Depth (cm) 
Age  

(kyr calBP) 
Boundary depth  

(cm) 
Boundary age  

(yr calBP) 

Ice-marginal environment 770 - 502 ~19 – 11.6 502 (top) 11600 ± 234 

Thermally-stratified stage 502 - 420 11.6 – 8.1 420 (top) 8130 ± 558 

Polymictic stage 420 - 210 8.1 – 3.6 210 (top) 3550 ± 116 

Periodic oxic-anoxic conditions 210 - 70 3.6 – 1.1 70 (top) 1130 ± 143 

Anthropogenic (?) effects  150 – 0 (?) 2.4 – 0 (?) 150 (base) 2360 ± 228 

Figure 3.23 presents the accumulation history generated by Bacon v2.3.3 for the 

Bardowie Loch composite model (dashed red curve), as well as the chemical-stratigraphy 

stages (highlighted in colours) for both depth and time; while table 3.15 shows these stages 

depth and time intervals. The data of the accumulation rate curve is plotted in year per 

centimetre, indicating how many years took to accumulate one cm of sediment in the 

stratigraphic sequence; while the shade of grey denotes probability, darker grey indicates 

less uncertainty for that rate. 
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The highest accumulation rate is found at the base of the organic muds at ca. 11500yr 

calBP (boundary 1 in fig. 3.23), which increases abruptly to over 100yr per cm (and a 

probability range up to 250yr per cm) for a very short thickness, implying a hiatus of at least 

150 years, which also agrees with the sharp contact between the organic and glacial muds 

observed in BARD4 and BARD5.  

 
Figure 3.23. Sedimentation time diagrams showing the accumulation rate in yr/cm (red dashed 
curves) in depth and time for the different chemical-stratigraphic stages of the Bardowie Loch 
sequence.   

The shortest accumulation times, which are the largest sedimentation rates, are found at 

the end of the polymictic stage ca. 4300yr calBP (purple section in fig. 3.23) and in the top 
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interval during the last 2kyrs (orange section in fig. 3.23), as the large concentration of detrital 

elements had indicated in XRF profiles (chapter 2, fig. 2.13). While, slow sedimentation rates 

(between 25 to 50yrs per cm) started in the upper part of the thermally-stratified stage and 

predominated during the polymictic stage, from ca. 10000 to ca. 5500yr calBP (green and 

purple sections, fig. 3.23), like the sedimentology analyses and poor preservation of plant 

macrofossils had suggested.       

3.7.4 From Depth to Time 

Applying the BARD5 Composite 

Model, the respective calendar age was 

determined for each of the samples in the 

composite core used for palaeomagnetic 

analyses (chapter 4, section 4.3; chapter 

5, section 5.4; chapter 6, section 6.3). 

Bacon v2.3.3 allows to calculate an age – 

depth model for specific depths (in cm) 

instead of the regularly spaced intervals 

of 5cm (used for the preliminary models), 

by introducing into the program a text 

file with the required depths.  

Figure 3.24 shows the resulting age 

conversion for each sample (blue circles), 

along with their corresponding 95% 

probability range, where the maximum 

ages are represented by a grey curve and 

the minimum by a purple curve. 

 

 

 

 

  

Figure 3.24. Calendar age for each palaeomagnetic 
sample, according to the BARD5 Composite Model 
generated with Bacon v2.3.3 software (Blaauw & 
Christen, 2011).  
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CHAPTER IV 

ROCK MAGNETIC CHARACTERISATIONS   

 

The present chapter covers the magnetic characterisations carried out in order to 

evaluate the ability of the Bardowie sedimentary sequence to acquire a reliable natural 

remanence magnetization (NRM) and therefore, the potential to correctly preserve the 

ancient geomagnetic field. Stability of the NRM recorded by rocks depends upon various 

parameters, the most important being composition and concentration of magnetic grains, as 

well as their magnetic domains (magnetic grain sizes) and coercivities (Dekkers, 2007). 

Particularly in the case of lacustrine sedimentary sequence, the previously mentioned 

magnetic parameters are determined by environmental conditions, which regulate the 

magnetic grains through allogenic and authigenic processes. Allogenic processes are those 

that take place in the catchment area, as well as its geology, and control the detrital input 

into the lake basin; also includes wind transported particles, such as tephra and pollution. 

While authigenic processes are those that occur within the lake basin mainly due to the 

changes in the water chemistry, and control the precipitation of iron oxides and sulphides, as 

well as their dissolution, and the production of biogenic magnetic grains (Dearing, 1999).  

Rock magnetic characterisations techniques, applied to the Bardowie Loch muds 

sequence, include magnetic susceptibility measurements at low and high frequency, 

thermomagnetic curves, laboratory induced magnetisations and subsequent stepwise-

demagnetisations. These experiments were carried out at the Palaeomagnetic Laboratory of 

the School of Geosciences (University of Edinburgh), as well as the Palaeomagnetic 

Laboratory ‘Fort Hoofddijk’ at the University of Utrecht (Netherlands).  

Additionally, magnetic characterisation results were correlated to sedimentology and 

geochemical results (shown in chapter II) to assess the main environmental controls of the 

Bardowie Loch lacustrine deposits.  

4.1 MAGNETIC SUSCEPTIBILITY 

Magnetic susceptibility is a dimensionless quantity that expresses how easily a material 

can acquire a magnetization when it is subjected to an external magnetic field. It is highly 
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dependent on the temperature at which the field is applied and on the strength of such field. 

In addition, susceptibility is highly sensitive to the concentration, grain shape and type of 

magnetic minerals (Tauxe, 1998; Dearing, 1999; Dekkers, 2007).  

4.1.1 METHODOLOGY 

Magnetic susceptibility was measured in BARD4 and BARD5 using a Bartington MS2 

Magnetic Susceptibility Meter with a MS2E Core Logging Sensor attached; measurements 

were taken every 0.5cm directly onto each drive, with a 0.1 range and operating frequency 

of 2kHz. While magnetic susceptibility in BARD2 were determined at 976Hz (low frequency, 

Klow-freq) and 15.6kHz (high frequency, Khigh-freq) on each 6cc sample using a MFK2-FA Agico 

Kappabridge. For all cores, 5 measurements were taken for each depth/sample, alternating 

each measurement with air measurements, in order to correct for instrumental drift. It is 

important to mention that the susceptibility curves generated from the low frequency 

measurements for each core, turned out as the most reliable correlating tool, enabling a high-

resolution correlation using maxima and minima in intervals of 10 to 20cm of depth. 

Frequency dependent susceptibility (KFD) was calculated for BARD2, using the Klow-freq 

and Khigh-freq measurements, in order to assess the superparamagnetic (SP) fraction. The tiny 

size of the SP grains makes impossible to keep a stable remanence and therefore, their 

magnetic properties are highly dependent on the applied external field; when the field is 

continuously changing very quickly (high frequencies) the SP grains are not able to contribute 

to the magnetic susceptibility (Dekkers, 2007).  

Frequency dependent susceptibility was calculated using the equation:   

𝐾𝐹𝐷 = 100 ∗
𝐾()*+,-./ −	𝐾2342+,-./

𝐾()*+,-./
 

4.1.2 RESULTS 

Figure 4.1 presents the susceptibility curves of BARD2, BARD4 and BARD5. In the case 

of BARD4 and BARD5, both curves were obtained by averaging 5 measurements for a 2.5cm-

resolution, in order to compare them with BARD2, as well as the rest of the rock magnetic 

and palaeomagnetic results. 
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Figure 4.1. Magnetic susceptibility curves generated for BARD5, BARD2 and BARD4. Colours and 
numbers indicate intervals of distinct behaviour; i.e. light green highlights the highest values, blue 
indicates an interval of rapid decrease, purple marks the lowest susceptibility values and teal shows the 
top interval, characterised by a gradual increase of susceptibilities. 
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Susceptibility curves display four distinctly different behaviours; the highest values are 

found from the bottom of the cores up to ~545cm depth in BARD2,  ~500cm in BARD5 and 

~450cm in BARD4 (highlighted in green, fig. 4.1), which coincide with the end of the glacial 

laminated muds (figs. 2.1, 2.3 & 2.11). There is a rapid and oscillating decrease of about two 

orders of magnitude, more gradual for BARD2 and more abrupt for BARD4, ending at a depth 

of ~475cm in BARD2, ~445cm in BARD5 and ~400cm in BARD4 (marked in light blue, fig. 

4.1). The overlying interval (indicated in violet, fig. 4.1) shows the lowest values, with a 

considerable minimum for BARD5 of 2x10-7cc/g at ~370cm depth, while the other cores 

display down to one order of magnitude decrease (8x10-6 to 2x10-5cc/g). From ~350cm in 

BARD2, ~330cm in BARD5 and ~310cm in BARD4 up to the top of the cores, a fluctuating 

increasing trend is observed with maximum values of 2x10-4 to 3x10-4cc/g (highlighted in teal, 

fig. 4.1). 

             
Figure 4.3. Frequency Dependant Magnetic Susceptibility obtained for BARD2, organic matter content 
curve (OMC), as well as XRF spectra of detrital elements (Al & K) and elements associated to pollution 
(Cu & Pb). Violet bands indicate depth of tephra layers, while grey, green and orange bands mark FD 
Susceptibility peaks possibly associated with pollution, high organic matter content and erosion, 
respectively.  
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Figure 4.2 shows the correlation of BARD5, BARD4 and BARD2, using the low frequency 

magnetic susceptibility curves; grey lines (solid and dotted) indicate maxima (light grey) and 

minima (dark grey) distinguished in all three cores, while thin dotted lines indicate maxima 

(orange) and minima (blue) observed at 0.5cm-resolution curves of BARD4 and BARD5. In the 

case shown in figure 4.2, intervals of presumably larger detrital input (orange bands) and 

reducing conditions (blue bands), interpreted from geochemical analyses carried out in 

BARD2, are extrapolated to BARD4 and BARD5 using the magnetic susceptibility curves.   

Figure 4.3 presents the curve generated from high and low frequency susceptibility 

measurements of BARD2, as well as geochemical data, i.e. ED-XRF spectra from detrital 

elements (Al and K), heavy metals (Cu and Pb) and the organic matter concentration curve 

(OMC).  

The frequency dependent susceptibility curve shows peaks between 2% to 6%, 

corresponding to the super paramagnetic (SP) grain concentrations (Oldfield et al., 1989; 

Dekkers, 2007). Since SP particles are extremely small, they can easily be carried by wind, 

therefore these peaks could represent periods of significant aeolian erosion/deposition. In 

fact, five peaks (between 3% to 5%) mark the depths where crypto-tephra layers (violet bands, 

fig.4.3) were found in smear slides (unidentified tephra layers E1 and F1), as well as in mineral 

separates (Pompeii, Avellino and the Icelandic Rhyolitic tephras); in addition, Al, K and 

occasionally Cu display minor peaks at these depths.  

There is also an interval with a maximum of 6% FD susceptibility at the top of the 

sequence (orange band, fig. 4.3), that correlates with one of the largest peaks in Al and K in 

the upper dark mud sequence, indicating presumably a period of significant erosion and 

weathering in the catchment area, which could be attributed to intense anthropogenic 

activity.  

Considerable concentration of heavy metals coincides with two intervals of 25cm and 

15cm thick showing 5% and 5.5% FD susceptibility, respectively (grey bands, fig. 4.3). These 

could imply larger input of pollution particles at these depths, while one of these intervals 

could also be contemporaneous with the deposition of the Icelandic tephra layer Hekla 4 or 

Lairg A (at 335cm depth). 

Three FD susceptibility peaks between 2.5% to 5.5% agree with large organic matter 

concentration, varying from 35% to 40% (green bands, fig. 4.3), and also coincides with some 
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of the lowest values of magnetic susceptibility observed in all three cores, indicating 

significantly low concentration of magnetic minerals at 155cm, 270cm and 375cm depths for 

BARD2; while in BARD4 these depths correspond to 90cm, 180cm and 315cm; in the case of 

BARD5 these minima are seen at 130cm, 210cm and 335cm (figs. 4.1 & 4.2). The confluence 

of SP grains at restricted levels of very low concentration of magnetic minerals and 

considerably large organic matter content could indicate pedogenic processes, such as 

dissolution of iron oxides (Maher, 1986; Dearing, 2007), however more magnetic parameters 

have to be taken into account in order to identify the possible causes of these features.   

4.2 THERMOMAGNETIC ANALYSIS 

Another property closely related to the magnetic susceptibility is the Curie temperature 

(TC), which is a diagnostic attribute, since its value is unique for each ferromagnetic mineral. 

This is the temperature at which a ferromagnetic material loses its spontaneous 

magnetisation, i.e. the magnetisation that occurs when all the magnetic moments become 

aligned parallel to the field during the remanence acquisition. As a result, the ferromagnetic 

susceptibility becomes a paramagnetic susceptibility, which according to Curie’s law, varies 

inversely to temperature (Lowrie, 1997). For this reason, thermomagnetic curves are very 

useful to determine magnetic minerals present in the sedimentary sequence, since high 

temperature curves will show the changes experimented when the TC of the main magnetic 

carriers are reached. 

4.2.1 METHODOLOGY 

Thermomagnetic curves were generated using a MFK2-FA Agico Kappabridge with a 

CS4 High Temperature Furnace attachment. Magnetic susceptibility was measured 

continuously while the temperature progressively increased up to 700ºC (heating curve), and 

then decreased gradually to room temperature (cooling curve). Then, the TC was determined 

using the second derivative of the heating curve plotted versus temperature, since this 

parameter shows a detectable peak at the temperature where the magnetic susceptibility 

sustains the largest drop (grey lines, fig. 4.5b-f).     

11 samples were selected from visually different sedimentary beds that additionally 

exhibit distinctive values of magnetic susceptibility (table 4.1 & fig. 4.4), in order to assess if 

those observed changes were also related to changes in magnetic carriers, detectable in 
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thermomagnetic analyses through their TCs.  

In addition, the shape of the heating and cooling cycles was quantified through their 

degree of irreversibility, using the parameter proposed by Bohnel et al. (2002), defined as: 

IP =
∫ |𝑀𝑐𝑜𝑜𝑙(𝑇) −𝑀ℎ𝑒𝑎𝑡(𝑇)|𝑑𝑇EF
EG

∫ 𝑀ℎ𝑒𝑎𝑡(𝑇)𝑑𝑇EF
EG

 

 
Where Mcool and Mheat are the cooling and heating curves, respectively, T1 is the room 

temperature and T2 is the maximum temperature (700ºC). 

In order to apply the IP equation, integrals of the heating and cooling curves were 

calculated as the areas beneath both curves, using the trapezoidal numerical method: 

H 𝑦(𝑥)𝑑𝑥 =K
(𝑥L − 𝑥L+G)(𝑦L + 𝑦L+G)

2

O

LPG

Q

R
 

Where y(x) is the heating (or cooling) curve, xk is the temperature at a given point and yk is 

the corresponding susceptibility value for the heating (or cooling) curve at that point.  

4.2.2 RESULTS 

Table 4.1. Samples subjected to thermomagnetic analyses, their magnetic susceptibilities (MS) and 
organic matter content (OMC), as well as results obtained from the thermomagnetic cycles; irreversibility 
parameter (IP), Hopkinson peak and Curie temperatures. 

Sample Depth 
(cm) 

MS 
(E-6 cc/g) 

OMC 
(%) 

Hopkinson Peak 
start temperature (ºC) 

IP Curie Temperature 
(ºC) 

Ba2-A4 72 90.0 16 - 9.01 587.3 

Ba2-A5 76 219.1 15 - 3.29 585.7 

Ba2-B9 141.5 50.0 27 461.2 7.05 581.4 

Ba2-B15 171.5 76.7 37 460.9 5.26 567.8 

Ba2-C4 216.5 54.4 28 477.0 4.61 588.2 

Ba2-C17 281 50.0 36 469.8 1.00 583.6 

Ba2-D18 385 56.9 35 464.5 3.78 581.7 

Ba2-E19 491.2 15.4 37 463.3 1.91 583.3 

Ba2-F10 544.2 516.8 8 - 1.51 588.8 

Ba2-F17 578 692.4 3 - 1.00 584.4 

Ba2-F18 583.2 929.7 5 - 0.63 582.6 

The second derivative of the heating cycles denotes Curie temperatures (TC pointed 

with grey arrows, fig. 4.5b-f) concentrating on the range 580ºC to 589ºC, with the exception 

of BA2-B15 showing a Tc of 569ºC (table 4.1). These temperatures reveal that the main 
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magnetic carriers are magnetite and titanomagnetite (TMT) very poor in Ti. In particular, these 

temperatures are within the range of TC values of magnetite and TMTs with up to 3% of Ti, 

spanning from 595ºC to 550ºC, obtained from TMTs series synthetized at 1300ºC, simulating 

the magnetic compositions in basalts rapidly cooled and not oxidised by hydrothermal 

processes (Lattaerd et al., 2006). Large fluctuations in susceptibility do not seem to result 

from changes in magnetic mineralogy, since dissimilar samples present analogous TCs, for 

example Ba2-E19 with a susceptibility of 1.5x10-5 cc/g and Ba2-F18 with MS of 9.3x10-4 cc/g, 

both have a TC of 583ºC.    

  
Figure 4.4. Magnetic susceptibility curve, organic matter content and ED-XRF spectra of a detrital element 
(Ti), an element related to anoxic/reducing conditions (S) and a heavy metal (Pb), all obtained for BARD2. 
Lines indicate the depth of the samples used for thermomagnetic analyses; red lines show samples from an 
interval of significant detrital contribution (peaks in Ti, highlighted with orange bands); green lines mark 
samples taken from levels of high organic content (highlighted in light green); blue line denotes a sample 
taken from an interval with evidence of reducing conditions (large peaks in S, highlighted with light blue 
bands) and grey lines signal samples taken from depths of implied pollution peaks (marked by high 
concentration of Pb, grey bands).    
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Thermomagnetic curves display significantly different behaviours, particularly when 

comparing samples from the middle part of the core and samples from the glacial muds (fig. 

4.4b & d). Since the key element varying between these samples is their organic content, the 

OMC curve was used to analyse these thermomagnetic results (table 4.1 and fig. 4.4). It was 

noticed that for those samples with OMC > 25% (green lines, fig. 4.4), the heating curves 

developed a Hopkinson peak at 460ºC - 480ºC (table 4.1), that is not present in the cooling 

curve (fig. 4.5b & f). This peak is a feature normally caused by the behaviour of 

superparamagnetic grains at high temperatures; however, it is also possible that the 

precipitation of secondary iron oxides due to the burning of the organic matter, assumed to 

take place at ~450ºC during the thermomagnetic experiments, contributes to the peak 

formation (fig. 4.5b). The largest Hopkinson peaks (fig. 4.5f) were observed in samples from 

levels of presumably high concentration of pollution particles (grey lines, fig. 4.4), which 

agrees with the FD susceptibility curve (fig. 4.3), 

Sample Ba2-A4 shows the largest differences observed between the heating and cooling 

curves (fig. 4.5e), even though this sample is just 6cm above sample Ba2- A5 (fig.4.5c), which 

displays a more typical thermomagnetic behaviour for TMTs in sediments with fair organic 

matter concentration. The main differences between both samples could be due to changes 

in chemical conditions; sample Ba2-A4 comes from a depth of potentially reducing 

conditions, implied by the large peak observed in S (blue line, fig. 4.4), while the underlying 

sample is in a level mostly influenced by detrital input, indicated by the considerable peak in 

Ti (top red line, fig. 4.4). Also, the samples taken from the glacial sequence come from depths 

showing substantially large concentration of detrital elements (three red lines between 545cm 

and 585cm, fig. 4.4).  

To try to quantify the different behaviours observed in the thermomagnetic curves, the 

irreversibility parameter (IP) were calculated for each sample (table 4.1, fig.4.5a). However, 

due to the large Hopkinson peak in the heating curves of samples from depths of presumably 

high pollution concentrations, their IPs resulted in some of the lowest values, along with 

samples from depths with large detrital input (grey diamonds and pink circles, fig. 4.5a and 

table 4.1). While the sample from the implied anoxic level showed the highest irreversibility 

value (blue diamond, fig4.4a), followed by those samples with large OMC (green triangles, 

fig.4.5a and table 4.1).  
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A cross-plot relating the different behaviours of the thermomagnetic curves, through the 

calculated irreversibility parameter, and the measured magnetic susceptibility is presented in 

figure 4.5a. Although there are few samples, an interesting trend is observed; samples from 

the intervals dominated by detrital input (orange bands in fig. 4.4) present the largest 

susceptibility and lowest IP values, even in the case of sample Ba2-A5, which contains 15% of 

organic matter; samples from intervals of organic matter content over 25% (green bands in 

fig. 4.4) show intermediate susceptibility values and large IPs, while the sample from the 

interval of reducing conditions (blue band in fig. 4.4) exhibit also intermediate values of 

susceptibility, however its IP is substantially large. As mentioned before, samples from 

intervals of considerable heavy metals concentrations (grey bands in fig.4.4) present very low 

IPs and also the lowest susceptibility values of all the samples used for thermomagnetic 

analyses.     

4.3 LABORATORY INDUCED MAGNETIZATIONS 

In addition to the naturally acquired remanences through thermal (TRM), chemical (CRM 

and VRM) or depositional processes (DRM), there are two forms of remanence produced 

under laboratory conditions, isothermal remanent magnetization (IRM) and anhysteretic 

remanent magnetization (ARM).  

IRM is acquired when samples are subjected to instantaneous magnetic fields with 

strengths 106-108 larger than the Earth’s magnetic field; this type of remanence is mainly used 

to study the sample NRM’s stability, which depend on the coercivity of the magnetic carriers 

and for relative palaeointensity estimation. IRM curves and the saturation remanence (SIRM) 

are very effective at providing information about concentration of magnetic carriers, as well 

as coercivities and therefore, magnetic mineralogy and granulometry (i.e. magnetic domains) 

(Dekkers, 2007; Hatfield & Maher, 2009). 

ARMs are acquired when samples are exposed to two magnetic fields simultaneously, a 

large alternating field (AF) decreasing gradually and a small steady DC field. ARM is 

particularly useful for palaeointensity studies (both relative and absolute), also to determine 

concentration and grain sizes of the magnetic particles, since acquisition is more efficient in 

fine single domain grains (Dekkers 2007; Hatfield & Maher, 2009; Snowball et al., 2007; 

Brachfeld, 2007). 
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4.3.1 METHODOLOGY 

ARM and IRM analyses were carried out in 150 samples from BARD4 and BARD5, using 

the Fort Hoofddijk (University of Utrecht) unique cryogenic magnetometer system, which 

consists of a 2G Enterprises horizontal DC-SQUID cryogenic magnetometer with in-line AF 

demagnetization and ARM/IRM acquisition, as well as a robotic arm attached, so the 

measurements are completely automatized.  

In order to use this system, 6cc samples (in cylindrical cups) had to be put inside plastic, 

diamagnetic, hollow cubes and glued with silicon, so the robotic arm were able to safely 

manipulate each sample. In addition, all the experiments were done in two batches, the first 

consisted of the samples from the dark organic muds (upper half of the Bardowie Loch 

sequence) and the second batch was the samples from the glacial muds (lower half of the 

sedimentary sequence). This two groups of samples were kept separated during the 

experiments, since the large difference in remanence intensity between both groups could 

affect the measurements. 

ARM acquisition curves were done, after demagnetising the original remanence, in steps 

of 0mT, 20mT, 50mT and 100mT AF peak fields, with a bias field of 40 µT (fig. 4.6a). 

Afterwards, samples were demagnetised at AF peak fields of 0mT to 30mT in steps of 5mT, 

then 40mT to 70mT in steps of 10mT, and finally, 85mT and 100mT (fig.4.6c). 

IRM acquisition curves were produced applying fields of 100mT, 300mT and 700mT (fig. 

4.6b), followed by demagnetisation curves, generated using the same steps as the ARM 

demagnetisation case (fig. 4.6d).  

The acquisition curves were carried out in 4 steps, so the process would be more time-

efficient, due to the large number of samples; while the demagnetisations were done in the 

same steps as the NRM demagnetisation to be able to compare their spectra and calculate 

relative palaeointensities (chapter 6). It is important to mention, that as a result of the high 

intensities of the glacial muds, probably due to the substantially large concentration of 

magnetic carriers, 55% of samples from this batch saturated over the range of the cryogenic 

magnetometer during the IRM acquisition process, making impossible to obtain these data 

from such samples. 

Using the data acquired from ARM and IRM experiments, several parameters were 

determined; which on one hand indicate stability of the original remanence (and therefore 
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reliability of palaeomagnetic results) and on the other hand, work as magnetic proxies, 

complementing environmental information obtained from sediments and geochemical 

analyses. The ARM susceptibility curve (Karm) was generated taken the acquired ARM 

intensity at 100mT, normalised by the bias field (in order to compare ARMs obtained with 

different bias fields); this curve is useful as a rapid evaluation of magnetic domains throughout 

the sequence, particularly ‘ultrafine’ SD magnetite (Maher et al., 2009); other parameters 

derived from ARM measurements include the Karm and magnetic susceptibility (MS) ratio, as 

well as the Karm/SIRM, both designed as a rapid way to assess relative size variations of 

magnetic grains in marine and lake cores, while taking off the effect of magnetic 

concentrations from the signal (Banerjee et al., 1981; Maher, 1988; Oldfield, 1994, 

Moskowitz, 2007) (fig. 4.7). In addition, the medium destructive field for the ARM (MDF of 

ARM) was determined, which is the AF demagnetising field where half of the total ARM 

intensity is lost (fig. 4.9).  

Curves generated from IRMs measurements include saturation magnetization (SIRM), 

‘Soft’ IRM, ‘Hard’ IRM and S-ratio (fig. 4.8). Given that magnetite and titanomagnetite are 

likely the main magnetic carriers, it was assumed that the intensity saturation would be 

reached after applying an IRM field of 300mT (fig. 4.6b), which seemed to be the case for 

most of the samples; for this reason, the SIRM curve was generated using the remanence 

intensity acquired when applying IRM fields of 700mT. ‘Soft’ IRM was calculated as the 

percentage of IRM intensity lost when applying a demagnetising AF field of 20mT, while 

‘Hard’ IRM is the percentage of IRM intensity left after applying a demagnetising AF field of 

100mT; The first is an indicator of the low coercivity fraction, while the latter displays the high 

coercivity content, which in turn depends on the magnetic minerals and their domains (Hirons 

& Thompson, 1986; Oldfield, 2007; Maher et al., 2009; Oldfield et al., 2010). In the case of 

S-ratio, the parameter expresses the proportion between high and low coercivity fractions in 

a single sample, and therefore could be very useful to determine the relation between 

magnetite-like (reduced iron oxides) and haematite-like (‘oxidised’ iron oxides) 

concentrations of ferromagnetic minerals throughout the lacustrine sequences (Dearing, 

1999; Dekker, 2007; Maher et al., 2009). 
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4.3.2 RESULTS 

 
Figure 4.6. ARM and IRM acquisition curves (A & B), as well as demagnetisation curves (C & D) of 
representative samples from each magnetic interval; green curves indicate samples with the largest 
susceptibilities (up to 5m depth, group 4), blue curves are samples from the group 3 (5 - 4.5m depth), 
violet represent samples from the lowest susceptibility interval (4.5-3m depth, group 2) and grey are 
the samples from the upper interval (top 3.3m, group 1).  
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Figure 4.7. Curves of parameters determined from the ARM induced field at 100mT for the Bardowie 
Loch composite core. Peaks are indicative of intervals with possible larger concentration of SD and SP 
grains, while minima are probably related to beds containing magnetic grains of larger sizes.   

During the acquisition and subsequent demagnetisation of ARMs and IRMs, samples 

display different behaviour according to their ‘magnetization’ groups, identified originally 

from the magnetic susceptibility curve (coloured intervals fig. 4.1). Samples from the deepest 

group present the largest acquired intensities (green curves, fig. 4.6a & b), while samples 
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from the mid-core (4.5-3m depth) display the more peculiar acquisition and demagnetisation 

curves, as well as the minimum intensities (violet curves, fig.4.6a-d). Samples from the other 

two groups (top and base of the organic muds sequence) exhibit similar behaviour and are 

within the range of intensities delimited by the former two groups (grey and blue curves, 

fig.4.6a-d).  

Figure 4.7 present the susceptibility of ARM acquired at 100mT, and the rest of 

parameters related to these values (Karm/MS and Karm/SIRM). As mentioned before, these 

parameters have been used as indicators of variation of magnetic grain sizes, where peaks 

are related to the presence of ‘ultrafine’ single domain, and lows refer to larger domains, 

however they are also highly dependent on the concentration of magnetic grains. Karm and 

Karm/SIRM (dark green and purple curves, fig.4.7) display the largest values at the sequence 

deepest 5m, while the lowest values are between 3m to 4.5m depth, like the magnetic 

susceptibility, suggesting a considerable decrease of magnetic grains concentration at this 

interval is the likely cause for this behaviour. While the Karm/MS curve (in blue, fig. 4.7), which 

should normalise the concentration effect, shows the lowest values at the deepest 4.5m, 

suggesting that the larger magnetic domains are found in this part of the sequence; in fact, 

the minima are in the basal meter of the sequence, where most of the sandy beds are found, 

and in general, it is in the glacial muds group where the layers with largest grain sizes are 

found; in the same way the Karm/MS curve exhibits the largest peaks at 4m to 2m depths, 

where the organic clays are found, and then a minima at 1.8m, where silty clays appeared 

again in the sequence (chapter 2, fig.2.3).    

Figure 4.8 display the parameters obtained from the IRM acquisition and 

demagnetisation experiments. These are used as indicators of concentration, as well as 

coercivities of the magnetic carriers; in particular, S-ratio and the ‘Soft’ and ‘Hard’ fractions of 

the IRM are useful in signalling redox cycles in sedimentary sequence (fig.4.10). 

SIRM curve (grey curve, fig. 4.8) shows a very similar behaviour to the susceptibility curve 

(fig.4.1), suggesting that these fluctuations are mainly caused by changes in concentration of 

magnetic grains, which also explains the low intensities observed (violet curves in fig. 4.6) on 

the group in the middle part of the muds sequence (highlighted in violet in fig. 4.1). Moreover, 

the largest concentration of magnetic grains in the glaciolacustrine beds agrees with the 

geochemical observations, where the largest densities and concentration of minerogenic 

matter, as well as the main concentration of Fe and detrital elements (Ti, K and Si) are in these 
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beds; in the top 2 meters of the sequence, concentrations of these elements increases again 

considerably, which also agrees with the behaviour of the susceptibility (fig. 4.1, teal interval) 

and SIRM curves (top 1.75m, grey curve in fig.4.8).      

 
Figure 4.8. Curves generated from IRM acquisition and demagnetisation experiments for the composite 
core. SIRM correspond to the saturation of magnetization (maximum acquired intensity), while soft and 
hard IRM shows the lowest and highest coercivity fractions, respectively, determined through 
demagnetisation curves. S-ratio shows the ratio of the IRM acquired at 300mT and IRM acquired at 
700mT.     

The high values of S-ratio (over 0.9, violet curve in fig.3.8) and ‘Soft’ IRM over 50% (blue 

curve, fig. 4.8), as well as low fractions of ‘Hard’ IRM (green curve, fig. 4.8), suggest that for 

most of the lacustrine sequence magnetite and/or titanomagnetite predominate as the main 
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magnetic carriers; however, there is a minimum of 10-15% fraction of high coercivity minerals 

(haematite-type), which is also evident from the ‘tails’ observed in the thermomagnetic curves 

for temperatures over 590ºC (fig. 4.5b-f). In addition, there are some intervals, particularly in 

the middle part of the core (fig. 4.8), marked by a decrease in S-ratio and ‘Soft’ IRM, as well 

as a considerable increase of the ‘Hard’ IRM fraction, which are probably caused by oxidation 

conditions in the lake bed.  

 
Figure 4.9. Magnetic susceptibility curve and XRF spectra for BARD2. Fe/Mn ratio indicating 
plausible periods of oxidation (highlighted in orange), while S and Zn peaks signal probable reducing 
conditions (marked in blue).   
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According to Hirons & Thompson (1986) and Oldfield et al. (2010) large Fe/Mn ratio 

could characterise significant oxidation stages in lake sediments. Figure 4.9 presents this 

ratio, along with the ED-XRF spectra of S and Zn generated for BARD2, which seem to signal 

reducing conditions; Fe/Mn peaks are highlighted in orange and S and Zn in blue, probably 

indicating redox changes in the top meter and 5 deeper meters of the sequence, while mostly 

highly oxidation periods are in the middle part of the core.  

 
Figure 4.10. Rock magnetic parameters obtained for the composite core of Bardowie Loch. Marked in 
yellow are the deduced periods of oxidation, identified by the integration of the geochemical data of 
BARD2 (fig. 4.9) and the SIRM parameters (fig. 4.8).  

Figure 4.10 shows the main magnetic parameters and the suggested redox intervals, 

yellow indicates oxidising and blue reducing conditions, defined by integrating the S-ratio, 

‘soft’ and ‘hard’ IRM, as well as the BARD2 geochemical data, correlated through the 

susceptibility curves (similar to case presented in fig.43.2). In the oxidising intervals, marked 

by peaks in the Fe/Mn ratio, a significant decrease in S-ratio and ‘soft’ IRM, as well as an 



 
103 

increase in ‘hard’ IRM is observed, along with a possible decrease in magnetic grain sizes, 

indicated by the Karm/MS considerable peaks, particularly where the oxidation events seems 

to be more intense (2m-4m). In the case of potentially reducing conditions, opposite effects 

are noticed; an increase in S-ratio and ‘soft’ IRM, accompanied by lower Karm/MS values, 

which could be an indication of larger magnetic domains. 

 

      

 

  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.11. Medium 
destructive field of the 
ARM100mT and 
Karm/IRM300mT 
parameters calculated 
for the Bardowie Loch 
sequence. Magnetic 
groups are marked in 
their respective 
colours, i.e. light green 
for group 4, blue for 
group 3, purple for 
group 2 and teal for 
group1 
 

Figure 4.12 present the cross-plot of the ARM susceptibility normalised by the IRM300mT 

intensity (green curve, fig.4.11) versus the medium destruction field of the ARM100mT intensity 

(purple curve, fig.4.11). Coloured circles represent clusters defined by Egli (2004) after 

analysing ARMs and IRMs signals of samples from lake and marine sediments with magnetite 
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as the main magnetic carrier, as well as biogenic magnetosomes and iron-reducing bacterial 

cultures. The yellow circle (fig.4.12) indicates a series of detrital magnetic grains, going from 

pedogenic magnetite (PD, lowest MDF and high Karm/IRM values) to detrital grains 

transported by water (DW, higher MDF and low Karm/IRM values). Purple circle (fig.4.12) 

marks the cluster of ultrafine extracellular magnetite produced by a culture of iron-reducing 

microorganisms (EX). Grey circle (fig.4.12) shows the cluster of windblown particles, i.e. 

aeolian dust (ED). In the case of the low coercivity biogenic magnetosomes group (BM), green 

arrow (fig. 4.12), it is found from 2x10-3 Karm/IRM300mT up to 1x10-2 Karm/IRM300mT, and in Egli 

(2004) results present higher MDF, however those results are for isolated magnetosomes and 

it was suggested that for magnetosomes disperse in sediments their coercivities values could 

be lower; green arrow points to the interval of MDF for Egli (2004) results. 

 
Figure 4.12. Cross-plot of the Karm/IRM300mT versus MDF of ARM100mT, according to the parameters 
defined by Egli (2004). Coloured circles represent groups of detrital magnetic grains, i.e. pedogenic 
magnetite (PD, upper part yellow circle), detrital magnetic grains transported by water (DW, lower part 
yellow circle) and wind (ED, grey circle), as well as biogenic magnetic grains, i.e. ultrafine extracellular 
magnetite (EX, violet circle) and biogenic magnetosomes (BM, green arrow). Bardowie samples are 
presented as their magnetic groups, using colours shown in fig.4.11.    
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Bardowie Loch samples were plotted according to the magnetic intervals defined by the 

magnetic susceptibility and SIRM curves (figs. 4.1 & 4.8); the glacial muds samples (green 

diamonds, fig. 4.12) present values similar to the biogenic magnetosomes; while most of the 

samples from the transitional interval (blue diamonds, fig. 4.12) agree with the ultrafine 

extracellular magnetite group, as well as some samples from the lowest susceptibility interval 

(violet triangles, fig. 4.12) and the top interval (teal circles, fig. 4.12). In contrast, the majority 

of the samples from the upper 3m (teal circles, fig. 4.12) are grouped with the detrital 

magnetic grains transported by water, along with a few samples from the glacial muds and 

some from the lowest susceptibility group. There is a group that is clearly outside the clusters 

defined by Egli (2004), composed mostly by samples from the upper beds and the transitional 

group.  
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CHAPTER V 

PALAEOMAGNETIC STUDIES   
 

5.1 PALAEOSECULAR VARIATIONS 

The geomagnetic field experiences gradual changes on timescales that range from one 

year to 105 years, known as secular variations, which are probably caused by the combine 

effects of magnetic induction in the fluid outer core and magnetic diffusion in the core and 

the mantle (Hulot et al., 2002; Wardinski, 2007). It is also worth mention that patterns of 

secular variations are similar over sub-continental regions, but could differ from one continent 

to another, deviating from the behaviour predicted by a geocentric axial dipole model. This 

in turn indicates that secular variations are significantly affected by the non-dipolar 

component of the geomagnetic field (Glatzmaier et al., 1999; Genevey & Gallet, 2002; Korte 

& Constable, 2005, 2011; Lund, 2007; Genevey et al., 2009; Gallet et al., 2009; Wardinski & 

Korte, 2008; Hulot et al., 2010). 

In order to understand secular variations in timescales larger than hundreds of years 

(beyond observations and historical records) studies of the ancient magnetic field preserved 

in Holocene volcanic rocks, postglacial lake sediments and archaeological artefacts have 

been carried out worldwide. These studies have shown that the non-dipole component 

evolves and decays with lifetimes of about 103 years, while changes with longer timescales 

can be attributed to the dipolar part of the field (Gallet & Hullot, 1997; Butler, 1998; Donadini 

et al., 2009; Korte & Constable, 2005, 2009, 2011). 

5.1.1 The Geomagnetic Field 

Given that the geomagnetic field is a vector, at any point of the Earth’s surface it can be 

represented in terms of intensity and direction. The field intensity determines the strength of 

the acquired magnetization, while the direction is usually described in terms of inclination 

and declination. Inclination (I) refers to the angle between the horizontal plane (H) and the 

local geomagnetic field direction (F), while declination (D) indicates the angle between true 

(geographic) north (X) and the magnetic north on a horizontal plane (H) (fig. 5.1).  
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In order to accurately determine declination and inclination of the ancient geomagnetic 

field, only rocks, sediments or archaeological structures (such as kilns, furnaces or hearths) 

that have maintained a fixed position since their magnetization was acquired, can be used 

(Butler, 1998; Aitken, 1999; Linford, 2006; Clark et al 1988, Tarling, 2007). The direction of 

their magnetization vector is assumed to have aligned with the direction of the local 

geomagnetic field, when the sample was heated for the last time or deposited (Butler, 1998; 

Aitken, 1999; Geissman, 2000; Linford, 2006; Tarling, 2007).  

 

 

Figure 5.1. X, Y and Z are the north, east and vertical components of 
the total magnetic field vector F, while H is the horizontal 
component. D and I are the magnetic declination and inclination. 
These components can be expressed through a set of geometric 
relations (from Butler, 1998): 
 
F = (X2+Y2+Z2)1/2 

H = (X2+Y2)1/2 

D = tan-1 (Y/X)  
I = tan-1 (Z/H) 
X = H Cos(D)  
Y = H Sen(D) 
 

5.2 REMANENT MAGNETIZATION 

The single most important property that makes palaeomagnetic studies viable is the 

inherent ability of ferromagnetic minerals to acquire a magnetization that remains stable after 

the removal of a magnetic field, even in geological time-scales; this property is known as 

remanent magnetization or remanence. 

The remanence naturally acquired and preserved is known as natural remanent 

magnetization (NRM). It depends on the geomagnetic field and the geological processes that 

have affected the rock throughout its history. Primary NRM is acquired during rock formation 

and in favourable conditions remains stable through geological time. However, since rocks 

are exposed to different geological processes, a secondary NRM can partially or completely 

replace the original magnetization, depending in the impact and duration of such processes 

(Lowrie, 1997; Butler, 1998; Hill, 2007). 
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According to the acquisition of the magnetization, NRM is classified as thermoremanent 

magnetization (TRM), chemical remanent magnetization (CRM), detrital remanent 

magnetization (DRM) and viscous remanent magnetization (VRM). TRM, CRM and DRM are 

the most common forms of primary magnetization, while VRM is often found in rocks as a 

secondary remanence, normally with a low strength. This viscous magnetization is produced 

by the exposure of rocks at ambient temperature, for considerably long periods of time, to 

the ever-fluctuating geomagnetic field (Lowrie, 1997; Butler, 1998; Hill, 2007).    

The primary remanences preserved in sedimentary rocks and unconsolidated deposits 

are the chemical and detrital remanent magnetizations (CRM and DRM). CRM are produced 

by crystal growth of magnetic minerals well below Curie temperatures, while DRM forms by 

deposition of sediments containing detrital magnetic minerals, usually in aquatic 

environments (Butler, 1998; Evans & Heller, 2003; Hill, 2007). Since CRM and DRM are the 

type of remanence most likely preserved in the Bardowie Loch sequence, it is relevant to 

understand how they are acquired.  

5.2.1 Detrital Remanent Magnetization 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Schematic illustration of DRM 
acquisition in an aquatic environment, 
during sediment depo-sition. Vector B 
denotes the geomagnetic field, while 
black grains represent magnetic 
minerals (from Evans & Heller, 2003). 

Detrital or depositional remanent magnetization (DRM) is the remanence acquired by 

unconsolidated sediments during depositional processes. Magnetic particles align parallel to 

the Earth’s magnetic field while they sink through the water column, deposit on the 

water/sediment interface and become entrapped in the porous space (lock-in depth) (fig.5.2) 

(Creer, 1982; Butler, 1998; Evans & Heller, 2003; Urrutia, 2007). 
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Factors such as gravity, water currents, Brownian motion and porosity can affect the 

direction of the DRM’s, which in turn means that parameters such as the magnetic grain size 

and shape are particularly relevant. Elongated magnetic grains are highly disturbed by water 

currents, while large multidomain particles tend to deposit horizontally due to gravity force, 

both causing a shallow inclination effect; small single domain grains are subjected to 

Brownian motion at the sediment/water interface and require further compaction (lower 

porosity) to become lock-in depth, producing a post-depositional remanence (PDRM). 

Environmental aspects such as bioturbation and sedimentation rates also play an important 

role on DRM acquisition, particularly slow deposited sediments in low energy environments, 

with a considerable fraction of pseudo-single domain magnetic particles, seems to preserve 

effective remanences for considerable long periods of time (Tauxe, 1993; Evans & Heller, 

2003; Urrutia, 2007). 

It has been found that despite the complexity and the number of factors acting on the 

remanence acquisition process, the DRM intensity is related to the strength of the 

geomagnetic field (Johnson et al., 1948 in Evans & Heller, 2003). For this reason and the 

stability of the remanence under the right conditions (stated above), lacustrine sedimentary 

sequences have demonstrated to be especially useful for palaeosecular variation and 

palaeointensity studies, since they have been deposited continuously over long-time 

intervals, and therefore comprise complete records of direction and intensity (Creer, 1982; 

Brachfeld and Banerjee, 2000; Ojala and Tiljander, 2003; Evans & Heller, 2003; Snowball et 

al., 2007). 

5.2.2 Chemical Remanent Magnetization 

The chemical remanent magnetization (CRM) takes place when magnetic mineral crystals 

grow at temperatures well below the mineral’s Curie point, from microscopic super-

paramagnetic sizes unable to align with the magnetic field to critical sizes large enough to 

block a remanence in the presence of the geomagnetic field. Once crystals develop 

considerable volumes (within the single domain range), they become able to acquire a stable 

CRM over millions of years (fig. 5.3) (Butler, 1998; Evans & Heller, 2003).  

CRM results from biological or inorganic chemical changes in iron minerals. In the former 

case, bacteria may reduce ferric iron directly during organic matter degradation in 

environment where sulphates are not available, such as suboxic marine and methanogenic 
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lacustrine systems; or indirectly, during sulphate reduction in most anoxic marine 

environments or acid lakes and brackish wetlands rich in organic matter. In the inorganic case, 

insoluble ferrous irons present in the water column, usually the result of weathering and 

erosion, are subjected to an oxidation/reduction cycle at the oxic/anoxic boundary in 

lacustrine and marine environments with permanent or seasonal anoxic bottom water 

conditions (Evans & Heller, 2003). 

 
  
 
 
 
 
 
 
Figure 5.3. Schematic diagram 
displaying the relation between grain 
volume, coercive force and relaxation 
time of magnetization. When a 
magnetic mineral crystal grows 
exceeding a critical volume (limit 
between superparamagnetic SP and 
single domain SD), it is able to acquire a 
CRM (from Evans & Heller, 2003). 

 
5.3 METHODOLOGY 

Palaeomagnetic analyses applied to the Bardowie Loch muds sequence were carried out 

at the Palaeomagnetic Laboratory of the School of Geosciences (University of Edinburgh), as 

well as the Palaeomagnetic Laboratory ‘Fort Hoofddijk’ at the University of Utrecht 

(Netherlands).  

5.3.1 NRM Demagnetization 

Samples were subjected to a stepwise progressive demagnetization in order to isolate 

their primary NRM (fig. 5.4). For this, samples were exposed to alternating fields decreasing 

linearly from a peak magnitude at room temperature; the peak fields were increased in steps 

of 5mT from 0 to 30mT, followed by steps of 10mT, from 40mT to 60mT, and finally in steps 

of 15mT, from 70mT to 100mT. In each step a larger fraction of the NRM was ‘deleted’, which 



 
112 

is carried by magnetic grains with stronger coercivities, until the most stable NRM component 

is identified (fig. 5.4a) (Butler, 1998). 

 
Figure 5.4. Diagrams of a NRM vector during progressive demagnetization in 6 steps. Levels 0 to 3 
display removal of the NRM low-stability component; the final 3 steps show the primary NRM decreasing 
in intensity, while maintaining its direction. N, E and DOWN are the north, east and down (towards 
Earth’s centre) geographic axis, respectively. (a) 3-D representation of the NRM vector, where solid 
arrows represent the NRM demagnetization for each step and dashed arrow indicates the NRM 
secondary component. (b) & (c) Projections of the NRM vector onto the horizontal and vertical planes, 
respectively; solid arrows indicate the projections of the NRM vector prior to demagnetization, while 
grey arrows are the projections of the vector from level 0-3 and 4-6 (primary and secondary NRM’s). (d) 
Horizontal and vertical projections combined into a single vector component diagram (Zijderveld plot) 
(modified from Butler, 1998).  

AF stepwise demagnetizations were mainly carried out on the state-of-the-art, robotised 

cryogenic magnetometer in Fort Hoofddijk (University of Utrecht), following the procedure 

previously explained for ARMs and IRMs demagnetization (see chapter 4, section 4.3.1). It is 

relevant to mention that AF demagnetizations were preferred over the thermal technique in 

order to avoid chemical alterations, that could take place due to the burning of organic matter 

present in samples, as well as work with coercivities ranges instead of temperature, and 
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additionally, due to the fact that the main magnetic carriers are likely magnetite and low Ti 

titanomagnetites. 

5.3.2 Directional Analyses 

Given that changes on the orientation of the NRM vector, during the stepwise 

demagnetization process, are three-dimensional (fig. 5.4a), diagrams that represent such 

changes in a two-dimension way are very convenient. Zijderveld plots (fig. 5.4d) are 

particularly useful since they combine orthogonal projections, i.e. NRM’s projections on the 

vertical and horizontal planes (fig.5.4b & c), into a single diagram (Zijderveld, 1967). These 

plots allow discerning between the low and high stabilities components of the remanence, 

since they show if a secondary component is successfully removed (or not) during the 

demagnetization (e.g. steps 0 to 3, fig. 5.4) and if the trajectory of the remaining component 

trends toward the origin (steps 4 to 6, fig.5.4), indicating that the characteristic remanence 

(ChRM), the originally acquired remanence, was isolated. Samples that did not exhibit a 

ChRM component in their corresponding Zijderveld plot were rejected.  

Vectorial analyses of the AF demagnetization data were carried out using the online, 

open source application Paleomagnetism.org designed and maintained by a palaeomagnetic 

team from Utrecht University. This open software present various portals for interpretation, 

statistical analysis and tectonic rotation analyses (Koymans et al., 2016).  

For the Bardowie Loch samples the Interpretation Portal of Paleomagnetism.org was 

used to perform principal component analysis (Kirschvink, 1980) and to visualize the 

demagnetization vectors through Zijderveld plots (Zijderveld, 1967) and equal area 

projections. 

Component principal analysis requires the use of orthogonal vector projections to help 

identify the NRM components, by calculating the orientation tensor for the stepwise 

demagnetization data, resulting in a set of eigenvectors and eigenvalues, which is then further 

analysed to find the best fit line, given by the principal eigen vector V1 (Kirschvink, 1980). As 

a way to determine the error of this fit, Kirschvink (1980) proposed the maximum angle of 

deviation (MAD), defined as: 

MAD = 𝐴𝑟𝑐𝑡𝑎𝑛(,𝜏.. + 𝜏0. 𝜏1)3 		 

where t1, t2 and t3 are the eigenvalues of V1.  
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5.4 RESULTS 

5.4.1 Magnetic Remanence 

NRM intensity is shown in figure 

5.5 after removing the viscous 

remanence (VRM), through AF 

stepwise demagnetization using peak 

fields of 10mT; while figure 5.6 present 

the total NRM intensity, measured 

prior to demagnetization. The top 3 

meters of the Bardowie sequence 

presents significant high values of 

remanence intensity between 10-2 and 

10-1 A/m, while the next 1.5m shows a 

considerable decrease, in some cases 

of nearly two orders of magnitude 

down to 2x10-3 A/m, which 

subsequently raises to 9x10-3 A/m. 

Then, a very rapid increase of two 

orders of magnitude takes place from 

4.5 to 5m depth. The deepest 2.75 

meters of the sedimentary record 

presents the highest NRM intensities 

ranging from 3x10-1 to 3 A/m, which 

are remarkably large values for 

mudstones.  

 
 
Figure 5.5. NRM intensity values for the 
Bardowie Loch sedimentary sequence, 
after removing the viscous component 
with AF demagnetization at 10mT. 
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Figure 5.6. Magnetic Susceptibility and NRM total intensity vs depth of the Bardowie Loch 
sedimentary sequence. Colours represent the four intervals of distinctive behaviour (chapter 4, 
sections 4.1.2 & 4.3.2, fig. 4.1), analogous for both magnetic properties. 
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It is worth noticing that the two main magnetic properties, i.e. magnetic susceptibility 

and NRM intensity, display analogous changes down the Bardowie sequence, making even 

more evident the existence of four distinctive ‘magnetic intervals’, mentioned above and in 

chapter 4 (sections 4.1.2 and 4.3.2). 

Figure 5.6 shows such intervals highlighted in colours; light green for the highest 

susceptibilities and NRM intensities (7.75m to 5m depth, group 4), light blue indicates a 

transition with rapidly decreasing values of susceptibility and NRM intensities (5m to 4.5m 

depth, group 3), while violet (4.5m to 3.25m depth, group 2) denotes the lowest susceptibility 

and NRM values, and teal highlights intermediate values of susceptibility and NRM intensities 

at the top of the core down to 3.25m depth (group 1). 

5.4.2 NRM Vectorial Component Analyses  

For the vectorial analysis of the stepwise demagnetization of the NRM, the 140 samples 

comprising the composite Bardowie Loch core were sorted according to these four ‘magnetic 

intervals’ groups, since they present distinctive behaviours with common characteristics for 

each group. This is particularly evident for the coercivity range preserving the characteristic 

remanence (ChRM) and mid-coercivity component. 

Figures 5.7 to 5.10 present the Zijderveld plots (A - D) of the NRM vectors, generated 

through the stepwise demagnetization technique (steps and AF peaks indicated with grey 

arrows and numbers), for two representative samples of each magnetic group. Equal area 

projections (E & F) are also presented to observe the orientation changes through the 

different components; i.e. the low coercivity viscous remanence (VRM, green circle), the mid-

coercivity secondary remanence (Sec NRM, purple circle) and the high-stability NRM (ChRM, 

yellow circle), with their respective declination (D), inclination (I) and deviation (MAD) 

indicated.      

Samples in the upper group (teal interval, figs. 5.6 & 5.11) show a viscous, low coercivity 

component (VRM), cleaned with AF peaks of 5 - 10mT, and a high-stability component (ChRM) 

clearly visible in most samples from 20 - 40mT to 50 - 85mT. For higher coercivities, the 

remanences were either completely erased or became too noisy (fig. 5.7). In addition, about 

75% of the samples presented a mid-coercivity component (secondary NRM), ranging from 5 

– 20mT to 25 – 40mT.  ChRMs were successfully isolated for 83% of the samples in this group 

(43 out of 52), with maximum angular deviations (MAD) varying from 0.2 to 4 (fig. 5.11).  
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Figure 5.7. Zijderveld diagrams showing the projections North vs East & Down vs East (A, B), East vs North 
& Down vs North (C, D) and Stereo Plots (E, F) of two representative samples from Group 1. Both samples 
show a viscous component removed at 10mT (green circle, E & F), a secondary NRM from 15 to 30mT 
(purple circle, E & F) and ChRM between 30 and 60mT (yellow circle, E & F).    
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Figure 5.8. Zijderveld diagrams North vs East & Down vs East (A, B), East vs North & Down vs North (C, 
D) and Stereo Plots (E, F) of two representative samples from Group 2. Viscous remanence is cleaned at 
5mT for both samples, while Ba5:3-12 presents a ChRM from 10mT to 50mT (A, C, E) and Ba5:3-16 from 
20 to 50mT (B, D, F). For higher coercivities both samples display a noisy signal, which is particularly 
evident in the Stereo plot of Ba5:3-16 (F).   
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Samples from the 2nd group (violet interval, figs. 5.6 & 5.11) present the weakest NRM 

signal from the whole sequence, with a large VRM component removed between 5 - 15mT 

AF peaks and noise obscuring the vector trajectory for steps higher than 60mT (fig. 5.8). 

However, it was possible to effectively determine ChRMs for 83% of the samples (20 out of 

24), with a fairly clear origin-oriented vector recognisable from 10 - 25mT to 30 - 60mT and 

MADs of 1 to 4 (fig. 5.11). 

The 3rd group (light blue interval, figs. 5.6 & 5.11) is the smallest, comprised by 11 

samples, presenting transitional magnetic characteristics from the organic muds and the 

underlaying glacial muds (chapter 4, sections 4.1.2 and 4.3.2). They present large VRMs 

cleaned by AF peaks of 5 - 10mT; then, for 70% of the samples, secondary NRMs were 

observed from 5 - 15mT to 20 - 30mT. Clearly distinguishable ChRMs were isolated for more 

than 80% of the samples (9 out of 11), starting from steps of 25 - 40mT to 50 - 70mT (fig. 5.9) 

and MADs ranging from 0.3 to 3 (fig. 5.11).  

The deepest 4th group (light green interval, figs. 5.6 & 5.11) presents the most particular 

NRM vectors, since the majority of the samples show three clearly distinctive components 

with the highest intensities. VRMs were removed with AF peak fields of 5 - 10mT; then, 

secondary NRMs were observed within coercivities from 5 - 25mT up to 40 - 60mT for 75% 

of the samples. The high-coercivity ChRM were successfully isolated for 87% of the samples 

(46 out of 53), ranging from coercivities of 30 - 60mT to 70 - 100mT (fig. 5.10) and MADs of 

0.3 to 3.7 (fig. 5.11). 

Figure 5.11 shows the main results obtained from the interpretation of the Zijderveld 

diagrams for all the samples, according to the previously described groups (coloured 

intervals). Inclination, declination and maximum angular deviations are presented for the low 

coercivity (VRM, green circles), mid-coercivity (secondary NRM, purple circles) and high-

stability (ChRM, yellow diamonds) components of the NRM throughout the composite core. 

The geomagnetic field average declination and inclination for 2016 in Bardowie Loch are 

indicated for comparison (grey dashed line).          
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Figure 5.9. Zijderveld diagrams North vs East & Down vs East (A, B), East vs North & Down vs North (C, 
D) and Stereo Plots (E, F) of 2 representative samples from Group 3. Both samples have the VRM 
removed at 10mT and a secondary NRM between 10 and 25mT. For Ba5:4-18, ChRM is isolated from 
10mT to 40mT (A, C, E), and the ChRM is identified from 15mT to 40mT (B, D, F). Stereo plots for both 
samples show clear clustering for the ChRM directions (10-40mT in E and 15-40mT in F), while for the 
other steps the signal is very noisy.   
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Figure 5.10. Zijderveld diagrams North vs East & Down vs East (A, B), East vs North & Down vs North (C, 
D) and Stereo Plots (E, F) of two representative samples from Group 4. Both samples present VRMs, 
removed at 10mT for Ba4:6-12 and 5mT for Ba4:7-5, and mid-coercivity components from 15mT to 50mT 
(A, C) and 15mT to 60mT (B, D), respectively. The high-coercivity ChRM is observed from 50mT to 85mT 
for the first sample (A, C) and 60mT to 100mT for the second (B, D). Stereo plots show directions moving 
from the mid-coercivity component towards the ChRM, where clustering is clear for Ba4:7-5 from 60 to 
100mT (F), while Ba4:6-12 show clustering from 50-70mT and noisy signal at 85 and 100mT (E).  
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Figure 5.11. Directions of the viscous (VRM, green circles), mid-coercivity (secondary NRM, purple 
circles) and high-stability components (ChRM, yellow diamonds), as well as their respective deviations 
(MAD), determined from the analyses of the NRM stepwise demagnetization for each sample. Current 
field inclination and declination are indicated with dashed grey lines, while colours represent the depth 
intervals of each magnetic group.     
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The declination log shows that for the majority of samples in groups 1, 2 and 3 (teal, 

violet and light blue intervals of fig. 5.11, respectively) the VRMs (green circles, fig. 5.11) 

seems to orient with the current local declination at 357º (dashed grey line, fig. 5.11). For the 

deepest group (light green interval, fig. 5.11) the viscous component declinations are more 

scattered, while the mid-coercivity components (purple circles, fig. 5.11) display declination 

values closer to the present-day field. It is also important to mention, that due to the 

declination angles being so close to 360º, it is easier to observe their variations on a scale 

from 90º to 360º/0º to 90º, instead of 0 to 360º.       

Unlike the declination, the viscous remanence inclinations (green circles, fig. 5.11) 

present random and mostly shallow values for the first three groups (teal, violet and light blue 

intervals, fig. 5.11), while for the deepest 4th group (light green interval in fig. 5.11) the VRM 

inclinations seem to imitate the ChRMs variations, but with shallower values. In some cases, 

the secondary NRMs (purple circles, fig. 5.11) show inclination values close either to the 

present-day local field (~70º) or the high-stability component of the upper half of the core 

(yellow diamonds in the teal and violet intervals, fig. 5.11), while in other cases the mid-

coercivity inclinations are found between the VRM and ChRM inclinations.  

A feasible explanation for the observed VRM directions could be the re-accommodation 

of fine-domain/low-stability magnetic grains during the core drilling process, that caused the 

declination re-orientation parallel to the present-day field and the inclination shallowing of 

the low coercivity component in the NRM signal.    

5.4.3 Calibration of ChRM Declinations  

In an effort to calibrate the ChRM declinations for each drive, the VRM and secondary 

NRM declination data were analysed using histograms with 5-degree interval bins from 0 to 

360º, which are shown for each drive in figures 5.12 (VRM declinations frequency) and 5.13 

(secondary NRM declinations frequency). 

The resulting histograms show patterns of potential present-day declination overprint 

for the viscous NRM fraction of samples in drives 1 to 4, while the deeper drives present 

scattered distributions, indicating predominantly random orientations. The histograms 

generated for the secondary NRMs have the more frequent declination values clearly 

clustering within 10 to 30-degree intervals for all the drives and in general, considerably less 
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scattering that the VRMs declinations, which also might be related to a recent overprint with 

higher coercivities.  

 
Figure 5.12. Histograms of VRM declinations determined for each drive. Drives 1 to 5 correspond to core 
BARD5 (A - E), while drives 6 to 8 (F - H) are from the deeper BARD4 core. Most of the drives are comprised 
by 20 samples, except 7 and 8 (G – H) that have 10 samples each. Declination values show clusters for drives 
1 to 4 (A – D), while the rest of the drives present mostly random distributions (E – H).  



 
125 

 
Figure 5.13. Histograms obtained for the mid-coercivity component declinations, identified in samples of 
groups 1, 3 & 4 (teal, blue and light green sections, fig. 5.11). Frequent declination values cluster in 10-
degrees interval for drives 4, 7 & 8 (D, G & H), 20-degrees for drives 1, 2, 3 & 5 (A, B, C, E & G, respectively) 
and 30-degrees for drive 6 (F). 

The observations are summarised in table 5.1 for comparison between the VRM and 

secondary NRM declinations, showing the minimum and maximum declinations range for 

each drive, the chosen histogram interval (referring to the 20-degree interval where the more 

frequent values cluster) and the percentage of samples included in such interval. 
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Table 5.1. Comparison between the VRM declinations and Secondary NRM declinations plotted in 
histograms for each drive (figs. 5.12 & 5.13). Min and Max refer to the minimum and maximum 
declination for each drive, while Span is the distance in degrees between those values. Histogram 
Interval is the selected 10 to 30-degree interval including the most frequent declination values and % 
is the percentage of samples within the interval.     

Drive 
VRM Declinations Secondary NRM Declinations 

Min 
(º) 

Max 
(º) 

Span  
Histogram 

Interval 
% 

Min 
(º) 

Max 
(º) 

Span 
Histogram 

Interval 
% 

1 220 115 255 340º - 360º 48 140 210 70 165º - 185º 67 
2 245 15 130 335º - 355º 74 295 20 85 320º - 340º 57 
3 280 45 125 20º - 35º 36 320 360 40 340º - 360º 91 
4 255 30 135 290º - 340º 74 310 320 10 310º - 320º 100 
5 240 180 300 310º - 360º 52 310 10 60 325º - 345º 76 
6 35 320 285 245º - 320º 53 280 355 75 290º - 320º 73 
7 270 45 135 10º - 20º  40 310 20 70 310º - 320º 86 
8 295 20 85 345º - 360º 40 320 345 25 335º - 345º 83 

Table 5.1 show consistently better clustering throughout the composite core for the 

secondary NRMs declinations, with spans of 10 to 85-degrees for all the drives versus 85 to 

300-degrees in the case of the VRMs declinations, as well as a larger number of samples 

included within the selected Histogram Interval (~60% - 100%), with the only exception of the 

second drive.  

These results suggest that while VRMs could have been acquired during the drilling 

process, they could have been easily reoriented while stored in the laboratory, due to their 

low-stability coercivities (≤ 10mT) for a significant number of samples. In contrast, the higher 

coercivities range of the secondary NRMs (up to 40 - 60mT) implies that they were acquired 

in nature through time and are considerably more stable. 

This is particularly important for the first drive, since the difference between the VRM 

and secondary NRM declinations cluster is about 180º; while for the rest of the drives, the 

secondary NRM Histogram Intervals are either within the VRM Histogram Intervals or show 

differences between 10 to 60-degrees. 

For these reasons, the Histogram Intervals generated for the secondary NRM 

declinations (table 5.1) were selected for the calibration of the ChRM declinations, using the 

correction factors presented in table 5.2.  

Mean Declination refers to the Histogram Interval median, the Correction Factor is the 

difference between the 2016 average declination at Bardowie Loch (357.307º) and the drive’s 

determined mean declination. Their deviation represents half the interval’s amplitude and the 

plus signs indicate that the correction had to be added.  
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Table 5.2. Correction factors used for the ChRM calibration of samples from each drive, determined 
from the histogram analysis of the secondary NRM declinations (fig. 5.13 & table 5.1).  

Drive 
Depth 

(m) 
Histogram Interval 

Mean 
Declination 

Correction 
Factor 

Deviation 

1 0.75 – 1.75 165º - 185º 175º +182.307º 10º 
2 1.8 – 2.7 320º - 340º 330º +27.307º 10º 
3 2.75 – 3.75 340º - 360º 350º +7.307º 10º 
4 3.8 – 4.75 310º - 320º 315º +42.307º 5º 
5 4.8 – 5.75 325º - 345º 335º +22.307º 10º 
6 5.8 – 6.65 290º - 320º 305º +52.307º 15º 
7 6.7 – 7.15 310º - 320º 315º +42.307º 5º 
8 7.2 – 7.7 335º - 345º 340º +17.307º 5º 

5.4.4 Declination & Inclination Curves  

The declinations of the NRMs high-stability component (ChRM) successfully isolated 

through AF step demagnetization (yellow diamonds, fig. 5.11), were adjusted using the 

correction factor for their corresponding drives, shown in table 5.2. Figure 5.14 present the 

resulting declination and inclination curves, as well as the maximum angle deviation. The scale 

for the declination curve is from 300º to 360º/0º to 45º.  

The calibrated declination curve displays significant oscillations for the upper 3.75 

meters of the Bardowie Loch sequence, while the inclination curve exhibits substantial 

fluctuations in the lower 3m. Blue bands highlight these sections of large changes in 

declination (intervals A & B, fig. 5.14), while yellow indicates depths of considerable 

shallowing inclination (intervals C & E, fig. 5.14) and green marks sections of the sequence 

where both declination and inclination present significant fluctuations (intervals D & F, fig. 

5.14). 

Table 5.3 present a summary of the intervals that present the main declination and 

inclination fluctuations observed in the Bardowie Loch PSV curve, while figures 5.15 (A-D) & 

5.16 (A-D) display the results of vectorial analysis of characteristic samples from each section.  

Table 5.3. Intervals of anomalous field behaviour in the calibrated declination and inclination curve, 
highlighted in blue, yellow and green in figure 5.14      

Interval Depth (m) 
Inclination Calibrated Declination 

Min (º) Max (º) 
Oscillation 

Range 
Min (º) Max (º) 

Oscillation 
Range 

A 0.8 – 1.3 65 76 11-degrees 337 30 53-degrees 
B 2.1 – 2.9 61 73 12-degrees 313 4 51-degrees 
C 3.8 - 4 43 78 35-degrees 350 13 23-degrees 
D 4.2 – 4.9 43 63 20-degrees 332 18 46-degrees 
E 5.3 – 6.1 -12 68 80-degrees 336 32 56-degrees 
F 6.7 – 7.7 23 59 36-degrees 328 36 68-degrees 
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Figure 5.14. Declination, calibrated by the correction factors (table 5.2), and inclination curves of the NRM 
high-stability component, as well as their MADs. The grey band represents the calibration deviation (table 
5.2). Colours highlight periods of distinctive field behaviour: blue for declination, yellow for inclination and 
green for both (groups A to F).     
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Interval A (0.8 - 1.3m) shows a ~60-degree westerly shift in declination, from ~30º to 

~330º, while inclination presents fluctuations over 10-degrees, spanning from 64º to 76º (light 

blue band, fig. 5.14). Figure 5.15-A presents the Zijderveld plots and equal area projection 

of a representative sample from this interval (at 117cm depth), showing that after removing 

the viscous remanence (VRM) and mid-coercivity component, at 30mT, a stable component 

was retrieved with a declination of 155º (337º after calibration) and 68º inclination. 

Interval B (2.1m to 2.9m) displays the most westerly declinations (a shift of about 45º 

from modern day values), fluctuating more than 60-degrees (~315º to ~15º). The inclination 

exhibits variations mainly within a 10-degree range (similar to overlying interval), from ~60º 

to ~70º (dark blue band, fig. 5.14). Figure 5.15-B shows the Zijderveld analyses and equal 

area projection of a characteristic sample from this group (264cm depth), where a high-

stability component was isolated at 40mT to 70mT, revealing a declination of 285º (calibrated 

312º) and inclination of 68º.   

Interval C (3.8m to 4m) presents the larger fluctuation for the inclination during the 

Holocene, between ~80º and 40º, while the declination oscillates in a 25-degree range from 

~350º to ~15º (upper yellow band, fig. 5.14). In addition, this is the anomalous interval of 

shortest duration. Figure 5.15-C exhibits the Zijderveld and equal area projection diagrams 

for the sample of shallowest inclination (385 depth), which presents a clear origin-oriented 

ChRM between 20mT and 40mT, with declination and inclination values of 306º (348º after 

calibration) and 43º, respectively. 

Interval D (4.2m to 4.9m) shows considerable changes in both declination and inclination, 

with variations from 18º to ~330º for the declination and from 60º to 40º and back to values 

over 60º in the case of the inclination (upper green band, fig. 5.14). Figure 5.16-A presents 

the Zijderveld and equal area projection plots for a sample with shallow inclination (465cm 

depth) of 43ºand declination of 310º (352º calibrated). 

Interval E (5.3m to 6.1m depth, yellow band, fig. 5.14) exhibits the minimum inclinations, 

which decreases in three cycles, the first from 70º to ~40º, then to negative values, followed 

by an increase to ~40º and large oscillations to values ≤ 5º and then back to ~40º. Figure 

5.16-B shows the directional analysis of a representative sample from this interval (582cm 

depth), where a high-stable remanence was successfully isolated, from 60mT to 100mT, after 

cleaning a viscous remanence and a secondary remanence with AF fields of 50mT. The 
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characteristic remanence presents an inclination of 2º and a declination of 307º (359º after 

calibration, similar to current field). 

 

Figure 5.15. Zijderveld diagrams and equal area projections of representative samples from the intervals A 
(light blue section of westerly declination, fig. 5.14), B (blue section of most westerly declination, fig. 5.14) 
and C (yellow section of rapid large oscillations in declination, fig. 5.14).  
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Figure 5.16. Zijderveld diagrams and equal area projections of characteristic samples from the intervals D 
(light green section of large fluctuations in declination and inclination, fig. 5.14), E (yellow section of 
shallowest inclinations, fig. 5.14) and F (green section of substantial oscillations in declination and shallow 
inclinations).  

Interval F (6.7m to 7.7m depth, green band, fig. 5.14), displays shallow inclinations, 

fluctuating from ~60º to 30º, then decreasing to values close to 20º, and steeping back to 

~40º; while the declination shows large oscillations within a 70-degree range, from 325º to 



 
132 

35º. Figure 5.16-C shows the Zijderveld and equal area projection plots generated for a 

characteristic sample from this group (748cm depth), showing that a stable characteristic 

remanence was retrieved from 50mT to 100mT, after removing a low and mid-coercivity 

components, with declination and inclination of 320º (calibrated 337º) and 24º, respectively.     

5.5 PALAEOSECULAR VARIATION CURVE FROM BARDOWIE LOCH 

Figure 5.17 shows the Palaeosecular Variations (PSV) curve in direction and intensity (RPI 

curve, chapter 6, section 6.5.2, fig. 6.20) versus calibrated age, obtained with the Depth to 

Calendar Age Conversion Curve (chapter 3, section 3.7.4, fig. 3.24). Y bar errors represent 

the 95% probability range for the calibrated age of each sample, with the largest deviations 

(over 1kyr) found in the base of the core as a result of the Age-Depth model extrapolation 

(chapter 3, section 3.7.3, fig. 3.22). X error bars in the inclination values indicate the maximum 

angular deviation (MAD) resulting from the vectorial component analyses (section 5.4.2); 

while for the declination, these bars show the deviation of the calibrated declination which 

are actually larger than their corresponding MADs (section 5.4.3, table 5.2). 

Bardowie Loch PSV curves exhibit six intervals of anomalous behaviour in declination 

and inclination (table 5.3, figs. 5.14, 5.15 & 5.16), as well as significant fluctuations in 

palaeointensities (chapter 6, sections 6.3, 6.4.2.4 & fig. 6.20). The upper intervals correspond 

to westward drifts of the declination (A & B, highlighted in light and dark blues in figs. 5.14, 

5.17 & 5.18) accompanied by oscillations in inclination and the highest palaeointensities for 

the Holocene. The middle intervals (C & D, indicated in yellow and light green in figs. 5.14, 

5.17 & 5.18) present the shallowest inclinations for the Holocene, as well as the lowest 

palaeointensities and significant changes in declination. In the case of the two deeper 

intervals, E and F exhibit the largest variations in inclinations, even showing negative 

inclinations in a few samples (highlighted in yellow, figs. 5.14 & 5.17); while F corresponds to 

significant changes in both declination and intensity (highlighted in green, fig. 5.14 & 5.17). 

Table 5.4 shows the key declination, inclination and relative palaeointensity features for 

the Bardowie Loch sequence (indicated with grey letters and numbers in figs. 5.17 & 5.18), 

as well as their corresponding age and the estimated age limits of the intervals previously 

mentioned.  
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Table 5.4. Age of the intervals with anomalous field behaviour and key features of the Bardowie Loch 
PSV record. Blue indicates largest changes during the Holocene, while yellow highlights potential 
geomagnetic excursions at the end of the Pleistocene.    

Interval Declination Inclination Rel. Palaeointensity 
 Age  

(kyr calBP) 
Feature Age  

(yr calBP) 
Feature Age  

(yr calBP) 
Feature Age  

(yr calBP) 
      P1 1177 ± 98 

A 1.2 – 2.2 
D1 
D2 

1319 ± 128 
1968 ± 126 

I1 1319 ± 128 
P2 

P3 
1710 ± 117 
1968 ± 126 

  D3 2662 ± 216 
I2 
I3 

2662 ± 216 
3096 ± 255 

P4 
P5 

2329 ± 218 
2915 ± 292 

B 3.4 – 4.6 D4 4275 ± 140 I4 4275 ± 140 P6 3786 ± 179 

  
D5 
D6 
D7 

5179 ± 228 
6431 ± 512 
6743 ± 554 

I5 
I6 

5291 ± 226 
5517 ± 84 

P7 
P8 

5179 ± 228 
5663 ± 213 

C 6.8 – 7.5 - - 
I7 
I8 

7124 ± 583 
7431 ± 577 

- - 

D 8.2 – 10.7 
D8 
D9 
D10 

8262 ± 517 
10022 ± 317 
10559 ± 168 

I9 9530 ± 362 
P9 

P10 
8262 ± 517 
8850 ± 375 

  D11 12321 ± 341 I10 12500 ± 444   

E 12.8 – 15 
D12 
D13 
D14 

13385 ± 473 
14331 ± 328 
15058 ± 591 

I11 
I12 
I13 

13385 ± 473 
14095 ± 243 
14554 ± 412 

  

  D15 16067 ±817 
I14 
I15 

15460 ± 688 
16067 ± 817 

  

F 16.2 – 18.3 
D16 
D17 
D18 

16453 ± 884 
16857 ± 938 
18206 ± 1111 

I16 
I17 

16758 ± 930 
17904 ± 1105 

  

 
Highlighted in blue are the intervals A and B, both of which present the largest variations 

in declination during the Holocene; significant westward declination shifts over 50-degrees 

at ca 2ka and ca 4.3ka (features D2 & D4, table 5.4 & fig. 5.17). Interval D present the most 

significant variations in inclination, with values close to 40º at ca 9.5ka (feature I9, table 5.4 & 

fig. 5.17).  

The substantially large inclination fluctuations of the intervals E and F (highlighted in 

yellow, table 6.17 & fig. 6.26) could potentially be related to geomagnetic excursions at ca 

12.8 - 15ka (features I11 to I13 and D12 to D14, table 5.4 & fig. 5.17) and ca 16.2 – 18.2 ka 

(features I16 and I17, as well as D16 to D18, table 5.4 & fig. 5.17). 

It is important to mention that the declination features in the intervals A and B have been 

observed in the latest PSV record published from Lake Windermere for the last 12ky (Avery 

et al., 2017), with the most westerly declinations occurring at ca 2.2 ka (equivalent to D2, 

table 5.4) and ca 5.4ka (about 1ky earlier than D4, table 5.4).  
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Large and abrupt westward declination shifts over 100-degrees at ca 2ka has been 

recognised in the northern North Atlantic in Greenland and Iceland marine-cores (Stoner et 

al., 2013; 2007) and in the north-western margin of the Barents Sea (Sagnotti et al., 2012), 

and in a lesser extent (30 to 80-degrees shift) in Fennoscandia (Snowball et al., 2007), the NW 

Atlantic (IODP site) (Mazaud et al., 2012), eastern Canada (Barletta et al., 2010) and the UK 

master curve (Turner & Thompson, 1981). 

The large eastward declination oscillation from ca 4ka to ca 2.5ka (D4 to D3, 4.3ka to 

2.7ka), has been reported in the UK master curve (Turner & Thompson, 1981), the NW Atlantic 

(IODP site) (Mazaud et al., 2012), Greenland and Iceland marine-cores (Stoner et al., 2013; 

2007), as well as in the Lake Windermere WINPSV-12K curve (Avery et al., 2017), between 50 

and100-degrees ranges.           

The most significant inclination features in C and D intervals, at ca. 7.1ka and ca 9.5ka 

(I7 and I9, table 5.4 & fig. 5.17), agree with WINPSV-12K record (Avery et al., 2017) and the 

UK master curve (Turner & Thompson, 1981), both of which exhibits the shallowest 

inclinations at 7ka and 10ka, respectively. Additionally, these features are also found in the 

PSV records from the northern North Atlantic (Stoner et al., 2013; 2007), the Barents Sea 

(Sagnotti et al., 2012) and Fennoscandia (Snowball et al., 2007). In the case of I7, the Barents 

Sea and Fennoscandia records present an almost thousand years lag; while for I9, in all the 

previously mentioned PSV sequences, this minimum is around 9ka except for Windermere 

and the UK mastercurve, which are closer to the Bardowie ca 9.6ka age. 

Interval E (table 5.4 & fig. 5.17) presents the shallowest inclinations for the Bardowie PSV 

record, taking place during a period of about 2kyr, with even an apparently fully reversed 

inclination at 13385 ± 4733yr calBP (I11, table 5.4 & fig. 5.17). These results seems to be 

consistent with the controversial Gothenburg Event (ca 12.3 - 13.8ka) and Gothenburg 

Magnetic Flip at 12.35 kyr BP (Mörner, 1977; Noel & Tarling, 1975; Mörner and Lanser, 1974; 

Mörner et al., 1971), which is an anomaly observed mainly in marine and lake cores from 

Sweden, characterised by very shallow inclinations and a rapid polarity reversal (flip), while 

declinations oscillate in 20-degrees intervals (Mörner, 1977; Verosub & Banerjee, 1977; 

Mörner et al., 1971).  

Arguments against the existence of this geomagnetic excursion are mostly based on the 

fact that the inclination anomalies took place during a Scandinavian glacial interstadial (which 
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is also the case for Bardowie), resulting in considerable changes in lithology and redox 

conditions for the studied sedimentary sequences, therefore the change in inclination could 

be the result of chemical remagnetisation (various authors in Verosub & Banerjee, 1977). 

However, in North America there are evidences of an excursion with extremely low 

inclinations at the end of the Pleistocene, particularly in Lake Michigan, Lake Eeri and 

Canadian lakes (Vitorello et al., 1974; Creer et al., 1976; Mott & Foster, 1973 in Verosub & 

Banerjee, 1977); the problem is that all these sequences lack reliable chronologies (due to 

the scarce organic material for radiocarbon dating) and therefore, the age constrain is very 

poorly with a possible interval of 7.6ka to 14ka.   

About the possibility of a geomagnetic excursion at ca 16.2ka to 18.2ka (interval F in 

table 5.4 and fig. 5.17), 45 years ago it was reported in Nature, a short-duration geomagnetic 

excursion at 18ka in Lake Biwa-ko, Japan (Nakajima et al., 1973) that presented VGPs beyond 

secular variations. This event was later called the Hilina Pali excursion, when Coe et al. (1978) 

found that lavas at Hilina Pali (Hawaii) have recorded an event exhibiting considerably low 

absolute palaeointensities and very shallow inclinations at ca 19ka; this date was recently 

reinterpreted to 17860 ± 670yr calBP using IntCal13 (Singer et al., 2014). The Hilina Pali event 

also agrees with the Bardowie Loch PSV record, where very shallow inclinations occurred 

between ca 17.7 – 18.2 ka, with the lowest inclination at 17904 ± 1105yr calBP (I17, table 

5.4).  

Since Nakajima et al. (1973) and Coe et al. (1978) studies, the Hilina Pali excursion has 

been observed in lava flows, lake and marine cores from California to Lake Baikal to China 

and dated between 17ka to 22ka (Laj et al., 2014; Turrin et al., 2013; Liddicoat and Coe, 

2011; Nowaczyk et al., 2003; Teanby et al., 2002; Peck et al., 1996; Rieck et al., 1992; 

Noltimier et al., 1976; Clark and Kennet, 1973; from compilation in Singer et al., 2014). 

However, this remains a controversial excursion because it has not been observed in all the 

records that cover this period of the Later Pleistocene, even in a recent study of Lake Biwa 

this event was absent from the PSV record (Hayashida et al., 2007). Additionally, many of the 

PSV records that exhibit this excursion lack a robust geochronology, resulting in the confusion 

of the Hilina Pali event with the widely accepted Mono Lake Excursion at 28 - 33ka.  

According to the 95% probability range for Bardowie Loch age-depth model, the oldest 

date for this large inclination anomaly would be 19317yr calBP, which is about 10kyr younger 
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than the Mono Lake excursion and within the controversial Hilina Pali published range of 17ka 

– 22 ka. 

It is important to mention that in the case of the Bardowie sedimentary sequence, the 

bed underlying the F interval presents larger grain sizes (silty sand, chapter 2 fig. 2.3) that 

yielded negative but unreliable inclinations, as well as large changes in declinations, and due 

to their large MADs those samples were discarded; however, from 770cm upwards, the 

glacial sequence is formed almost entirely by laminated muds (possibly varves) without 

evident changes in lithology up to 500cm (ca 11.5ka). 

87% of the palaeomagnetic samples from the glacial part of the Bardowie sequence 

(group 4, section 5.4.2) produced Zijderveld diagrams showing clear directions with the 

highest coercivities for the primary NRMs (figs. 5.10 & 5.16B-C), while MADs ranged from 0.3 

to 3.7 (section 5.4.2). In fact, this section of the Bardowie record generated the best quality 

palaeomagnetic direction data of the whole sequence, probably due to very low percentage 

of organic matter and high concentration of magnetic minerals, evidenced by substantially 

large values of magnetic susceptibility, SIRMs, NRMs and ARMs (figs. 5.5 & 5.6; chapter 4, 

section 4.3.2). In addition, thermomagnetic results for the glacial muds showed that 

magnetite, or titanomagnetite with low Ti-content, could be the main magnetic carrier 

(chapter 4, section 4.2.2, table 4.1 and fig. 4.5D). 

It is feasible that the non-appearance of the Gothenburg and Hilina Pali Excursions from 

most of the PSV marine and lacustrine records, covering the end of the Pleistocene, is caused 

by a large remagnetisation during the Holocene that erased the primary NRMs. Very 

fortunately, in Bardowie the excellent preservation of the remanences in the glacial muds 

made possible to retrieve the ChRMs with anomalous magnetic behaviour; to clean most of 

the VRMs and secondary NRMs, AF fields over 40mT had to be applied so the primary NRMs 

vectors were observed at the highest available coercivities (between 50mT and 100mT) 

(sections 5.4.2 and 5.4.4, figs. 5.10 & 5.16B-C). Moreover, for some samples the mid-

coercivity and VRM components exhibit declinations and inclinations very similar to modern-

day values (section 5.4.2, figs. 5.10 & 5.11), indicating that later remagnetisation had occurred 

to a considerable extent. 
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5.5.1 UK Master-curve, FENNOSTACK & Bardowie Loch PSV Records 

 
Figure 5.18. Zoom of Bardowie PSV record for the Holocene (from 11.7ka), which is the time range 
of the UK Master-curve (Thompson & Turner, 1981) and FENNOSTACK (Snowball et al., 2007). 
Declination and inclination features of the UK Master-curve are indicated in blue and orange letters, 
respectively. 

A comparison between the Thompson & Turner (1981) UK Master-curve (chapter 1, fig. 

1.2a), Fennoscandia master-curve of Snowball et al. (2007) FENNOSTACK (chapter 1, fig. 

1.2b) and the Bardowie Loch PSV record is presented for the most recent 11.7kyr in table 5.5. 

Figure 5.18 shows the main inclination and declination features of the UK Master-curve and 

FENNOSTACK (orange Greek and blue Latin letters, respectively) identified in the Bardowie 

Loch declination and inclination curves. 

Since the main difference between the UK Master-curve and FENNOSTACK is the age 

divergences of the main features, with those of Fennoscandia considerably younger (chapter 
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1, section 1.2.1 & table 1.1), the deviation of these elements in both curves were calculated 

against the Bardowie PSV record (table 5.5).  

For the declinations features of the UK Master-curve, 5 out of 6 elements are within the 

Bardowie age uncertainty range (denoted with * in table 5.5); the age deviations are between 

169yr to 18yr. FENNOSTACK declination features present larger deviations with respect to 

Bardowie Loch, spanning from 664yrs to 8yrs, with only 3 out of 7 features within the Bardowie 

age uncertainty range (table 5.5).              

Table 5.5. Main features of the UK Master-curve (Thompson & Turner, 1981) and FENNOSTACK 
(Snowball et al., 2007) identified in the inclination and declination curves of Bardowie, as well as the 
deviation of each from Bardowie PSV curve. * indicates that the age is within the confidence interval, 
which is the 95% probability range of the calibrated age for the Bardowie Loch sequence.  

Interval Feature 
BARDOWIE LOCH UK MASTER-CURVE FENNOSTACK 

 
Age 

(yr calBP) 
Age 

(yr calBP) 
deviation 

(yr) 
Age 

(yr calBP) 
deviation 

(yr) 

D
ec

lin
at

io
n 

A 
d D1 1319 ± 128 1150 -169 850 -469 

e D2 1968 ± 126 1950 -18* 2210 242 

 f D3 2662 ± 216 2705 43* 2670 8* 

B g - 5517 ± 84 5550 33* 5500 -17 

C h - 7274 ± 596 7165 -109* 6610 -664 

 i D8 8262 ± 517 8400 138* 7920 -342* 

D j - 9314 ± 157 - - 9410 96* 

In
cl

in
at

io
n 

 g I1 1177 ± 98 1250 73* 1290 113 

A 
d - 1710 ± 117 1650 -60* 1840 130 

e' I2 2662 ± 216 - - 2590 -72* 

 e - 3563 ± 123 3270 -293 3090 -473 

B 

x - 3862 ± 174 4000 138* - - 

h I4 4275 ±140 4200 -75* - - 

q 
i 

I5 
- 

5291 ± 226 
6280 ± 489 

5200 
6000 

-91* 
-280* 

4720 
5400  

-571 
-880 

C 
k I7 7124 ± 583 7000 -124* 6290 -834 

l I8 7431 ± 577 8300 869 7890 459* 

D 
µ I9 9530 ± 362 8800 -730 9000 -530 

n - 10022 ± 371 - - 9780 -242* 

70% of the FENNOSTACK inclination features are out of the uncertainty range for the 

corresponding ages in the Bardowie PSV record (7 out of 10), with deviations ranging from 

72yr to 880yr. For the UK Master-curve µ, l and e are out of the confidence interval of their 

Bardowie equivalents, with large differences from 293yrs to 869yrs (highlighted in purple, 

table 5.5); while the rest of the features present deviations between 60 and 280, all within the 

uncertainty range of the Bardowie dates. 



 
140 

The Bardowie ages of the three deepest inclination features (l to n) are closer to the 

FENNOSTACK record, with deviations from 242yr to 530yr (table 5.5), which suggest 

radiocarbon dating issues in the UK Master Curve only for the deepest levels (first 1000 years).   

In fact, not only Bardowie Loch Declination and Inclination curves are in better 

agreement with the UK Master-curve of Thompson and Turner (1981), than in the case of the 

modern FENNOSTACK master-curve of Snowball et al. (2007), but the recently developed 

Holocene record of Windermere presents these key features (fig. 7 in Avery et al., 2017) with 

ages similar to Bardowie PSV curve (as mentioned before) and the original UK Master-curve. 

These results imply that the age divergences between the UK PSV records and 

FENNOSTACK, along with analogous curves recently generated for Scandinavia and Russia 

(Lougheed et al., 2012; Sagnotti et al., 2012; Ojala and Tiljander, 2003; Snowball and 

Sandgreen, 2002), are not an artefact resulting from inaccurate radiocarbon dating; these 

regional offsets seem to be a real expression of the non-dipolar component of the 

geomagnetic field during the Holocene.         
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CHAPTER VI  

PALAEOINTENSITY STUDIES 

The present chapter focuses on the magnitude of the Earth’s magnetic field preserved 

in sedimentary deposits, known as relative palaeointensities. Although commonly 

palaeomagnetic reconstructions are confined to analyse changes in the field’s declination and 

inclination, modelling the behaviour of the geomagnetic field also requires determining the 

fluctuation of the field’s strength. In addition, continuous palaeointensity records are useful 

in modelling cosmogenic nuclides production (such as C14 and Be36), reconstruction of solar 

activity, as well as an accurate correlation and dating technique of sedimentary sequences 

(Tauxe, 1993; Brachfeld & Banerjee, 2000; Snowball et al. 2007; Brachfeld, 2007). 

Relative palaeointensity studies were carried out in 150 samples from BARD5 and BARD4 

cores, forming a composite master core covering most of the mud sequence of Bardowie 

Loch. Stepwise demagnetisations of the NRM, ARM and IRM were performed at the 

Palaeomagnetic Laboratory ‘Fort Hoofddijk’ of the University of Utrecht (Netherlands), 

following the methodology used for Rock Magnetic characterisations (chapter 4, section 

4.3.1). 

6.1 PRELIMINARY CONDITIONS 

Palaeointensity of NRM’s preserved in sedimentary sequences is not exclusively 

determined by the geomagnetic field strength at the time of deposition. It also depends on 

climatic and environmental factors, which determine the concentration of ferrimagnetic 

minerals in the sediments, grain sizes of such magnetic particles and the composition of the 

magnetic recording assemblage.  

In order to isolate the component of the geomagnetic field’s strength preserved on 

sediments, it is necessary to attenuate the non-field effects of the original remanence through 

a normalization process. The resulting value, unlike thermally acquired palaeointensity, is not 

an absolute measure of the geomagnetic dipole moment; instead the ratio of two relative 

palaeointensity values indicates the percentage change of the field’s strength (Brachfeld, 

2007), meaning that this is a relative magnitude.      
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Estimation of relative palaeointensities, i.e. removal of magnetic non-field effects, 

requires the application of a correction factor to the preserved remanence. The intensity of 

the ARM, the magnetization saturation (SIRM) and the magnetic susceptibility are the 

parameters most commonly used; however, not one single method will render consistent 

results for all sedimentary sequences, being the most appropriate parameter the one that 

activates the main NRM carriers (Levi & Banerjee, 1976, Tauxe, 1993; Brachfeld & Banerjee, 

2000).  

Ideally NRM intensity would be linearly proportional to the Earth’s magnetic field 

strength; however, original remanence intensity also depends on the magnetic domain and 

concentration of the ferromagnetic particles carrying the remanence. For that reason, a set 

of guidelines has been proposed to select sedimentary sequences that would most likely 

produce reliable and consistent relative palaeointensities, given that directional analyses 

confirm the existence of consistent primary NRM directions (Tauxe & Yamazaki, 2015; Tauxe 

1993; King et al., 1983).         

1. NRM’s High-stability Component. The sediments should record a strong and stable 

primary component of the remanence.  

2. Magnetic Composition. The main magnetic carrier of the remanence should be 

magnetite or titanomagnetite (with low titanium content), given that these minerals 

have the greatest spontaneous magnetic moment of the common iron-bearing mineral 

suite and therefore will align most efficiently to an external field. Other magnetic 

substances such as haematite, greigite, maghemite and pyrrhotite can potentially be 

carriers for NRM’s but are not reliable due to their tendency to suffer post-depositional 

chemical remagnetisation.  

3. Magnetic Domain. Magnetic grain sizes should correspond to the pseudo-single 

domain (PSD), which ranges from 1 to 10μm. Superparamagnetic (SP < 30nm) particles 

do not carry a remanence, while single domain grains (SD, 30nm - 1μm) experience a 

strong torque in the current ambient field and have low viscous drag, causing 

realignment of the magnetic dipoles after the NRM has been set (Dunlop & Özdemir, 

1997); furthermore, SD grains may experience Brownian motion (Stacey, 1972; Evans 

& Heller, 2003) and they also have a propensity to attach to clay minerals, rotating out 

of alignment during burial by compaction. Multi-domain grains (MD > 10μm) have low 
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magnetization and weak coercivity; in addition, they are strongly controlled by gravity 

during deposition, which is larger than the magnetic force that acts upon them (Evans 

& Heller, 2003; Urrutia, 2007). 

4. Concentration of Magnetic Minerals. The concentration of magnetite or 

titanomagnetite through the sedimentary sequence should not vary by more than a 

factor of 10. At high magnetite concentrations, demagnetization could occur during 

the acquisition of ARM due to particle interaction (Brachfeld, 2007). In addition, 

relatively uniform concentration guarantees consistency in the application of the 

correction parameter throughout the entire sequence. 

In the case of Bardowie Loch, thermomagnetic experiments suggest magnetite and/or 

titanomagnetite poor in titanium as the possible main mineralogy, but there are also fractions 

of hematite-type iron oxides present in all the examined samples (chapter 4, table 4.1). In 

addition, S-ratio, Soft-IRM and Hard-IRM curves (chapter 4, fig. 4.8) indicate that for the 

majority of the sequence magnetite and titanomagnetite composed over 85% of the 

magnetic carriers; however, there are intervals that exhibit more oxidation, from which 5 

samples were discarded. Magnetic domain seems to be on the PSD range, which is expected 

for silty clays and fine silts making most of the Bardowie lacustrine beds; Karm/MS curve 

exhibit most of the possible multidomain grains in the lower glacial sediments, where 4 

samples were rejected. In the upper 2 meters of the sequence one sample from a silty clay 

layer was discarded, which coincides with the minimum in the Karm/MS curve of the organic 

muds upper sequence. The NRMs vectors of all the mentioned samples lack comprehensive 

directions and 5 more additional samples were rejected, since they did not exhibit a high-

stability NRM component. In total 15 samples were discarded from these studies. 

6.2 NORMALIZATION METHODOLOGIES 

In order to carry out the normalization of the DRMs, parameters such as magnetic 

susceptibility, ARM and SIRM are commonly applied. The following are the normalization 

methods that were applied to the Bardowie Loch palaeomagnetic data.    

6.2.1 Magnetic Susceptibility Normalization Method (RPIMSn) 

Normalization using the magnetic susceptibility is the methodology most commonly applied, 

since this parameter is easily determined. However, when superparamagnetic and 

multidomain particles are present in the sample, the ratio of remanence intensity to 
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susceptibility is artificially low, as there is no contribution from grains of these domains to the 

remanence, leading to overcorrected results (Brachfeld and Banerjee, 2000). Results from 

susceptibility normalization must be thoroughly checked for robustness when sampling 

oceanic and lacustrine records, as these deposits may have different magnetic concentrations 

due to periodical climatic influence, such as Milankovitch cycles (Brachfeld, 2007).  

6.2.2 SIRM Normalization Method (RPISIRMn)  

Saturation of magnetisation (SIRM) consists of exposing the sample to a steady field, 

which is increased in steps during several cycles, until magnetic saturation is reached; then, 

the original NRM is normalised by the saturation value. The benefit of the SIRM acquisition 

method is that it is less sensitive to grain interactions than the techniques using ARMs (Tauxe 

et al., 2006), although there is the possibility of saturating magnetic particles that were not 

originally contributing to the remanence (in particular, MD grains), leading to erroneous 

corrections because of NRM to SIRM ratios artificially low (Brachfeld, 2007).  

6.2.3 ARM Normalization Method (RPIARMn) 

The normalization technique using the anhysteretic remanent magnetization (ARM) has 

been favoured by some authors, since it has been observed that NRM to ARM ratios do no 

usually change with AF demagnetization levels, due to their nearly identical coercivity spectra 

(King et al., 1983; Valet & Meynadier, 1998; Brachfeld, 2007). One limitation of this method 

is that ARM acquisition is overly dependent on the concentration of the magnetic minerals in 

the sample, due to particle interaction during ARM acquisition that leads to demagnetization 

of the sample. In addition, small magnetic grain sizes (<<1 μm) result in disproportionately 

large changes in ARM acquisition (Dunlop and Özdemir, 1997), leading to over correction 

when using this methodology.  

For the Bardowie Loch sequence, the ratio NRM/ARM was determined for the remaining 

of both NRM and ARM intensities after each demagnetization step (ARM stepwise 

demagnetization in chapter 4, section 4.3.1; NRM stepwise demagnetization in chapter 5, 

section 5.3.1). Then, the ratios were plotted against their respective AF peak fields to assess 

the ARM versus NRM stability during demagnetization (blue curves in fig. 6.1), following one 

of the techniques presented by Valet & Meynadier (1998).  

The majority of the selected samples from Bardowie show that for AF peak fields 

between 10 and 40mT, the NRM/ARM ratios are practically constant (coloured horizontal lines 
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in fig. 6.1); however, for a considerable number of samples most of the ratios either grow or 

decrease significantly for higher peak fields until, for the field range of 75 to 100mT, they 

increase excessively. According to Valet & Meynadier (1998) and Tauxe et al. (1995) this rapid 

increase is a behaviour common in sediments, most probably due to the presence of a hard 

coercivity fraction. As a result, the palaeointensity was determined as the NRM/ARM ratio 

after demagnetising at 20mT AF peak field (NRM20mT/ARM20mT), in the middle of the ‘stable’ 

range for the selected samples (coloured vertical lines in fig. 6.1) 

 
Figure 6.1. Plots of NRM/ARM intensity ratio versus demagnetization step (blue curve) of one representative 
sample for each of the magnetic groups (chapter 4, section 4.3.2). Coloured horizontal lines show the ratios 
obtained for the ‘stable’ coercivity range; i.e. 10-40mT for samples of groups 1, 2 & 3 (turquoise, purple 
and blue lines, respectively) and 15-30mT for group 4 (green line). The resulting palaeointensities, which 
are the NRM/ARM ratios obtained at 20mT AF peak field, are indicated in grey and highlighted in colours 
(turquoise, purple, blue and green vertical lines for groups 1, 2, 3 & 4, respectively).   

6.2.4 Integration Method (Brachfeld et al., 2003)  

The integration method of normalization builds upon the premise that the coercivity 

spectrum of the normalizing parameter should be nearly identical to the NRM spectrum, since 

this parameter should activate the same magnetic grains that carries the NRM (Levi and 

Banerjee 1976). This method requires plotting the coercivity spectra obtained from the AF 

demagnetization of the potential normalizing parameters, usually ARM and IRM, as well as 

the NRM demagnetization spectrum. Then an optimal AF range is chosen (a, b), based on the 
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similarities of the resulting curves (fig. 6.2). The relative palaeointensity is determined by the 

integration of the NRM’s spectrum in (a, b) interval, and then normalizing by the integral of 

the closest parameter’s spectrum, for the same interval. As a result, the relative 

palaeointensity is determined by the following equation: 

RPI = 
∫ "#$(&'()*&'(
+
,

∫ -#$(&'()*&'(
+
,

 

 
Figure 6.2. Plot of the NRM, ARM and IRM stepwise demagnetization curves, normalised 
by their maximum intensity, obtained for a sample from BARD5. Indicated in grey is the 
coercivity interval where the spectrum of one of the potential normalisers (ARM 
demagnetisation curve, light blue circles) behaves like the original remanence (NRM 
demagnetization curve, grey diamonds). The RPI value was calculated by normalising the 
areas below the NRM and ARM curves.    

It is important to mention that through the application of the integration method, 

different magnetic behaviours were observed throughout the Bardowie Loch sequence, 

which agrees with the magnetic groups previously defined for the palaeomagnetic studies 

(chapter 5, section 5.4) and magnetic characterisations (chapter 4, section 4.3.2). The main 

contrast are the coercivity intervals, where the normalising parameter spectrum coincides with 

the NRM demagnetisation curve, which is highest for the fourth group starting from 50mT to 

85-100mT (fig. 6.3D); the third group shows intervals from 25-30mT to 50-85mT (fig.6.3C); 
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while the second and first group present the lowest coercivities, ranging from 15-20mT to 50-

70mT (figs. 6.3A & 6.3B). 

  
Figure 6.3. Plots of the NRM, ARM and IRM demagnetization curves, normalised by their maximum 
intensity, for representative samples from each of the magnetic groups (chapter 4, section 4.3.2). 
Highlighted in different colours are the intervals where the ARM coercivity spectrum fits the behaviour 
of the NRM spectrum, used for the RPI determinations.    

In order to calculate the areas under the NRM and ARM (or IRM) demagnetisation curves, 

the trapezoidal numerical method was applied: 

. 𝑦(𝑥)𝑑𝑥 =3
(𝑥4 − 𝑥467)(𝑦4 + 𝑦467)

2

:

4;7

<

=
 

Where a and b define the coercivity interval, y(x) is the NRM (ARM or IRM) demagnetisation 

curve, xk is the AF Peak field at a given point and yk is the corresponding intensity of the NRM 

(ARM or IRM) at that point. 

The ARM demagnetisation curve was the best fit for the majority of the BARD5 and 

BARD4 samples and therefore it was used as the normalising parameter throughout the whole 
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sedimentary sequence, with the exception of 11 samples (in addition to the 13 initially 

rejected) for a total of 17% of samples discarded. 

6.2.5 NRM vs ARM & NRM vs IRM Slope Method (RPIARMsm & RPIIRMsm) 

One of the most common techniques to determine palaeointensities in marine and 

lacustrine sediments consists of plotting the NRM intensities versus ARM (or IRM) intensities 

remaining after being submitted to the same demagnetization steps (ARM and IRM stepwise 

demagnetization techniques presented in chapter 4, section 4.3.1; NRM stepwise 

demagnetization methodology explained in chapter 5, section 5.3.1). The line equation is 

then determined for the coercivity interval where the NRM and ARM (or IRM) exhibit a linear 

relationship, while the slope of this linear regression is the resulting palaeointensity for that 

sample (depth).   

 
Figure 6.4. Plots of NRM versus ARM intensities for each demagnetization step (grey circles). The linear 
behaviour intervals are indicated by blue circles and their delimiting steps by grey numbers 
(corresponding AF peak fields). Coloured lines show the linear trend, their respective line equation and 
data fit (R2) are highlighted in the same colour (turquoise, purple, blue and green for groups 1, 2, 3 & 
4, respectively). The slope of the resulting line equation corresponds to the palaeointensity.        

Figures 6.4 and 6.5 show the palaeointensities calculation for representative samples of 

each of the four magnetic groups (chapter 4, section 4.3.2) for both normalisers ARM and 

IRM, respectively. Linear trend intervals (teal, purple, blue and green coloured lines in figs. 



 

149 

6.4 & 6.5 for groups 1, 2, 3 & 4) were defined for at least four consecutive demagnetization 

steps, with a fit of R2≥0.99 for all the selected samples from the Bardowie Sequence.  

 
Figure 6.5. Plots of NRM versus IRM intensities for each demagnetization step (grey circles). The linear 
behaviour intervals are indicated by purple circles and their delimiting steps by grey numbers 
(corresponding AF peak fields). Coloured lines show the linear trend, their respective line equation and 
data fit (R2) are highlighted in the same colour (turquoise, purple, blue and green for groups 1, 2, 3 & 4, 
respectively). The slope of the resulting line equation corresponds to the palaeointensity. 

The resulting linear coercivity intervals varied according to the magnetic group and the 

normaliser. NRM versus ARM generally presents the broadest intervals of all the applied 

normalization techniques, particularly for the first group, ranging from AF peak fields of 5-

15mT to 50-70mT (fig. 6.4A), and the fourth group, starting from 10-25mT to 50-85mT (fig. 

6.4D); then, the second group goes from 10-20mT to 40-60mT (fig. 6.4B) and the third group 

from 10-20mT to 30-50mT (fig. 6.4C). In the case of NRM versus IRM, the first group starts at 

AF peak fields of 15-30mT up to 60-70mT (fig. 6.5A), the second and third groups present 

the minimum coercivities (for this method) ranging from 5-20mT to 25-40mT (figs. 6.5B & 

6.5C) and the fourth group spans from 15-30mT to 60-100mT (fig. 6.5D).     

It is important to mention that unlike the integration method, all the samples from 

BARD4 and BARD5 composite core exhibit clear linear trends for both ARM and IRM 

normalisers, except the 13 samples initially discarded (section 6.1). NRMs vs ARMs present 



 

150 

the coercivity intervals encompassing more demagnetization steps than any other method, 

making this palaeointensity calculation technique the easiest to apply. However, the results 

obtained with each normaliser are completely different; palaeointensities determined using 

IRMs were substantially smaller than those using ARMs (fig. 6.6), particularly for the first, 

second and third group, with values two to three orders of lesser magnitude.  

6.3 RESULTS 

Figure 6.6 shows all the apparent palaeointensities records for Bardowie Loch, 

constructed with the different methods presented in the previous section. The resulting 

curves from the relative palaeointensities calculated using SIRM and IRM demagnetization 

steps as normalisers (RPISIRMn and RPIIRMsm, purple curves in figs. 6.6 & 6.7) exhibit suspiciously 

large intensities for the lower part of the sequence, the glacial muds section (highlighted in 

green, fig. 6.6), with values about one to two orders of magnitude higher than those observed 

in the organic mud beds (three upper sections highlighted in teal, purple and blue, fig. 6.6); 

while the upper five meters of the sequences lack considerable fluctuations, with the 

exception of two intervals at 0.8m - 1.25m and 2.25m - 2.75m depth (highlighted in green, 

orange and pink in fig. 6.7). The most feasible explanation is that both normalisers, SIRM and 

IRM, are over correcting the NRM signal on the upper 5 metres, resulting in considerable low 

and therefore, doubtful values. In addition, due to the saturation over the cryogenic 

magnetometer range suffered by more than 50% of the glacial mud samples (when applying 

the IRM fields), the resolution for this section of the palaeointensity records is really low 

(purple dashed lines in green section, fig. 6.6) and as a result, were discarded for further 

analyses.  

The palaeointensity curve generated using the magnetic susceptibility as normaliser 

(RPIMSn, pink curve in figs. 6.6 & 6.7) shows more consistent fluctuations, throughout the entire 

sequence for the different magnetic groups, than the previously discussed RPISIRMn and 

RPIIRMsm curves. However, there are three intervals of exceptional behaviour; significantly large 

peaks in the middle and lower part of the first magnetic group at 2.2m - 2.8m depth (teal 

section, fig. 6.6), at the base of the third group at 4.8 - 5m depth (blue section, fig. 6.6); and 

then a third interval of considerable low values in the lower part of the second group at 3.9m 

- 4.7m depth (purple section, fig. 6.6).   
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It is evident when plotting the RPIMSn, RPISIRMn and RPIIRMsm records at equivalent scales 

(pink curve and purple curves in fig. 6.7) that they all present the same large peaks at both 

the 2m - 2.8m depth interval (indicated by orange and pink bands, fig. 6.7) and 0.8m - 1.2m 

depth interval (green band, fig. 6.7); while the RPIMSn curve show a large peak at the same 

depth (4.8m to 5m) where the RPISIRMn and RPIIRMsm records increase various orders of 

magnitude (highlighted in purple, fig. 6.7).  

 
Figure 6.7. Rock magnetic parameters related to concentration and granulometry of magnetic grains (Karm, 
chapter 4, section 4.3.1, fig. 4.10), magnetic mineralogy and redox conditions (S-ratio and Hard IRM, chapter 
4, section 4.3.1, fig. 4.10) compared to relative palaeointensities records, generated using magnetic 
susceptibility (RPIMSn), SIRM (RPISIRMn) and IRMs (RPIIRMsm) as normalisers. Highlighted in orange and green are 
the palaeointensity peaks analogous to implied oxidation events and sharp redox variation intervals (chapter 
4, figs. 4.9 & 4.10), respectively; while the pink and purple bands indicate RPI fluctuations similar to variations 
in ARM susceptibility (Karm) behaviour.      

In order to determine if the apparent palaeointensity maximum intervals are actual 

features of the ancient Earth’s magnetic field or predominantly the result of environmental 

input, these RPI curves were compared to the magnetic parameters that seems to provide 
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environmental information for the Bardowie sedimentary sequence, which were presented in 

chapter 4, section 4.3.2. A striking match was observed between the main peaks in the MS, 

SIRM and IRMs normalised RPI records and possible redox intervals (yellow and blue bands 

in figs. 4.9 & 4.10, chapter 4). Especially during periods of intense oxidation at 2m to 4m 

depth (3.3±0.2ka to 7±0.5ka) (orange bands, figure 6.7), marked by significant decrease in S-

ratio (grey curve, fig. 6.7) and ‘Soft’ IRM (chapter 4, fig. 4.10), as well as an increase over 10% 

in ‘Hard’ IRM (orange curve, fig. 6.7), indicating a larger proportion of high coercivity 

magnetic grains for these intervals.  

Furthermore, the most recent intensity peak in these RPI records (green band, fig. 6.7) 

coincides with the interval of sharp redox conditions (1.5±0.2ka – 2.1±0.1ka), deduced 

through geochemical and sedimentological analyses (chapter 2, section 2.4 and indicated by 

brown lines in fig. 2.16) and also observed in (relatively) high-frequency variations of S-ratio, 

‘Hard’ IRM and ‘Soft’ IRM (highlighted in green in fig. 6.7 and yellow bands in fig. 4.10, 

chapter 4).  

Another magnetic proxy that also seems to relate to the RPIIRMsm, RPISIRMn and, in 

particular, the RPIMSn for the entire sequence, is the ARM susceptibility or Karm (blue curve in 

fig. 6.7), which provides information of magnetic domains and concentration changes of the 

main magnetic carriers throughout the lake core. Indicated in figure 6.7 (highlighted in pink 

and purple) are the apparent RPI maxima that correlates either directly (2.5m to 2.8m depth) 

or inversely (from 4.8m down to 7.6m depth, in the glacial muds section) to the Karm 

fluctuations.  

The RPIMSn peaks and Karm lows observed in the lower part of the sequence (indicated 

in purple, fig. 6.7), from 4.8m depth downwards (10.4±0.2ka to 18±1ka) are likely the result 

of significant variations in the concentration of magnetic grains, specifically periods of 

considerable lower concentration; since the magnetic susceptibility is a property highly 

sensitive to concentration, it is feasible that during these periods the susceptibility 

experienced substantial decreasing in relation to the NRM intensities, leading to under 

correction of the original DRMs and therefore, the formation of false large peaks in this 

apparent palaeointensity record. 

In the case of the 2.5m to 2.8m interval (4.1±0.1ka to 4.6±0.2ka) of high RPIMSn, RPISIRMn 

and RPIIRMsm peaks that correlate to an increase of Karm (indicated by a pink band, fig. 6.7), 
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these peaks could potentially be caused by a ‘finer’ pseudo single domain (PSD) or single 

domain (SD) magnetite fraction, that would result in significantly higher coercivities for the 

NRMs at this depth and therefore, would be more difficult to ‘clean’ by the magnetic 

susceptibility, SIRM and IRMs normalisers.  

 

In fact, the parameters used by Egli (2004) to discriminate the origin of magnetite grains 

in lacustrine and marine sediments, which were derived from ARM stepwise demagnetization 

curves, IRM acquisition curves and Karm (chapter 4, section 4.3.2, figs. 4.11 & 4.12), show 

that most of the samples from the 2.5 - 2.8m depth interval (pink circles, fig. 6.8) are in-

between the detrital magnetite transported by water (DW in yellow ellipse, fig. 6.8) and the 

biogenic magnetosomes ranges (green arrow, fig. 6.8) for the Karm/IRM300mT values, 

indicating the possibility of mixed biogenic and detrital magnetite grains as the main 

remanence carriers for this interval. The presence of bacteria magnetosome could be the 

potential cause for the SD magnetite fraction and ensuing exceptionally large peaks in the 

RPIMSn, RPISIRMn and RPIIRMsm records at this depth (pink band, fig. 6.7).  

Figure 6.8. Cross-plot of 
Karm/IRM300mT vs ARM100mT 
medium destructive field 
(MDF of ARM), following the 
technique developed by Egli 
(2004) to discriminate the 
origin of magnetite grains in 
sediments (chapter 4, section 
4.3.1, fig. 4.11). Yellow and 
grey ellipses indicate clusters 
of detrital magnetite: 
pedogenic (PD), transported 
by water (DW) and by wind 
(ED); purple ellipse marks 
ultrafine extracellular magne-
tite group (EX) and green 
arrow highlights the Bardo-
wie samples with similar 
values to the biogenic 
magnetosome group, but 
consistently lower coerci-
vities. Bardowie samples are 
classified according to their 
magnetic group (coloured 
sections in fig. 6.6), while 
pink circles represent the 
interval of large RPIMSn, 
RPISIRMn & RPIIRMsm that corre-
lates to an increase of Karm 
(pink band, fig.6.7). Modified 
from fig.4.12 (chapter 4).  
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The RPIMSn, RPISIRMn and RPIIRMsm curves analyses in terms of the magnetic environmental 

proxies, present strong confirmation that the NRM normalizations by the magnetic 

susceptibility and SIRM ratios, as well as the NRM versus IRM slope method did not work to 

remove the environmental effects from the original remanence preserved by the Bardowie 

sedimentary sequence and as a result these records were discarded, leaving only the 

palaeointensity curves determined using ARMs (blue curves in fig. 6.6) for further evaluations. 

The relative palaeointensity curves generated through normalizing the NRM to ARM 

ratio, RPIARMn or NRM/ARM (section 6.2.3 and fig. 6.6), plotting NRM versus ARM and 

calculating the slope of the linear regression, RPIARMsm or RPIsm (section 6.2.5 and fig. 6.6), and 

by the integration method using the ARM demagnetization spectrum, RPIARMim or RPIim 

(section 6.2.4 and fig. 6.6), are shown in both plots of figure 6.9 along with the NRM20mT area 

chart (dark greyish blue curve, upper graph) and ARM20mT area chart (dark greyish purple 

curve, lower graph). All curves have been normalised to the same scale for comparison 

(dividing by their respective largest values) and, since the NRMs and ARMs vary almost two 

orders of magnitude between the fourth magnetic group (glacial muds, highlighted in green 

in fig. 6.6) and the rest of the sequence, these curves were also normalised just for the organic 

mud section and shown as light greyish blue and light greyish purple area charts, for the 

Organic Muds NRM20mT and Organic Muds ARM20mT respectively (fig. 6.9). 

Basically, the same intensity fluctuations are displayed by these three palaeointensity 

estimates throughout the entire sequence, i.e. RPIARMn (orange curve, fig. 6.9), RPIARMsm (purple 

curve, fig. 6.9) and RPIARMim (teal curve, fig. 6.9), but with different peak amplitudes for each 

curve, particularly in the case of the RPIARMim. In general, these RPI curves exhibit significantly 

large apparent intensities for the glacial mud section (denoted by the orange square in fig. 

6.9), which are between two and four times the intensities of the upper organic muds group.  

The highest NRMs and apparent RPIs for the three records are observed at the intervals 

between 5.3m - 5.9m depth and 7.4m – 7.6m depth, i.e. Largest DRMs Interval 1: 13.2±0.6ka 

to 14.8±0.5ka (indicated by light blue square, fig. 6.9) and Largest DRMs Interval 2: 

17.7±0.9ka to 18.2±1ka (denoted by a dark blue square, fig. 6.9). While in the upper organic 

muds section (indicated by the green square in fig. 6.9), the largest RPI peaks are found at 

2.2m – 2.8m depth interval (3.6±0.1ka to 4.5±0.2ka), as well as in the 1m – 1.3m depth interval 

(1.7±0.1ka to 2.1±0.2ka).    
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The largest apparent intensities in the upper 5 meters of the RPIARMn, RPIARMsm and RPIARMim 

curves, correspond to one of the suggested periods of oxidation (2m to 2.5m, 3.3±0.2ka to 

4.1±0.1ka) and its underlaying bed with potential biogenic (fine SD) and detrital (PSD) 

magnetite mixed fractions (2.5m to 2.8m, 4.1±0.1ka to 4.6±0.2ka), as previously discussed 

for the RPIMSn, RPISIRMn and RPIIRMsm curves and indicated by orange and pink bands in figure 

6.7. In addition, the RPI peaks observed between 1m and 1.3m depth (1.7±0.1ka to 

2.1±0.1ka) are also within the possible period of abrupt redox changes (ca 1.5ka to ca 2ka), 

highlighted in green in figure 6.7. However, for the RPIARMn, RPIARMsm and even the RPIARMim 

curve, such peaks are not proportionally as large as in the previously rejected RPI records.  

The NRM20mT and ARM20mT curves (light greyish blue and light greyish purple area charts 

in fig. 6.9) also show considerable increase for the 2.2m - 2.8m depth interval, particularly at 

the depth of possible biogenic magnetosomes; although, unlike the RPIARMn, RPIARMsm and 

RPIARMim curves, the largest NRMs and ARMs for the organic muds section are found between 

4.75m to 4.9m depth (10±0.4ka to 10.6±0.2ka), which is the base of the third magnetic group 

(highlighted in blue in fig. 6.6 and indicated by the intercalated grey lines in fig. 6.9).  

It is important to mention that about half of the samples from this third magnetic group 

(blue diamonds in fig. 6.8) fall within the same Karm/IRM300mT range of the samples from the 

2.5m - 2.8m interval, while practically the rest of this group plot in the ‘ultrafine extracellular 

magnetite’ area defined by Egli (2004) (purple ellipse in fig. 6.8). These distributions implicate 

on one hand, a mixing of ‘fine’ SD biogenic and PSD detrital magnetite grains for the entire 

group, and on the other, the potential transformation from oxic to anoxic conditions, since 

the ‘ultrafine extracellular’ magnetite is produced by iron-reducing bacteria in anaerobic 

environments (Lovley et al., 1987).                   

In the case of the glacial muds section, the considerable increase in magnetic 

susceptibility (chapter 4, green section in fig. 4.1) and ARM susceptibility (blue curve in fig. 

6.7, 500cm to 775cm depth) implies substantially high concentration of magnetic carriers as 

the cause for the exceptionally large DRMs and RPIs in the lower part of the sequence; 

probably detrital magnetite/titanomagnetite grains, since geochemical analyses suggest high 

detrital input pulses between ca 11.5ka and ca 15ka from a silica-poor mafic provenance or 

reworked volcanic material (chapter 2, section 2.4 and fig. 2.13). However, the samples from 

this group, that could be measured after acquiring IRMs at 300mT, fall within the 

Karm/IRM300mT range of the biogenic magnetosome group in Egli (2004) cross-plot (green 
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diamonds, fig. 6.8). These seemingly inconsistent results indicate that magnetic data might 

be too scarce in the glacial muds section to conclude the extension and type of environmental 

input affecting the RPIs records at the end of the Pleistocene, based on magnetic 

characterisations alone. 

6.4 RELIABILITY OF THE BARDOWIE RPIARM RECORDS 

Given that various environmental events significantly affected the DRMs throughout the 

Bardowie Sequence, which could not be completely removed by any of the normalization 

techniques and actually seems to control the apparent intensity fluctuations of the RPIMSn, 

RPISIRMn and RPIIRMsm records; the validity of the RPIARMn, RPIARMsm and RPIARMim curves to describe 

the Earth’s magnetic field intensity variations is therefore questioned.   

For a relative palaeointensity technique to effectively remove the environmental input 

from the DRM signal, the normaliser should behave very similar to the NRM in the presence 

of these climatically-controlled variations. In the case of the Bardowie Sequence, the NRM20mT 

and ARM20mT curves exhibit fairly analogous fluctuations for the organic muds section down 

to 4.45m depth (8.9±0.5ka) (indicated by the green square in fig. 6.9), with the exception of 

a peak within the possible oxidation interval at 2.2 – 2.4m depth (3.6±0.1ka to 3.9±0.2ka) and 

considerable large ARMs at the top meter of the composite core (0.75m to 0.9m depth, 

1.1±0.1ka to 1.5±0.2ka). 

The base of the organic muds (8.9±0.5ka - 11.1±0.3), indicated by intercalated grey lines 

in figure 6.9 (Laminated Organic Muds), and the glacial muds section (11.5±0.2ka to 

18.3±1.1ka) (orange square in fig. 6.9) present noticeable differences between the NRM20mT 

and ARM20mT curves, particularly at the RPIARMn, RPIARMsm and RPIARMim minima; i.e. 4.8m 

(10.4±0.2ka), 6.4m (15.7±0.7ka) and 7.2m depth (17.5±1ka). It is likely that these significantly 

low RPI values are actually the result of over correction and, at least in the case of the younger 

peak, the exceptionally large ARMs could be caused by high concentrations of ‘fine’ SD 

biogenic magnetite, as discussed in the previous section for the Karm/IRM300mT ranges of the 

third and fourth magnetic groups (blue and green diamonds in fig. 6.8).  

While the NRMs and ARMs should have equivalent behaviour, the ideal palaeointensity 

estimations should not show any relation to the normaliser, since the latter is affected by 

environmental changes and the first should respond to Earth’s magnetic field variations. For 

this reason, one of the most common method to assess the reliability of an RPI record is by 
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calculating the degree of correlation to its normalising parameter, usually in the frequency 

domain through coherence function analyses (e.g. Tauxe & Wu, 1990; Gogorza et al., 2006).  

For the Bardowie Sequence, the RPIARM records and ARM20mT curve were compared by 

analysis of scatter plots and calculation of the correlation coefficients between these signals 

(section 6.4.1). Furthermore, in an effort to understand the type and extent of the 

environmental impact on different sections of the RPIARM records, these correlation analyses 

were also carried out for the RPIARM curves, NRMs, ARMs and XRF profiles of the elements 

and elements ratios describing the main authigenic and allogenic processes in the Bardowie 

Loch basin (section 6.4.2), particularly during the dynamic environmental conditions at the 

end of the Last Glaciation.       

6.4.1 RPIARM Curves, NRM and ARM Correlation Analysis    

To perform the correlation analyses of the RPIARMn, RPIARMsm and RPIARMim records, the 

Bardowie Sequence was divided in new groups (coloured squares in fig. 6.9), according to 

the behaviours of DRMs, potential RPIsARM and ARMs, detailed in previous sections. The new 

Organic Muds Group (green square in fig. 6.9) extend from the top of the sequence down to 

4.45m depth (8.87±0.54ka). While the new ‘Glacial’ Muds Group (orange square in fig. 6.9) 

comprises the 3rd and 4th magnetic groups, which includes 0.5m of laminated dark muds 

corresponding to the onset of the Temperate Lacustrine Environment (chapter 2, sections 

2.2.2 and 2.4), down to the base of the Glaciolacustrine Ice-Marginal Facies (chapter 2, 

section 2.4), from 4.5m to 7.68m depth (8.95±0.38ka to 18.25±1.06ka). 

Additionally, within the glacial muds section, two subgroups were defined according to 

the intervals that present exceptionally large RPIs and NRMs (section 6.3); i.e. Largest DRMs 

Interval 1 (light blue square in fig. 6.9) from 5.3m to 5.9m depth (13.22±0.57ka to 

14.84±0.46ka) and Largest DRMs Interval 2 (dark blue square in fig. 6.9) from 7.4m to 7.6m 

depth (17.7±0.9ka to 18.2±1ka). 

Table 6.1 and figure 6.10 present the relationship strengths, determined from correlation 

and scatter plot analyses (best fit regressions and their respective R2),  between the normalizer 

ARM20mT, the NRM20mT curve (NRM vs ARM plot, fig. 6.10) and palaeointensities estimates, 

calculated by simple normalization method (NRM/ARM vs ARM plot, fig. 6.10), slope method 

(RPIsm vs ARM plot, fig. 6.10) and integration method (RPIim vs ARM, fig. 6.10) for each of the 

new sections of the Bardowie Sequence. 
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Table 6.1. Correlation results of the palaeointensities generated with the different normalization 
methods (sections 6.2.3, 6.2.4 & 6.2.5) and the NRM20mT versus the normalising parameter, ARM20mT  

Section Curve vs ARM20mT 
Correlation 
Coefficient 

Best Fit 
Regression R2 

‘Glacial’ Muds 
7.68m – 4.5m depth 
18.25±1.06 ka – 8.95±0.38ka 

NRM 0.81 Power 0.91 
Simple Normalization (RPIARMn) 0.36 Power 0.37 

Slope Method (RPIARMsm) 0.33 Power 0.34 
Integration Method (RPIARMim) 0.37 Power 0.38 

Organic Muds  
4.45m – 0.75m depth 
8.87±0.54 ka – 1.13±0.14ka 

NRM 0.83 Power 0.82 
Simple Normalization (RPIARMn) -0.05 - - 

Slope Method (RPIARMsm) -0.009 - - 
Integration Method (RPIARMim) -0.003 - - 

Largest DRMs Interval 1 
5.9m – 5.3m depth 
14.84±0.46ka –13.22±0.57ka 

NRM 0.79 Linear 0.62 
Simple Normalization (RPIARMn) -0.01 - - 

Slope Method (RPIARMsm) -0.25 - - 
Integration Method (RPIARMim) -0.04 - - 

Largest DRMs Interval 2 
7.4m – 7.6m depth  
18.2±1ka – 17.7±0.9ka 

NRM 0.92 Linear 0.84 
Simple Normalization (RPIARMn) -0.45 - - 

Slope Method (RPIARMsm) -0.75 Exponential 0.64 
Integration Method (RPIARMim) 0.41 - - 

 
Figure 6.10. Scatter plots and correlation coefficients (CC) of the NRM, RPIARMn (NRM/ARM vs ARM), RPIARMsm 
(RPIsm vs ARM) and RPIARMim (RPIim vs ARM) signals against their normalising parameter.   
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From the results of these correlation analyses, it can be inferred that:  

• The NRMs and ARMs have a strong relation (≥ 80%) for all the sections of the 

Bardowie Sequence, although the 1st Largest DRMs Interval exhibit more dispersion 

for the scatter plots than the rest of the groups, with an R2 of 0.62.    

• The three apparent RPI records obtained for the ‘Glacial’ Muds Section show an 

evident relation to their normalising parameter, with correlations over 30% and power 

regressions of ~0.4 R2. These results imply that this section is significantly affected by 

environmental input, even after applying the different ARM normalizing techniques. 

 
Figure 6.11. Palaeointensities estimations (in time) for the Organic Muds Section of the Bardowie Sequence 
(indicated by a green square in fig. 6.9) that presented the lowest correlations to their normalising parameter; 
i.e. 0.3% for RPIARMim (teal curve) and 0.9% for RPIARMsm (violet curve). Highlighted in green is the interval of 
abrupt redox changes, while orange indicates a possible oxidation period and pink marks the layer of potential 
mixing of ‘fine’ SD (biogenic) and PSD (detrital) magnetite (section 6.3 & fig. 6.7).  

• The Organic Muds Section present the smallest correlation coefficients between the 

ARM20mT and all its RPIARM records from 0.003 to 0.05, with the lowest value for the 

palaeointensity record generated with the Integration Method and the highest, for 

the Simple Normalization Method. The 0.3% and 0.9% correlations for the RPIARMim 

and RPIARMsm curves to their normaliser and the fact that the NRMs and ARMs show a 

significantly strong relation for this part of the Bardowie Sequence (83%), suggest 

that these palaeointensity estimations might in fact be associated to the Earth’s 

magnetic field; even though the magnetic characterisations showed that there are 

two intervals affected by considerable environmental input, at 1m -1.3m depth 
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(1.7±0.1ka - 2.1±0.2ka) and 2.2m - 2.8m depth (3.6±0.1ka - 4.5±0.2ka) (section 6.3 

and coloured bands in fig. 6.11). 

• The intervals of exceptionally large RPIs and DRMs exhibit the greatest differences 

between the distinct ARM normalization methods; the correlations for the upper 

interval vary between 1% (RPIARMn vs ARM) to 25% (RPIARMsm vs ARM), and for the lower 

interval these range from 41% (RPIARMim vs ARM) to 75% (RPIARMsm vs ARM), in a directly 

and inversely way, respectively. Based on these coefficients, the RPI curves of the 

Largest DRMs Interval 2 seem to be significantly affected by environmental 

conditions; however, these results appear to be inconsistent for the first interval. 

6.4.2 RPIARM Curves, NRMs and High-Resolution X-ray Fluorescence Data Correlation 

To have a better understanding of the environmental factors influencing the acquisition 

of DRMs through the various stages of the Bardowie Sequence, 5cm-resolution ED-XRF 

spectra of those elements that seems to be more sensitive to the basin’s authigenic and 

allogenic changes (chapter 2, section 2.3.2), as well as the main magnetic parameters (i.e. 

NRM20mT, magnetic susceptibility and the palaeointensity normaliser, ARM20mT) and 

palaeointensity estimates (RPIARMn, RPIARMsm and RPIARMim), were all analysed using the curves 

maxima and minima correlations (figs. 6.14, 6.16 & 6.17), scatter plots of geochemical versus 

magnetic data (figs. 6.15 & 6.18) and calculation of correlation coefficients (tables 6.2 – 6.5).  

It is important to mention, since the main magnetic records are in BARD5 depth scale 

and the ED-XRF data were obtained from BARD2, the magnetic susceptibility curves of both 

cores were used as correlating tool, applying the methodology explained in chapter 4 

(sections 4.1.1 & 4.1.2 and fig. 4.2). Figure 6.12 presents the susceptibility curves for BARD2 

and the Composite Core (in BARD5 depth scale), as well as the stages of the Bardowie 

Sequence previously defined in the Composite Core depths (coloured squares in fig. 6.9) and 

their equivalents in BARD2; i.e. ‘Glacial’ Muds (light orange section), Largest DRMs Intervals 

1 and 2 (light and dark blue sections) and Organic Muds (light green section). Solid lines 

indicate the correlations for the top/base of each section (green line for the Organic Muds 

base/ ‘Glacial’ Muds top and blue lines delimiting the upper Largest DRMs Interval), while 

dashed lines marks the top of the Composite Core and the base of BARD2 (purple and blue 

lines, respectively). In addition, the Largest DRMs Interval 2 is about 0.6m below the base of 

BARD2 and for that reason could not be included in these magnetic and XRF data analyses.   
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To visualize more comprehensibly the different processes occurring in the Bardowie 

basin during each of the previously mentioned stages, the 5cm-averaged ED-XRF data were 

divided into three groups of elements. The first group comprises Fe, Ca and Si, which are 

elements that could have been deposited from the catchment area, produced by organisms 

(algae, diatoms, magnetotactic bacteria, etc.) and/ or precipitated due to chemical changes 

in the lake water (figs. 6.12 & 6.15, tables 6.2 – 6.5). The second group consists on the 

allogenic elements that are associated to periods of high detrital input, i.e. Ti, K, Rb, Sr, Zr & 

Al (figs. 6.14 & 6.15, tables 6.2 – 6.5). The third group are the elements predominantly related 

to changes in water and/or lake bed chemistry and lake productivity, such as P, S, Cl and Cu 

(figs. 6.17 & 6.18, tables 6.2 – 6.5). 

In addition, fluctuations of the biogenic/authigenic Fe, Si and Ca fractions (figs. 6.16 & 

6.18) were estimated by calculating the ratios of these elements’ concentrations to those of 

the main detrital elements (Ti, K, Rb and Sr), and choosing the couple of ratios (per element) 

that presented the closest behaviours throughout the Bardowie Sequence. 

 
Figure 6.13. Scatter plots of Fe, Si and Ca ratios that possibly represent their corresponding 
authigenic/biogenic fractions, for each of the Bardowie Sequence sections (coloured circles). Grey lines are 
the resulting linear trends for the complete sequence, along with their respective R2.  

Figure 6.13 shows the scatter plots for the possible authigenic fractions, i.e. Fe/Sr, Fe/Rb, 

Si/Ti, Si/Rb, Ca/Ti and Ca/Rb, as well as their respective linear regressions (indicated by a 

grey line) and corresponding R2. All the plots exhibit a better clustering along the linear trend 

for the ‘Glacial’ Muds (orange and blue circles), particularly for the biogenic/authigenic Si 

ratios at the Largest DRMs Interval 1 (blue circles); while the Organic Muds (green circles) 

present more dispersion. However, the linear regressions for the entire sequence indicate 

strong relationships, with ~0.6 R2 for the Ca ratios and greater than 0.7 for the Fe and Si 
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fractions, which corroborates that these resulting pairs of ratios present analogous 

fluctuations and ultimately, could be describing the same phenomena. 

As an effort to estimate the degree of environmental input in the DRMs, recorded by the 

sediments from the different sections of the Bardowie Sequence, relationship strengths were 

determined for each group of elements and the potential palaeointensity records, along with 

the NRMs, ARMs and magnetic susceptibilities, by generating scatter plots (figs. 6.15 & 6.18) 

and applying correlation analyses (tables 6.2 to 6.5).  

Below are the findings corresponding to the different Bardowie stages, i.e. Organic 

Muds, ‘Glacial’ Muds and the ‘Largest DRMs Interval 1’, as well as the results obtained for the 

whole sequence (sections 6.4.2.1 to 6.4.2.4).         

6.4.2.1 Bardowie Loch Complete Sequence: 18.3±1.1ka to 1.1±0.1ka (7.68m - 0.7m depth)  

Table 6.2. Correlation coefficients between magnetic and geochemical data, determined for the whole 
Bardowie Loch Composite Core. Strong relationships to detrital elements are highlighted in orange, 
while purple indicates high correlation values for the RPI records to the Fe and Si group.   

XRF Profile 
Magnetic 

Susceptibility 
NRM ARM RPIARMn RPIARMsm RPIARMim 

Allogenic / 
Authigenic 
Elements 

Fe 0.70 0.59 0.65 0.45 0.46 0.49 
Ca 0.41 0.39 0.44 0.26 0.36 0.35 
Si 0.30 0.50 0.43 0.46 0.55 0.44 

D
et

rit
al

 
El

em
en

ts
 

Ti 0.55 0.49 0.53 0.43 0.48 0.46 
Sr 0.72 0.58 0.72 0.45 0.48 0.54 
K 0.67 0.67 0.63 0.51 0.57 0.57 
Rb 0.84 0.67 0.76 0.46 0.48 0.55 
Al 0.01 0.32 0.24 0.24 0.29 0.25 
Zr 0.19 0.27 0.32 0.38 0.39 0.42 

A
ut

hi
ge

ni
c 

/ B
io

ge
ni

c 
El

em
en

ts
 

P -0.40 -0.29 -0.38 -0.01 -0.08 -0.07 
Cl -0.07 -0.03 -0.04 -0.02 -0.04 -0.06 
S -0.03 0.24 0.16 0.21 0.23 0.19 
Cu -0.11 -0.07 -0.14 -0.08 -0.10 -0.13 
Fe/Sr -0.21 -0.15 -0.18 -0.21 -0.21 -0.26 
Fe/Rb -0.34 -0.28 -0.30 -0.30 -0.32 -0.32 
Ca/Ti -0.28 -0.22 -0.24 -0.43 -0.37 -0.35 
Ca/Rb -0.29 -0.19 -0.22 -0.30 -0.27 -0.29 
Si/Ti -0.11 0.12 0.03 -0.03 0.05 -0.03 
Si/Rb -0.12 0.10 0.03 0.02 0.07 -0.04 

 

Correlation analyses for the magnetic parameters and RPIs curves versus the 

geochemical data, show a strong dependence to the variations in concentration of detrital 

elements, as well as to the Fe and Si fluctuations. Particularly, the RPIs estimations versus K, 

Sr, Si and Fe show correlations ≥ 50%. 
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Figure 6.14. C
orrelation of RPIA

RM  estim
ates, A

RM
 and N

RM
 curves to 5cm

-averaged high-resolution X
-ray fluorescence profiles for the m

ain detrital elem
ents. 

Probable periods of large detrital input, in the G
lacial M

uds section, are indicated by orange bands     
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These results suggest that erosion from the catchment area into the loch basin is the 

dominant process interfering with the magnetic signal, when the Bardowie sedimentary 

sequence is considered as a whole unit, from Late Pleistocene to the Holocene.  

However, it seems fitting to assess the palaeointensity records from the glaciolacustrine 

facies (7.68m – 5m depth, 18.25±1.06 ka to 11.5±0.24ka) and subsequent layers up to 4.5m 

(8.95±0.38ka) as an independent sequence, due to the tremendous environmental changes 

at the end of the last glacial period (sections 6.4.2.2 & 6.4.2.3). 

6.4.2.2 ‘Glacial’ Muds Section: 18.25±1.06ka to 8.95±0.38ka (7.68m – 4.5m depth) 

Table 6.3. Correlation coefficients between magnetic and geochemical data, determined for the 
‘Glacial’ Muds. Strong relationships of RPIs to detrital elements and to the Fe and Si group are 
highlighted in orange and purple, respectively; while blue denotes high inverse correlation values for 
the biogenic/authigenic Fe and Ca fractions. 

XRF Profile Magnetic 
Susceptibility NRM ARM RPIARMn RPIARMsm RPIARMim 

Allogenic / 
Authigenic 
Elements 

Fe 0.63 0.44 0.53 0.38 0.37 0.45 
Ca 0.21 0.16 0.20 0.21 0.33 0.33 
Si -0.02 0.28 0.08 0.52 0.61 0.47 

D
et

rit
al

 
El

em
en

ts
 

Ti 0.55 0.46 0.50 0.49 0.54 0.59 
Sr 0.65 0.41 0.64 0.32 0.34 0.47 
K 0.52 0.51 0.42 0.53 0.57 0.59 
Rb 0.79 0.52 0.66 0.37 0.36 0.50 
Al -0.44 -0.01 -0.23 0.14 0.17 0.07 
Zr -0.12 0.04 0.11 0.23 0.27 0.26 

A
ut
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c 

/ B
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c 
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ts
 

P -0.54 -0.32 -0.53 -0.16 -0.23 -0.33 
Cl -0.29 -0.02 -0.20 0.11 0.08 0.01 
S -0.50 -0.10 -0.33 0.08 0.10 0.00 
Cu -0.28 -0.14 -0.37 -0.09 -0.13 -0.14 
Fe/Sr -0.41 -0.34 -0.44 -0.30 -0.30 -0.39 
Fe/Rb -0.54 -0.46 -0.56 -0.42 -0.43 -0.49 
Ca/Ti -0.58 -0.51 -0.61 -0.46 -0.42 -0.48 
Ca/Rb -0.62 -0.50 -0.64 -0.41 -0.38 -0.45 
Si/Ti -0.58 -0.24 -0.48 -0.04 0.00 -0.16 
Si/Rb -0.61 -0.27 -0.52 -0.05 -0.01 -0.19 

 
Figure 6.14 shows that for the ‘Glacial’ Stage (highlighted in light orange) most of the 

apparent palaeointensity peaks, especially those from the RPIARMim record, coincide with large 

and mostly abrupt fluctuations of the detrital elements Ti, K, Rb & Sr (indicated by darker 

orange bands). Moreover, RPIARMsm and RPIARMim data from the ‘glacial’ samples in scatter plots 

(orange, brown, light and dark blue circles, fig. 6.15), exhibit fairly good fits to power trendline 

regressions (orange and brown lines, fig. 6.15), with R2 between 0.6 and 0.4, for the 5cm-

averaged values of K, Ti, Rb and Sr (in decreasing order), as well as 0.34 R2 for Fe. 
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Figure 6.15. Scatter plots of RPIA
RM  estim

ates versus 5cm
- averaged high -resolution X-ray fluorescence data for Fe, Si, C

a and the m
ain detrital elem

ents. 
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In general, there is a significant association between the magnetic parameters, the 

detrital elements and Fe, demonstrated by correlations from ~40% to 80% (highlighted in 

orange and purple, table 6.3). This is particularly important for the apparent RPIARM variations, 

with correlations between 50% - 60% to the fluctuations in concentration of Ti and K.  

Additionally, correlation coefficients revealed a considerable agreement between the 

RPI records and (possibly detrital) Si, with values over 0.5, and a strong inverse relation to the 

possible biogenic/authigenic Fe and Ca, from 30% to ~50% (indicated in blue, table 6.3). The 

negative correlations suggest that low values of RPIARM could be associated to periods of 

more Fe and Ca authigenic production.  

However, for the glacial section, Fe/Sr, Fe/Rb and RPIARM profiles (fig. 6.16) show that the 

three largest authigenic/biogenic iron increments coincide with significant peaks in the 

palaeointensity estimates (highlighted in dark green, fig. 6.16), especially for the RPIARMim 

curve. While apparent RPIARM minima at 4.8m (10±0.4ka), 5.25m (12.6±0.5ka) and 6.4m 

(15.7±0.7ka) correlate to abrupt increases in Cl, P and S concentrations (dark teal bands in 

fig. 6.17), which are possibly associated to changes in lake water salinity and more reducing 

conditions. 

These results indicate that the RPIARM records generated for the ‘Glacial’ Muds present 

increments that are actually related to increases in concentration of detrital elements and 

(likely detrital) Fe, for the majority of this section; while the fluctuations in authigenic iron and 

calcium might also affect these records in an inverse proportion. 

Furthermore, there seems to be three intervals of significant Fe production (potentially 

the biogenic magnetosomes and the ultrafine extracellular magnetite, suggested by the 

green and blue diamonds in fig. 6.8) accompanied by rapid changes in salinity and possibly 

heightened reducing conditions, which could be the causes for the drastic oscillations 

observed in the RPIARM curves between 6.5m and 4.75m depth (15.9±0.7ka to 10±0.4ka).  

6.4.2.3 Largest DRMs (and RPIs) Interval 1: 14.8±0.5ka to 13.2±0.6ka (5.9m – 5.3m depth) 

For the upper interval of exceptionally large RPIs and NRMs values (light blue section, 

figs. 6.12, 6.14, 6.16 & 6.17), the ARM palaeointensity estimations exhibit predominant 

relations to the XRF data associated to lake productivity (figs. 6.16, 6.17 & 6.18 and table 

6.4), unlike the rest of the Glacial Muds Section.   
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Figure 6.16. C
orrelation of RPIA

RM  estim
ates, A

RM
 and N

RM
 curves to the potential biogenic/authigenic fractions determ

ined for Fe, C
a and Si (section 6.4.2 &

 
fig. 6.13). A

pparent RPI peaks associated to periods of significant in -situ production of iron, are highlighted in dark green.  
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This interval includes one of the previously mentioned periods of apparently high 

palaeointensities contemporaneous with significant increase of iron production, which also 

coincide with the largest increments observed in Cl, P, S and Cu (highlighted in dark teal, fig. 

6.17) and the authigenic Si fraction (dark green band, fig. 6.16), for the glacial section. 

In figure 6.18, 5cm-averaged XRF data from authigenic elements, as well as the Fe ratios, 

present noticeable associations to RPIARM values from the Largest DRMs Interval 1 (light and 

dark blue circles). Particularly, scatter plots of Cl, S, Fe/Rb and Fe/Sr versus RPIsARMim and 

RPIsARMsm exhibit exponential trendline regressions (light and dark blue lines), with R2 of 0.8, 

0.5 & 0.3, for Cl, S and the biogenic/authigenic iron ratios, respectively; P concentration vs 

RPIARMsm values adjust to a power trendline with R2 > 0.5 (light blue line), while Cu versus both 

RPIs estimations show slight linear trends (light and dark blue curves), with R2 > 0.3.      

Table 6.4. Correlation coefficients between magnetic and geochemical data, determined for the 
‘Largest DRMs Interval 1’. Strong relationships of RPIs to authigenic/biogenic elements are highlighted 
in teal; while blue denotes high inverse correlation values for the detrital elements and Fe and Ca group. 

XRF Profile Magnetic 
Susceptibility 

NRM ARM RPIARMn RPIARMsm RPIARMim 

Allogenic / 
Authigenic 
Elements 

Fe 0.66 0.12 0.46 -0.37 -0.58 -0.19 
Ca 0.12 -0.37 0.16 -0.68 -0.66 -0.59 
Si -0.56 -0.37 -0.50 0.01 0.30 -0.14 

D
et

rit
al

 
El

em
en

ts
 

Ti 0.38 -0.27 0.20 -0.64 -0.72 -0.45 
Sr 0.17 -0.38 0.06 -0.65 -0.70 -0.47 
K 0.81 0.22 0.53 -0.34 -0.50 -0.20 
Rb 0.74 0.19 0.49 -0.35 -0.55 -0.18 
Al -0.48 0.14 -0.11 0.31 0.42 0.09 
Zr -0.86 -0.64 -0.71 -0.06 0.12 -0.07 

A
ut

hi
ge

ni
c 

/ B
io

ge
ni

c 
El

em
en

ts
 

P -0.34 0.11 -0.36 0.68 0.72 0.49 
Cl -0.12 0.27 -0.15 0.74 0.79 0.60 
S -0.49 0.25 -0.16 0.64 0.70 0.45 
Cu 0.51 0.62 0.32 0.65 0.57 0.57 
Fe/Sr 0.67 0.79 0.59 0.53 0.26 0.52 
Fe/Rb -0.50 0.07 -0.22 0.53 0.62 0.37 
Ca/Ti -0.07 -0.30 0.10 -0.43 -0.35 -0.44 
Ca/Rb -0.44 -0.36 -0.20 -0.13 0.08 -0.23 
Si/Ti -0.53 -0.06 -0.36 0.34 0.54 0.15 
Si/Rb -0.58 -0.11 -0.42 0.36 0.60 0.18 

 
These strong relationships between the apparent palaeointensities and elements 

associated to biological activity are corroborated by the correlation coefficients generated 

for the samples of this interval (table 6.4). RPIARM curves exhibit correlations of about 60% to 

the fluctuations in concentration for the main indicators of lake productivity, i.e. P, S and Cu 
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(highlighted in teal, table 6.4). In addition, variations in Cl concentration have substantially 

high correlations (over 70%), and the authigenic/biogenic Fe and Si fractions present 

correlations between ~40% and 50% to the ARM palaeointensity estimates (highlighted in 

light teal, table 6.4). Moreover, NRMs show the strongest association (of all the sequence) to 

the potential authigenic iron fraction (Fe/Sr) with an almost 80% correlation, for this interval.    

Furthermore, the RPIsARM vary inversely to the concentration of the main detrital 

elements, especially Ti and Sr (highlighted in blue, table 6.4), with negative correlations 

ranging from 35% (K and Rb) to over 60% (Ti and Sr). The exception to this behaviour is Al 

(indicated in orange, table 6.4), which present positive correlation and particularly strong 

(over 30%) to the RPIARMn and RPIARMsm estimations for this interval.      

A plausible explanation for the exceptionally large fluctuations observed in the apparent 

palaeointensity records at this interval, appears to be alterations in the DRMs caused by 

considerable increase of biological production and activity within the Bardowie Loch basin, 

as well as possible changes in salinity and redox conditions (as indicated in previous section 

and chapter 2, section 2.3.2 & fig. 2.12), all of which might be resulting from temporary 

warming conditions.  

6.4.2.4 Organic Muds Section: 8.87±0.54ka to 1.13±0.14ka (4.45m – 0.75m depth) 

The XRF profiles of elements related to lake productivity and the curves of the potential 

biogenic ratios display significant increases for the interval of the highest RPIARM estimations, 

in the upper section of the Bardowie Sequence (indicated by dark green and dark teal bands 

in light green section of figs. 6.16 & 6.17, respectively); which is in agreement with the 

magnetic characterization results for this anomalous interval (section 6.3, orange and pink 

bands in fig. 6.7 and pink circles in fig. 6.8).   

The largest increase in P concentration for the complete Bardowie Sequence is observed 

throughout this interval (2m – 2.9m depth, 3.3±0.2ka to 4.7±0.2ka), in addition to a 

considerable increase of 25% in concentration of Cl and slight increase of about 10% of S 

(upper dark teal band, fig. 6.17).  

For the lower part of this interval (2.5m to 2.8m, 4.1±0.1ka to 4.5±0.2ka), large RPIARMim, 

NRM and ARM increments coincide with significant peaks in the biogenic/authigenic Fe, Ca 

and Si fractions (upper dark green band, fig. 6.16), together with a considerable decrease 

between 25% and 50% of the main detrital elements (i.e. Ti, K, Rb and Sr), at 2.5m to 3.25m 
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Figure 6.18. 
Scatter plots 
of RPIA
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estim

ates 
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averaged 
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X

-ray 
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data for the 
m

ain 
authigenic 
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ents and 
the calculated 
biogenic / 
authigenic Fe, 
Si and C

a 
ratios (section 
6.4.2, fig. 6.13) 
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in BARD2 depth (light green section, fig. 6.14). 

On the other hand, scatter plots of RPIARM values versus 5cm-averaged XRF data for the 

Organic Muds samples show certain degree of inverse correspondence to the authigenic 

fractions of Ca and Si (light and dark green circles, fig. 6.18); in particular, the RPIARMsm 

estimations fits to a linear trendline (R2 > 0.35) for Ca/Ti and a power trendline for Si/Ti, with 

R2 > 0.4 (light green lines, fig. 6.18).   

Similarly, correlation coefficients show strong inverse relationships (over 30%) between 

the RPIsARM and fluctuations of the Ca and Si authigenic ratios (highlighted in blue, table 6.5). 

Especially for the RPIARMn and RPIARMsm values with correlations ≥ 60% for Ca/Ti and Si/Ti, ~35% 

for Ca/Rb and ~40% for Si/Rb.     

Table 6.5. Correlation coefficients between magnetic and geochemical data, determined for the 
Organic Muds Section. Considerable relationships of RPIs to detrital elements and P are highlighted in 
orange and teal, respectively; while blue denotes high inverse correlation values for the 
authigenic/biogenic fractions of Ca and Si 

XRF Profile Magnetic 
Susceptibility NRM ARM RPIARMn RPIARMsm RPIARMim 

Allogenic / 
Authigenic 
Elements 

Fe 0.53 0.25 0.33 0.23 0.19 0.03 
Ca 0.75 0.25 0.54 -0.13 -0.20 -0.25 
Si 0.83 0.30 0.66 -0.21 -0.27 -0.31 

D
et

rit
al

 
El

em
en

ts
 

Ti 0.68 0.27 0.44 0.10 0.06 -0.09 
Sr 0.28 0.27 0.21 0.41 0.40 0.22 
K 0.74 0.16 0.40 -0.11 -0.16 -0.28 
Rb 0.37 0.17 0.19 0.32 0.31 0.06 
Al 0.29 0.28 0.49 -0.16 -0.12 0.03 
Zr -0.28 0.14 -0.05 0.39 0.39 0.43 

A
ut

hi
ge

ni
c  

/ B
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c  
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en

ts
 

P -0.10 0.16 0.01 0.37 0.39 0.51 
Cl 0.25 0.42 0.52 -0.04 -0.05 -0.05 
S 0.54 0.47 0.67 0.06 0.00 0.04 
Cu 0.31 -0.01 0.02 -0.09 -0.09 -0.16 
Fe/Sr 0.13 -0.08 -0.01 -0.15 -0.17 -0.12 
Fe/Rb 0.06 0.02 0.02 -0.10 -0.12 -0.02 
Ca/Ti -0.25 -0.44 -0.31 -0.63 -0.60 -0.38 
Ca/Rb 0.36 0.04 0.24 -0.34 -0.36 -0.26 
Si/Ti -0.01 -0.30 -0.06 -0.68 -0.65 -0.46 
Si/Rb 0.62 0.19 0.51 -0.39 -0.41 -0.36 

   
Correlation coefficients also revealed significant associations between the RPIARM records 

and the authigenic element P (~40% to 50%), as well as the allogenic element Zr (~40%) for 

this section. In addition, RPIARMn and RPIARMsm curves exhibit considerable correlations to the 

fluctuations in concentrations of Sr and Rb of ~40% and ~30%, respectively. 
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These results imply that, with the exception of the anomalous interval at 2m – 2.9m 

depth, the increase in biological activity might affect inversely the acquisition of DRMs in the 

Organic Muds section, possibly due to more concentration of algae remains and diatoms in 

sediments. Additionally, the RPIARMn and RPIARMsm records seems to be more sensitive to 

changes in detrital input than the RPIARMim for the most recent section of the Bardowie 

Sequence.          

6.5 SUMMARY 

Unlike the acquisition and preservation of DRMs orientation, which mainly depends on 

the magnetic mineralogy and coercivities of the main magnetic carriers, the acquisition 

process of DRMs intensity is highly sensible to environmentally controlled variables. 

Particularly, salinity changes (especially in fresh water deposits), lithological variations and 

mixing of different magnetic domains play key roles (Roberts et al., 2013; Tauxe et al., 2006). 

It has been demonstrated that the most important factor diminishing the acquisition of 

DRMs in fine-grained sediments is the ‘flocculation’ process (particles adhering to each other), 

due to a considerable increase of van der Waals forces versus magnetic moments, which in 

turn is highly affected by salinity changes up to concentrations of ~20ppt. As a result, 

relatively small salinity fluctuations in lakes can produce large changes in preserved DRMs 

intensities (Tauxe et al., 2006).  

Climatically forced lithological variations can generate significant changes in the 

concentration and type of magnetic minerals within a sedimentary sequence, which can result 

in DRMs fluctuations too large to be removed by any of the existing normalization processes 

(Roberts et al., 2013). In addition, environmental changes can also induce the combination of 

two magnetic grain sizes; this is particularly significant for the mixing of biogenic and detrital 

magnetite, since magnetofossils are within the ideally ‘fine’ SD range and detrital grains are 

considerable coarser PSD, which means that biogenic magnetite contribute more strongly to 

the ARM acquisition and therefore could result in over-normalization (Roberts et al., 2013). 

In the case of the palaeointensity estimations for the Bardowie Sequence, the largest 

change is associated to the lithological variations between the Holocene and the Late 

Pleistocene at 11.5±0.2ka (5m depth in figs. 6.6, 6.9, 6.12, 6.14, 6.16, 6.17 & 6.19). While the 

highest RPIARM peaks for both the Organic Muds and the ‘Glacial’ Muds sections seem to be 

caused by the mixing of biogenic and detrital magnetite accompanied by significant 
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fluctuations in lake productivity, salinity and redox conditions at 3.3±0.2ka – 4.7±0.2ka (2m - 

2.9m, figs. 6.7, 6.11, 6.16 & 6.17), 11.1±0.3ka – 12.2±0.5ka, 13.2±0.6ka – 14.8±0.5ka and 

15.2±0.6ka – 15.6±0.7ka (4.9m – 5.1m, 5.3m – 5.9m and 6.1m – 6.3m, figs. 6.16, 6.17 & 6.19). 

Due to the substantially different behaviour, not only of the RPIARM records, but also the 

NRMs and ARMs fluctuations during the early Holocene, as well as a likely hiatus at the top 

of the Pleistocene, the Bardowie Sequence was divided into two sections at 8.9±0.5ka (4.45m 

depth). The DRMs in the lower section are highly affected by the dynamic environments 

produced by the end of the Last Glaciation to the onset of the warm conditions in the 

Holocene (fig. 6.19 and table 6.6). While the sediments in the upper section were deposited 

in a quieter environment (with the exception of the previously discussed intervals) and could 

potentially have preserved variations associated to the Earth’s magnetic field (fig. 6.20).  

6.5.1 ‘Glacial’ Muds Section (18.3±1.1ka to 8.95±0.4ka): Environmental Record      

Table 6.6. Late Pleistocene and Early Holocene events defined for the Greenland Ice-cores using d18O 
and Ca2+ (Rasmussen et al., 2014) and their equivalent for the Bardowie Sequence calibrated 
radiocarbon/tephra chronology, identified through the integration of XRF and magnetic data  

EVENT 

CHRONOLOGY 

BARDOWIE SEQUENCE EXPRESION Greenland  
Varve 
Scale (BP) 

Bardowie 
Loch  
(calyr BP) 

Start of Greenland Stadial 
2.1  
(cold sub-event in full glacial) 

17480 ± 
330 

17471 ± 
957 

Apparent RPI minimum 

Start of Greenland 
Interstadial 1  
(mild weather event) 

14692 ± 
186 

14773 ± 
470 

Apparent RPI maximum 
Highest detrital input followed by a spike 
in biological activity 

Greenland Interstadial 1-d 
(cold sub-event in mild 
conditions)  

14075 ± 
169 

14054 ± 
284 

Apparent RPI maximum 
Abrupt decrease in salinity / biological 
activity, followed by increasing erosion  

End of Greenland 
Interstadial 1 

13099 ± 
143 

13172 ± 
524 

Large apparent RPI 
High detrital input 

Start of Greenland Stadial 1 
(cold event) 

12896 ± 
138 

12811 ± 
542 

Large apparent RPI 
Decrease in detrital input, followed by 
increasing salinity 

Start of Holocene 
(mild weather event) 

11703 ± 
99 

11500 ± 
235  

Last apparent RPI large peak 
Abrupt decrease in erosion, followed by 
large spike in salinity and productivity / 
biological activity 

11.4ka BP event 
(short-duration cold sub-
event in mild conditions) 

11400 ± 
96 

11070 ± 
308 

Drop in apparent RPI 
Abrupt decrease in salinity and lake 
productivity  

9.3ka BP event 
(short-duration cold sub-
event in mild conditions) 

9240 ± 68 
 

9294 ± 
177 

Peak in apparent RPIARMim record 
End of period of significant detrital input   
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For the Glaciolacustrine Ice-Marginal laminated sediments of the Late Pleistocene and 

the overlaying Temperate Lacustrine Environmental deposits of the Early Holocene, the 

generated palaeointensity records are highly affected mainly by pulses of intense erosion in 

the Bardowie catchment area (orange bands in fig. 6.19), probably a consequence of 

deglaciation and/or increasing wetter and warming conditions. In addition, there are periods 

of dramatic oscillations in the apparent palaeointensity records associated to abrupt 

fluctuations in salinity and biological activity, including peaks in production of 

authigenic/biogenic iron (teal and green bands in fig. 6.19), which are likely the result of 

temporary milder conditions.   

 
Figure 6.19. Correlation of RPIARM estimates, NRM curve and XRF profiles of main allogenic and authigenic 
elements for the ‘Glacial’ Muds section of the Bardowie Sequence. Grey solid lines indicate the start of Glacial 
Stadials (cold periods), blue solid lines show the start and end of the Last Interglacial (warm period) and solid 
yellow line marks the onset of the Holocene. Dashed lines show sub-events that agrees with apparent RPI 
anomalies.   

In fact, the substantial anomalies in the DRMs of the ‘Glacial’ Muds section coincide with 

events of abrupt climate changes during the Last Glacial period and Early Holocene defined 
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for the GRIP, NGRIP and GISP2 Greenland ice-cores, based on the combination of stable-

oxygen isotope ratios and calcium ion concentrations (Rasmussen et al., 2014; Walker et al., 

2009; Steffensen et al., 2008; Rasmussen et al., 2007 & 2006; Björck et al., 1998).  

The main events observed in the glacial section of the Bardowie Sequence are the last 

two Glacial Stadials, the second starting at 17.5±1ka and the first at 12.8±0.5ka (indicated by 

grey lines in fig. 6.19); the Last Interstadial, between 14.8±0.5ka and 13.2±0.5ka (delimited 

by solid blue lines in fig. 6.19); and the onset of the Holocene at 11.5±0.2ka (solid yellow line, 

fig. 6.19). These are presented in more detail in table 6.6, together with the sub-events that 

were identified through alterations of the apparent RPIs and correlations to XRF data 

(indicated by dotted lines in fig. 6.19).          

6.5.2 Organic Muds Section (8.9±0.5ka to 1.1±0.1ka): Potential Holocene RPI Record 

The RPIARMsm and RPIARMim records generated for the upper section of the Bardowie 

Sequence show certain degree of environmental input, such as association to the fluctuations 

of Sr and Zr allogenic elements, with correlations between ~20% and 40%; as well as 

significant inverse relationships to authigenic/biogenic calcium and silica, which for the 

RPIARMsm curve are between ~40% and 65%, while for the RPIARMim record range from ~25% to 

~45%. These results imply that levels with higher concentration of algae and diatoms remains 

might experiment some decrease in the preserved DRMs intensity.  

Correlations of the RPIARMim and RPIARMsm estimates to their ARM normaliser show values 

between 0.3% and 0.9%, unlike the 30% - 40% obtained for the ‘Glacial’ section, which 

indicates that these records are not related to the ARM (highly influenced by environmental 

changes) and their fluctuations might be associated to variations of the Earth’s magnetic field 

intensity.  

In order to verify if these ARM palaeointensity estimates reflects the Earth magnetic 

behaviour, the RPIARMsm and RPIARMim curves generated for the Organic Muds section were 

plotted together with the RPI records available for the region, i.e. the most recent UK curve 

from Lake Windermere (WINPSV-12K, Avery et al., 2012), the Fennoscandia Master-Curve 

(FENNORPIS, Snowball et al., 2007) and the RPI curve generated from marine-cores in the 

North West Atlantic (IODP U1305, Mazaud et al., 2012) (grey thick lines in fig. 6.20).         
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There are three intervals of exceptionally large palaeointensity estimates (highlighted in 

green, orange and pink, fig. 6.20), particularly anomalous for the RPIARMim record (teal curve, 

fig. 6.20); where magnetic characterizations and correlation to XRF data suggest potential 

mixing of biogenic and detrital magnetite (4.1±0.1ka – 4.7±0.2ka, 2.5m-2.9m depth, pink 

band in fig. 6.20), intense oxidation (3.3±0.2ka – 4±0.1ka, 2m – 2.5m depth, orange band in 

fig. 6.20) and abrupt redox changes (1.7±0.1ka – 2.1±0.2ka, 1m-1.3m depth, green band in 

fig. 6.20). 

A similar behaviour is observed when the RPIARM records generated for the Bardowie 

Organic Muds Section are compared to the RPI curves for the North Atlantic region; the 

highest intensities are found between 3.5ka and 5ka, while the lowest intensities are two 

clusters, the first in the period of 7ka to 9ka, and in the most recent 1.5ka (for the UK curves).   

The Bardowie Holocene RPI curve shows a similar trend to the WINPSV-12K curve and 

oscillates mainly within the 90% confidence band defined for the Windermere record (grey 

envelope, fig. 6.20), with the clear exception of the first anomalous interval (indicated by 

green band, fig. 6.20) and the large RPIARMim peaks at the possible oxidation interval and in 

the layer containing biogenic magnetite (highlighted in orange and pink, respectively, fig. 

6.20). 

There are three samples that fall out of the curves range (show significant decrease) at 

2.9±0.3ka, 5.2±0.3ka and 8.2±0.6ka, which could potentially be caused by higher 

concentration of diatoms and/or algae remains.    
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CHAPTER VII  

CONCLUSIONS 

The present PhD project aimed to describe the palaeosecular variations experienced by 

the geomagnetic field in Scotland during the Late Quaternary, through palaeomagnetic, rock 

magnetic, geochemical and sedimentological studies of the Bardowie lacustrine sedimentary 

sequence. In addition, a chronology for the Bardowie sedimentary sequence, covering the 

Late Pleistocene and Holocene, were developed using tephrochronology (three EPMA 

characterised tephra layers) and 15 radiocarbon determinations.   

In order to refine the model for global geomagnetic field behaviour during the Holocene, 

substantial palaeomagnetic research on lake sediments has been carried out in recent years 

in North America and Northern Europe. After the recently published Lake Windermere PSV 

record (Avery et al., 2017), the current project constitutes the only effort of this kind of study 

in Scotland and the second one in the UK, after the seminal work of Thompson et al. almost 

30 years ago.  

7.1 TEPHROCHRONOLOGY AND RADIOCARBON CHRONOLOGY 

Seven tephra layers were located in BARD2, BARD4 & BARD5 cores through microscopic 

analysis, one in the glacial muds and the rest in the upper organic muds, which allowed for 

lateral correlations across cores. Mineral separates were prepared from the three tephra layers 

at 124cm, 248cm and 334cm depth (in BARD2) and characterised with EPMA geochemical 

analysis, measuring their major oxides composition. 

The upper tephra presented unique alkaline values, resulting in an extremely rare 

phonolitic tephra, which according to their possible age (due to its depth) and composition 

correlates really well with the Somma – Vesuvius Pompeii eruption (~1.9ka), also found in 

GRIP ice cores (with analogous composition values).  

The second tephra layer presents also a highly alkaline intermediate composition, i.e. 

trachyandesite, which is not as rare as a phonolite; its chemical composition and age between 

3ky-4ky (according to the preliminary age-depth model) agrees with the largest known 

Somma – Vesuvius eruption, Avellino (ca 3.4ka).  
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The third tephra layer is a rhyolite with significant iron, calcium and titanium content, 

consistent with an Icelandic provenance and correlates with two large Hekla eruptions: Hekla 

4 and Lairg A. From further modelling of all chronological data, it was found that the third 

tephra layer corresponds to Hekla 4 (3.8ka). 

Both Mediterranean tephras were found completely by chance when looking for 

Icelandic eruptions of similar age, which have been widely found in Scotland, i.e. Glen Garry 

and Hekla 3. EPMA results display significant aluminium and alkali concentrations, indicating 

a developed continental crust provenance, while the high alkali concentration is characteristic 

of the Campanian Volcanic Province in the Mediterranean, instead of a mid-ocean 

ridge/mantle plume system. The potential Mediterranean source was confirmed by 

correlating the GRIP data and tephrochronology studies from marine-cores in the 

Mediterranean Sea with the major oxides composition obtained from the tephra grains, as 

well as some of their inclusions.      

Six radiocarbon determinations from BARD2 and nine from BARD4 were obtained from 

microscopic plant material, twigs and seeds, resulting in thirteen samples from the upper 

organic muds and two from the glacial muds. Two Age-Depth models for BARD2 and three 

for BARD4 were generated by integrating the radiocarbon determinations obtained for the 

respective core and the characterised tephra layers, using the open software Bacon v2.3.3 

(Blaauw & Christen, 2011). The differences between the models (for each core) were the 

Icelandic tephra layer; i.e. for the first BARD2 model it was considered as Lairg A (~6ka), while 

for the second, Hekla 4 (3.8ka) were used; for the first model of BARD4 both Lairg A and 

Hekla 4 were discarded, the second model used Lairg A, while the third were generated with 

Hekla 4.  

Consistently, all the models produced with Hekla 4 (instead of Lairg A) showed the lowest 

uncertainties, while in the case of the BARD4 models, Lairg A behaves as an outlier. As a 

result of these preliminary models, one radiocarbon date from BARD2 and three from BARD4 

were discarded, in addition to Lairg A.  

The BARD5 Composite Model were generated using the Pompeii, Avellino and Hekla 4 

tephra layers, eleven radiocarbon determinations (laterally correlated to BARD5 depth scale) 

and four chemical-stratigraphic boundaries, determined from sedimentological, geochemical 

and magnetic characterisations analyses. Using this model, the Depth to Calendar Age 
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Conversion Curve were generated with the Bacon software, for the specific depth of each 

sample that comprise the BARD5 composite core. Since the oldest radiocarbon date were 

obtained at 560cm depth, the model had to be extrapolated for the deepest 2 metres, to the 

base of the glacial muds sequence, resulting in large uncertainties from 0.5ky to ~1.1ky for 

the samples between 6m and 7.7m depth.    

7.2 BARDOWIE LOCH SEDIMENTARY SEQUENCE & PALAEOENVIRONMENT 

Bardowie Loch in the Midland Valley of Scotland was selected as the study site, based 

on this lake being a small-size (0.28km2), flooded inter-drumlin, and having a limited 

catchment area without any sizeable river system. The catchment-lake system of Bardowie 

ensures a low energy environment with an undisturbed and tranquil deposition, which is 

necessary for the magnetic grains (being deposited) to align with the Earth’s magnetic field 

at the sediment/water interface and then preserve this orientation, once compaction takes 

place. While, its glacial origin guarantees that at least a Holocene sequence has been 

preserved. 

Sedimentology analyses and in particular X-rays data from BARD2, BARD3 and BARD4, 

suggest that Bardowie Loch formed in a subglacial environment; then, the 3m of continuously 

laminated muds with glacial features, at the base of the sequence, are an indicative of a 

Glaciolacustrine Ice-Marginal zone from ~19ka to ca 11.6ka. Geochemical and rock magnetic 

data for this stage imply periodic alternation of anoxic/oxic conditions, while the oxic 

conditions correspond also to pulses of larger terrigenous input and larger concentrations of 

magnetic grains (highest SIRMs, ARMs and magnetic susceptibility values); all of which agrees 

with microscopic analyses of melt-out laminae showing poorly sorted fine sand and silt, 

immature (angular to sub-rounded) grains of mafic minerals. In addition, microscopic analyses 

of the possibly anoxic beds exhibit considerable finer grain sizes (red clay and fine silt grains), 

possibly authigenic iron oxides/sulphides, as well as bacterial remains; which in turns agree 

with rock magnetic characterisations implying low-coercivity magnetosomes (biogenic 

magnetite produced by iron-reducing bacteria), as the main magnetic carrier for ~40% of 

glacial samples (that acquired IRMs intensities within the cryogenic magnetometer range). 

Correlations of magnetic parameters, especially the apparent relative palaeointensity 

estimations, with geochemical data and the GRIP, NGRIP and GISP2 (Greenland ice-cores) 

chronology for events of abrupt climate changes during the Late Pleistocene (compilation in 
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Rasmussen et al., 2014) suggest that the erosion periods might be associated to deglaciation 

close or in the catchment area, since the largest pulses occurred at the end of two glacial 

stadials (Stadial 2 and 1 at ca 14.8Ka and ca 11.5Ka, respectively). While the anoxic beds that 

agree with significant increments in lake productivity, authigenic silica and iron (possibly 

biogenic magnetite) and salinity spikes, seems to be the result of mild conditions during the 

Last Glacial Interstadial (ca 14.8ka to ca 13.1ka), as well as a short period close to the end of 

the second glacial stadial (ca 15.5ka to ca 15ka) and the start of the Holocene (ca 11.5ka to 

ca 11ka).                 

 Sediments, as well as magnetic and geochemical properties exhibit a clear contrast at 

~5m depth, marking the end of the glaciolacustrine deposition at ca 12ka, and an interval of 

gradual changes in rock magnetic parameters from ca 11.6ka to ca 8.1ka (which coincides 

with a short period of colder conditions in the NW Atlantic). Sedimentology, organic remain 

assemblage and geochemical data evidence that, during this stage, Bardowie Loch was a 

thermally stratified lake with presumably prevalent anoxic and low energy conditions, 

implying relatively deep-water levels. In addition, these observations are supported by the 

highest S-ratios and ‘Soft’ IRMs (> 60%), as well as magnetic characterisations suggesting 

‘ultrafine extracellular magnetite’ of bacterial origin in anoxic conditions, as the main 

magnetic carrier from ca 11ka to ca 8.9ka.  

Then, sedimentology and geochemical results indicate the gradual developing of a 

polymictic lake stage from ca 8.1ka to ca 3.6ka; while the significant decrease of reducing 

elements, large Fe/Mn ratios, largest increase of ‘Hard’ IRM values and largest decrease of S-

ratios evidence progressive increase of oxidising conditions, with a maximum between ca 4ka 

to ca 3.6ka. This stage also exhibits the largest peaks of organic matter content (> 40%), 

mixing of biogenic magnetosomes (formed in oxic conditions) and detrital magnetite, as main 

magnetic carriers between ca 4.5 – 4ka, as well as large concentration of land chitinous 

remains, implying that these changes are most likely due to warming climatic conditions.  

In addition, the polymictic lake stage is also characterised by the lowest input of detrital 

elements, as well as the lowest magnetic susceptibility, SIRM and ARM values, indicating also 

the minimum concentrations of magnetic grains from ca 8.1ka to ca 5.5ka. These and the 

previously mentioned features, along with the presence of mottled sediments at ~4.5ka, 

imply that considerable shallowing of the lake basin could have taken place during this stage, 

maybe as a result of post-glacial isostatic adjustment. 
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The most recent stage of the Bardowie Sequence from ca 3.6ka to ca 1.1ka, is 

characterised by a gradual return to periodic alternations of oxic/anoxic conditions, 

evidenced by sedimentology and geochemical data, as well as continuous significant 

fluctuations of ‘Soft’ and ‘Hard’ IRMs and S-ratios, particularly more intense at ~2 – 1.5ka; 

these changes are accompanied by larger input of detrital elements, as well as a significant 

increase of magnetic minerals concentration (highest susceptibility, SIRM and ARM values 

since the glacial stage); moreover, magnetic characterisations suggest detrital magnetite 

transported by water, as the main magnetic carrier for this stage. All these factors evidence 

an increase of energy in the lake catchment system, which possibly could be the result of the 

lake basin deepening and/or increasing water levels. In addition, geochemical data of heavy 

metals, FD susceptibility determinations and thermomagnetic data indicate thin layers of 

pollution, which along with intensive periods of erosion (marked by peaks of detrital elements 

and rock magnetic parameters) suggest an intensification of anthropogenic activity in the 

catchment area since ca 2.1ka (top 1.3m). 

7.3 PALAEOSECULAR VARIATION CURVE FROM BARDOWIE LOCH 

In order to describe the palaeosecular variations, 5cm-resolution declination, inclination 

and relative palaeointensity curves were generated from 2 cores (BARD5 & BARD4) 

composed by five and eight 1m-drives making the 8-m sedimentary sequence from Bardowie 

Loch, which covers the last ~18.3kys. These curves were then translated from depth to 

calendar ages applying the Depth to Calendar Age Conversion Curve. 

Declinations and inclinations were determined through vectorial analyses of the 

magnetic remanence (NRM) for 150 samples, using the AF stepwise demagnetization 

technique. This method allowed to retrieve the magnetic directions of the high-stability 

component (ChRM) from the NRMs, which are assumed to have preserved the magnetic field 

direction at the moment of deposition of the magnetic carriers. ChRMs declinations and 

inclinations were successfully isolated for ~85% of the samples, with maximum angle 

deviations ranging from 0.3 to 4 degrees. 

In addition, declinations were calibrated for each drive through statistical analysis of the 

declinations found in the secondary NRM component, determined for 65% of the samples. 

Assuming that this mid-coercivity component formed in-situ through time, as less stable 

magnetic grains realigned with the modern Earth’s magnetic field.       
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Relative palaeointensity (RPI) determinations required a completely different approach, 

since the intensity of the preserved remanence depends not only on the Earth’s magnetic 

field strength, but it is also significantly affected by environmental factors. For this reason, it 

is necessary to attenuate the non-field effects by normalizing the NRM intensities with a 

magnetic parameter that activates the same magnetic grains; although, not always it is 

possible to recover the palaeointensity from DRMs.  

Thorough magnetic characterisations were performed to determine the best normalising 

parameter between SIRM, ARM and the commonly used magnetic susceptibility, and to 

evaluate whether the right conditions were met for the preservation of palaeointensities in 

the Bardowie Sequence. Two methodologies, out of the six applied to calculate RPIs, 

produced consistent results; i.e. the integration method developed by Brachfeld et al. (2003) 

and the slope method according to Valet & Meynadier (1998), both using ARM stepwise 

demagnetisation curves as normalisers. The resulting RPI curves exhibit the same fluctuations 

but with peaks of different amplitudes.   

Then, correlations between these palaeointensity curves, magnetic parameters and the 

XRF profiles of the main detrital and authigenic elements, were carried out to estimate the 

degree and type of environmental input influencing the acquisition of DRMs. In particular, for 

the Late Pleistocene laminated muds and the sediments at the base of the Holocene, from 

ca 18.3ka to ca 9.3ka, that yielded substantially large palaeointensity values, joined by drastic 

oscillations.  

These results indicate that the largest apparent palaeointensities occurred during the 

exceptionally warm conditions in the midst of the Last Glacial Interstadial (ca 14.8ka to ca 

13.1ka), coinciding with peaks in elements associated to lake productivity and authigenic 

silica and iron, suggesting the presence of biogenic magnetosomes as the real cause for this 

drastic increase in DRM intensities. Moreover, the remaining intervals of substantially high 

palaeointensity values correspond to periods of intense detrital input at the end of the last 

two glacial stadials (Stadial 2 at 14.8Ka and Stadial 1 at ca 11.5Ka). In addition, there is an 

interval of sharp fluctuations in apparent palaeointensities at the start of the Holocene, from 

ca 11.5ka to ca 8.9ka, which agrees with large variations in authigenic iron, salinity and redox 

conditions, while magnetic characterisations imply a mixing of detrital and biogenic 

magnetite.  
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In consequence, paleointensity estimates from the Late Pleistocene to Early Holocene 

were discarded, leaving the RPI curves from ca 8.9ka to ca 1.1ka. These palaeointensity 

records also exhibit certain degree of environmental influence, particularly for three intervals 

of large values at ca 4.7ka - 4ka, ca 4ka - 3.6ka and ca 2.1ka- 1.7ka, which correspond to the 

mentioned layers of potential mixing of biogenic magnetosomes and detrital magnetite 

followed by an intense oxidation period and then, an interval of abrupt redox changes close 

to the top of the Bardowie Sequence.  

The resulting RPI records from Bardowie Loch show comparable behaviours to the curves 

from Lake Windermere, Fennoscandia and the IODP site in Eirik Drift, NW Atlantic (Avery et 

al., 2017; Snowball et al., 2007; Mazaud et al., 2012), displaying similar fluctuations with the 

exception of the peaks in the previously mentioned anomalous intervals. The RPI record 

calculated with the integration method seems to be more sensible to increase in 

concentration of haematite-like iron oxides and presence of biogenic magnetosomes, than 

the RPI determined using the slope method, since the peaks of the former are significantly 

larger for these intervals, between ca 4.7ka and ca 3.6ka.  

The PSV curve generated from the Bardowie Sequence display four intervals of large 

variations in declination and inclination, while the relative palaeointensities cover the two top 

intervals, since the other two took place in the Late Pleistocene.  

The deepest interval at ca 18.3ka to ca 16.2ka displays substantial changes in inclination, 

from considerably shallow inclinations (~20º between 18.2±1ka and 17.8±1ka) to values close 

to expected ranges for this latitude (~60º), as well as large oscillations of about 70-degrees 

for the declination. The changes observed in the inclination could be attributed to the 

shallowing effect widely observed in fine-grained sediments, especially since these shallow 

inclinations occur at the base of the laminated muds sequence; however, this would not 

explain the exceptional oscillations in declination also observed for this interval (within the 

same drive). In addition, these large fluctuations in the Bardowie PSV curve agree with the 

not widely accepted Hilina Palli Excursion, dated between 22ka and 17ka, observed in 

volcanic rocks, marine and lake cores from Hawaii and California to Lake Baikal and China 

and reported in over 10 published studies since 1973, when it was originally identified in Lake 

Biwa-ko, Japan (compilation in Singer et al., 2014).       
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The second interval (ca 15ka to ca 12.8ka) exhibits the largest drop of inclination, from 

present-day values (between 68º to 74º) to very shallow and in times negative values (from 7º 

to -12º, ca 14.7 - 13.4ka), while the declination presents over 50-degree variations (from 32º 

to 336º). The resulting variations in direction are consistent with the controversial Gothenburg 

Event (ca 12.3 -13.8ka), which occurred during the Scandinavian Glacial Interstadial, also 

observed in North American glacial lakes, with poorly constrained ages from 7.6ka to 14ka.  

Arguments against the Gothenburg excursion propose that chemical remagnetisation 

took place due to large environmental changes. Correlation of geochemical and magnetic 

results from the Bardowie Sequence indicate that this anomaly also took place during the Last 

Glacial Interstadial. No clear lithological changes are observed, but an increase in elements 

related to biological productivity and the potential presence of biogenic magnetite. 

Zijderveld diagrams for the samples in the anomalous interval discriminates two distinctive 

components; the first composed of mid-coercivities, which suggest partial remagnetisation 

and reorientation, while the ChRM is characterised by high-coercivities and thus higher 

stability, which clearly and consistently displays the anomalies for all the samples in the 

interval. 

The third and fourth intervals of large variations of the Bardowie Sequence occurred 

during the Holocene. Both are characterised by exceptional changes in declination of over 

50-degrees and 10 to 15-degrees fluctuations in inclination. The third interval (ca 4.6 - 3.4ka) 

presents the most westerly declinations, followed by a large eastward oscillation (ca 4 - 2.5 

ka), while the relative palaeointensity curve exhibits the largest increase for the Holocene. 

The fourth and most recent anomaly (ca 2.2 - 1.2ka) shows a large an abrupt westward 

displacement of 53-degrees in declination and significant decrease in palaeointensities. Both 

anomalies are consistent with PSV records from the NW Atlantic, from Greenland to 

Fennoscandia, including the most recent curve from Lake Windermere. 

The PSV and RPI curves generated for the Bardowie Sequence are more consistent with 

European and northern North Atlantic behaviour (known as the “European mode”) than with 

the “North American mode” (defined by Stoner et al., 2013). It seems that the large 

differences between the “European mode” and the “North American mode” are caused by 

core-mantle boundary heterogeneities, resulting in regions of concentrated geomagnetic flux 

(known as flux lobes), which have been identified below Canada and Siberia.         
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During the Holocene, a consistent increase of the non-dipolar component has been 

determined for the North Atlantic and European region over the last 5kyr, characterised by a 

significant eastward swing in declination between 5ka and 2.5ka, followed by a large 

westward shift at 2.3 – 2ka, which has been classified as excursional (Stoner et al., 2013; Avery 

et al., 2017). These variations suggest that the Canadian flux lobe is weakening, whereas the 

Siberian lobe is strengthening. In contrast, the potential excursions of the Late Pleistocene 

have been observed in both Northern Europe and North America, and in the case of the 

Hilina Pali, this event has been identified globally.  
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APPENDIX C  

PALAEOMAGNETIC ANALYSIS BARD4 & BARD5 

 

 

 

 

 

NRM VECTOR COMPONENTS & ORIENTATION 

 

 

 



 
C-2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
C-3 

GROUP 1 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba4:1-1 78 322.77 38.82 0.00 0 5 342.67 73.33 0.44 15 25 363.10 71.47 3.42 30 50 
Ba4:1-2 83 339.67 -3.13 2.46 0 10 - - - - - 47.31 76.40 1.06 30 50 
Ba5:1-1 87 348.78 4.35 1.04 0 10 171.56 77.87 3.50 15 25 182.14 67.19 3.33 30 60 
Ba5:1-2 92 25.85 50.68 0.00 0 5 183.78 69.31 1.81 10 25 188.19 66.72 0.40 25 50 
Ba5:1-3 97 337.80 -4.47 7.57 0 10 218.75 71.35 5.26 10 20 200.20 64.79 0.41 20 70 
Ba5:1-4 102 350.49 -0.94 2.38 0 10 199.15 73.37 2.09 15 25 190.92 64.88 1.20 30 60 
Ba5:1-5 107 72.58 88.29 0.52 0 10 207.64 70.49 1.36 10 20 - - - - - 
Ba5:1-6 112 110.09 55.75 3.56 0 10 163.13 73.25 1.23 10 20 168.68 72.42 0.50 20 40 
Ba5:1-7 117 24.12 42.06 3.55 0 10 149.20 71.14 0.46 15 30 154.56 68.16 0.83 30 50 
Ba5:1-8 122 357.33 0.79 2.54 0 10 177.18 78.72 2.59 20 30 - - - - - 
Ba5:1-9 127 269.67 88.29 0.00 0 5 171.67 77.71 2.16 5 20 180.01 69.70 2.21 25 70 
Ba5:1-10 132 225.85 80.34 0.00 0 5 183.16 71.62 1.91 5 15 - - - - - 
Ba5:1-11 137 288.40 25.50 0.00 0 5 176.87 65.54 2.58 15 25 - - - - - 
Ba5:1-12 142 1.03 -11.91 5.76 0 10 149.26 69.63 1.71 20 40 - - - - - 
Ba5:1-13 147 356.51 -1.90 3.66 0 10 175.14 68.67 1.77 40 70 - - - - - 
Ba5:1-14 152 347.08 2.22 4.55 0 10 153.41 80.79 2.71 20 30 174.11 68.61 0.31 30 50 
Ba5:1-15 157 338.14 47.89 0.00 0 5 161.42 86.60 2.70 10 20 171.72 66.59 1.65 20 40 
Ba5:1-16 162 342.04 -9.99 0.00 0 5 165.30 82.00 2.54 15 25 187.82 63.21 2.30 40 60 
Ba5:1-17 167 7.82 -3.65 4.04 0 10 - - - - - 189.48 70.22 2.66 30 85 
Ba5:1-18 172 290.36 64.34 0.00 0 5 - - - - - - - - - - 
Ba5:1-19 177 353.46 -6.36 0.00 0 5 139.81 41.42 4.29 10 20 - - - - - 
Ba4:2-1 182 247.64 62.34 3.66 0 15 247.64 62.34 3.66 0 15 258.63 70.13 3.02 25 50 



 
C-4 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba5:2-1 189 319.48 59.01 3.70 0 10 - - - - - 319.49 63.62 1.74 15 40 
Ba5:2-2 194 339.51 23.38 0.00 0 5 15.82 59.24 4.39 5 15 325.15 66.56 1.96 15 30 
Ba5:2-3 199 357.39 13.07 2.00 0 10 3.61 60.55 2.86 10 20 351.55 74.61 1.73 20 50 
Ba5:2-4 204 337.78 25.92 0.00 0 5 351.39 57.37 4.90 5 15 328.26 70.95 1.55 15 60 
Ba5:2-5 209 5.83 27.20 0.00 0 5 335.77 56.70 5.85 5 15 321.95 65.64 0.92 15 40 
Ba5:2-6 214 332.05 69.04 3.13 0 10 - - - - - 318.54 71.17 0.57 10 70 
Ba5:2-7 219 343.13 10.82 4.40 0 10 330.73 54.78 3.00 10 20 313.55 68.92 0.80 20 60 
Ba5:2-8 224 347.49 9.70 0.00 0 5 328.16 65.39 1.65 10 20 319.18 68.68 0.37 20 60 
Ba5:2-9 229 345.68 4.39 0.00 0 5 327.06 70.97 1.37 10 20 319.14 72.51 0.41 20 70 
Ba5:2-10 234 291.92 43.85 0.00 0 5 319.12 61.17 0.65 5 20 319.23 60.93 0.95 40 70 
Ba5:2-11 239 348.08 7.32 0.00 0 5 333.04 72.22 4.46 10 20 302.82 65.87 1.61 40 70 
Ba5:2-12 244 332.47 65.18 2.03 0 10 - - - - - 308.91 72.34 1.54 20 50 
Ba5:2-13 249 330.17 4.74 0.00 0 5 - - - - - 295.38 67.41 0.26 20 60 
Ba5:2-14 254 348.60 12.20 5.13 0 10 309.12 67.72 4.46 10 20 294.91 72.34 0.39 20 70 
Ba5:2-15 259 344.36 68.17 4.42 0 10 - - - - - 293.91 65.96 0.28 20 70 
Ba5:2-16 264 10.94 -14.59 0.00 0 5 291.27 72.78 0.90 10 20 285.22 73.30 0.46 20 70 
Ba5:2-17 269 347.48 11.40 0.00 0 5 297.62 63.55 1.09 10 20 290.54 68.09 0.98 20 50 
Ba5:2-18 274 355.42 -0.30 0.00 0 5 327.43 68.67 0.67 10 20 300.04 67.65 0.66 25 60 
Ba4:3-1 275 275.23 51.82 0.00 0 5 144.80 65.05 0.94 10 20 158.08 65.16 0.23 20 70 
Ba4:3-2 280 301.34 73.57 0.00 0 5 183.61 69.97 2.29 10 20 170.75 70.84 1.02 40 70 
Ba5:3-1 282 330.95 25.48 0.00 0 5 339.86 64.22 1.53 5 15 300.53 6.23 1.86 30 60 
Ba5:3-2 287 24.96 32.65 0.00 0 5 358.89 54.05 2.05 5 15 356.92 69.41 0.81 20 60 
Ba5:3-3 292 315.33 44.20 0.00 0 5 318.69 68.14 0.26 5 15 344.46 69.24 0.83 20 50 
Ba5:3-4 297 317.27 54.83 2.04 0 10 321.81 64.77 0.53 15 25 - - - - - 



 
C-5 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba5:3-5 302 16.36 34.40 0.00 0 5 352.66 48.90 2.00 5 15 353.09 64.86 0.76 15 50 
Ba5:3-6 307 329.99 14.40 3.51 0 10 339.21 43.74 4.22 10 20 345.07 61.83 1.16 20 40 
Ba5:3-7 312 27.12 23.79 0.00 0 5 359.50 45.99 3.56 5 15 344.24 67.23 1.41 15 50 
Ba5:3-8 317 49.95 21.90 0.00 0 5 358.95 48.91 1.87 10 20 13.11 53.96 1.61 10 25 
Ba5:3-9 322 15.38 28.33 0.00 0 5 348.01 59.90 0.58 10 20 6.72 54.61 3.38 40 60 
Ba5:3-10 327 331.32 30.42 4.82 0 10 348.88 68.33 0.80 15 25 357.62 61.95 1.16 30 85 

 

GROUP 2 

Sample Depth 
(cm) 

VRM ChRM 
Declination  

(º) 
Inclination  

(º) 
MAD  

(º) 
Min Step 

(mT) 
Max Step 

(mT) 
Declination 

 (º) 
Inclination  

(º) 
MAD  

(º) 
Min Step 

(mT) 
Max Step 

(mT) 
Ba5:3-11 332 317.74 47.43 0.00 0 5 342.55 71.58 0.90 25 60 
Ba5:3-12 338 25.39 69.17 0.00 0 5 342.98 64.28 2.18 20 50 
Ba5:3-13 343 27.64 20.94 0.00 0 5 355.42 61.08 1.28 20 70 
Ba5:3-14 348 355.81 2.43 0.00 0 5 341.33 62.55 1.80 20 50 
Ba5:3-15 353 326.05 43.09 0.00 0 5 344.46 64.13 1.16 20 70 
Ba5:3-16 358 28.39 45.98 0.00 0 5 336.56 67.81 0.91 20 50 
Ba5:3-17 363 7.18 25.43 0.00 0 5 333.09 62.88 1.43 20 40 
Ba5:3-18 368 32.64 29.53 4.47 0 10 355.95 60.60 2.42 15 40 
Ba5:3-19 373 334.97 -7.52 0.00 0 5 - - - - - 
Ba5:3-20 378 1.97 -8.62 0.00 0 5 - - - - - 
Ba4:4-1 381 2.73 -6.10 3.62 0 10 - - - - - 



 
C-6 

Sample Depth 
(cm) 

VRM ChRM 
Declination  

(º) 
Inclination  

(º) 
MAD  

(º) 
Min Step 

(mT) 
Max Step 

(mT) 
Declination 

 (º) 
Inclination  

(º) 
MAD  

(º) 
Min Step 

(mT) 
Max Step 

(mT) 
Ba5:4-1 385 339.57 -4.00 0.00 0 5 306.30 43.04 1.62 20 40 
Ba5:4-2 390 299.76 44.23 0.00 0 5 328.66 54.56 2.92 25 40 
Ba5:4-3 395 292.32 28.23 5.50 0 10 - - - - - 
Ba5:4-4 400 320.35 7.08 2.25 0 10 - - - - - 
Ba5:4-5 405 327.46 -1.25 0.00 0 5 331.59 63.56 3.38 30 50 
Ba5:4-6 410 289.50 20.21 0.00 0 5 308.99 61.43 3.72 20 30 
Ba5:4-7 415 308.85 38.70 0.00 0 5 336.78 62.78 3.46 20 30 
Ba5:4-8 420 280.39 -15.36 0.00 0 5 - - - - - 
Ba5:4-9 425 291.18 17.85 0.00 0 5 289.75 55.52 3.65 15 40 
Ba5:4-10 430 306.69 10.19 0.00 0 5 300.00 62.95 2.90 15 40 
Ba5:4-11 435 296.02 26.54 0.00 0 5 295.89 51.90 4.22 15 40 
Ba5:4-12 440 291.44 26.36 0.00 0 5 - - - - - 
Ba5:4-13 445 254.67 12.24 0.00 0 5 300.51 52.09 2.88 20 50 

 

GROUP 3 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination (º) Inclination (º) MAD (º) 
Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination (º) Inclination (º) MAD (º) 
Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba5:4-14 450 299.22 11.85 0.00 0 5 315.72 43.33 3.60 5 20 314.78 45.13 3.02 20 50 
Ba5:4-15 455 27.92 64.86 0.00 0 5 317.03 72.56 4.58 10 30 - - - - - 
Ba5:4-16 460 337.18 2.72 3.30 0 10 323.45 33.86 3.76 10 25 323.64 47.43 3.34 25 70 
Ba5:4-17 465 324.72 10.50 1.81 0 10 310.13 37.32 3.80 10 25 309.07 42.51 1.85 10 25 



 
C-7 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination (º) Inclination (º) MAD (º) 
Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination (º) Inclination (º) MAD (º) 
Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba5:4-18 470 341.09 0.12 4.09 0 10 322.92 48.82 3.97 10 25 316.72 44.16 2.91 25 50 
Ba5:4-19 475 357.77 -6.66 0.68 0 10 - - - - - 335.60 58.95 1.52 20 60 
Ba4:5-1 478 139.61 47.19 0.00 0 5 231.62 67.70 0.7 10 20 224.17 58.13 1.81 25 50 
Ba4:5-2 483 52.55 56.20 0.00 0 5 197.74 68.68 4.7 5 15 201.17 58.82 1.48 20 50 
Ba5:5-1 486 324.70 0.02 0.00 0 5 340.23 58.21 2.7 15 25 315.19 61.32 2.94 50 70 
Ba5:5-2 491 22.97 29.67 0.00 0 5 8.71 41.96 3.6 5 15 - - - - - 
Ba5:5-3 496 347.36 16.73 2.57 0 10 335.62 53.80 0.9 15 25 330.92 56.84 0.65 30 70 

 

GROUP 4 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba5:5-4 501 294.38 18.06 0.00 0 5 321.99 56.25 0.48 10 25 324.93 54.48 1.12 40 85 
Ba5:5-5 506 42.02 54.90 0.00 0 5 332.26 63.32 1.37 10 25 326.57 60.70 0.72 50 100 
Ba5:5-6 511 307.09 14.93 0.00 0 5 310.88 55.11 0.85 10 20 307.97 58.20 0.45 25 100 
Ba5:5-7 516 178.51 -19.21 0.00 0 5 343.94 72.78 1.70 15 30 317.24 69.49 0.94 40 100 
Ba5:5-8 521 36.62 39.60 0.00 0 5 331.32 56.89 1.57 10 25 327.59 56.90 3.72 40 70 
Ba5:5-9 526 337.79 75.41 0.00 0 5 317.85 61.52 1.75 10 25 315.97 52.07 3.04 40 85 
Ba5:5-10 531 340.09 9.99 0.00 0 5 332.62 36.03 2.14 10 20 330.88 37.66 1.32 50 85 
Ba5:5-11 536 14.53 23.77 0.00 0 5 334.23 43.21 1.16 10 25 328.20 39.88 1.88 60 100 
Ba5:5-12 541 359.97 15.00 0.00 0 5 350.13 -1.40 2.03 5 15 354.57 -11.47 1.50 50 85 



 
C-8 

Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba5:5-13 546 325.10 41.07 2.65 0 10 339.11 34.17 1.15 10 20 337.02 16.53 1.81 50 100 
Ba5:5-14 551 355.88 31.37 0.00 0 5 341.95 13.90 1.01 10 20 334.67 7.39 1.01 50 85 
Ba5:5-15 556 244.98 14.98 0.00 0 5 335.64 28.79 2.10 10 25 349.16 7.01 2.36 50 100 
Ba5:5-16 561 331.39 54.59 4.52 0 10 322.51 63.80 1.55 10 25 321.15 39.37 2.46 60 100 
Ba5:5-17 566 313.07 36.80 0.00 0 5 327.52 22.03 0.55 5 15 324.87 25.82 0.59 50 100 
Ba5:5-18 571 308.71 35.37 0.00 0 5 309.63 9.48 0.56 5 25 313.27 5.91 0.88 60 100 
Ba5:5-19 576 104.29 35.05 3.70 0 10 9.53 22.96 1.11 20 40 349.30 18.81 1.43 60 100 
Ba4:6-1 582 273.87 56.25 0.00 0 5 307.96 10.86 0.79 5 15 307.22 2.00 1.00 60 85 
Ba4:6-2 587 317.53 49.07 0.00 0 5 290.89 12.19 2.28 5 15 297.36 1.91 1.00 60 100 
Ba4:6-3 592 304.66 40.61 4.04 0 10 301.36 33.64 0.81 15 40 302.66 29.93 0.59 50 85 
Ba4:6-4 597 312.36 43.65 0.00 0 5 315.53 38.30 0.40 10 25 312.07 38.92 0.42 50 85 
Ba4:6-5 602 252.11 50.66 0.00 0 5 278.74 29.38 1.02 20 40 285.03 17.79 0.92 60 85 
Ba4:6-6 607 287.06 63.49 0.00 0 5 353.04 67.68 0.45 5 15 339.29 68.35 0.90 40 85 
Ba4:6-7 612 48.92 40.18 0.00 0 5 332.88 68.70 1.47 10 30 324.29 67.73 1.26 50 100 
Ba4:6-8 617 33.33 75.19 0.00 0 5 321.80 72.26 1.29 5 15 314.25 69.48 0.81 50 85 
Ba4:6-9 622 104.29 58.00 0.00 0 5 299.54 69.89 0.30 20 40 307.92 71.84 1.34 60 100 
Ba4:6-10 627 162.68 32.87 0.00 0 5 317.81 76.75 0.80 15 25 323.04 74.05 0.94 40 85 
Ba4:6-11 632 137.17 61.72 2.93 0 10 309.81 72.96 1.33 15 30 309.40 70.70 1.51 30 70 
Ba4:6-12 637 73.30 31.61 0.00 0 5 322.33 76.30 1.33 10 25 313.97 61.55 2.33 50 85 
Ba4:6-13 642 139.71 41.91 0.00 0 5 336.98 72.46 0.94 15 25 314.21 58.90 2.15 60 85 
Ba4:6-14 647 243.22 55.83 0.00 0 5 282.31 46.51 1.00 20 30 301.78 50.60 1.83 70 100 
Ba4:6-15 652 267.12 43.90 0.00 0 5 287.85 52.79 1.66 5 15 306.41 52.38 0.88 70 100 
Ba4:6-16 657 285.98 44.30 0.00 0 5 286.88 49.63 1.70 15 30 352.67 40.27 1.08 60 100 
Ba4:6-17 662 215.01 57.09 0.00 0 5 348.91 42.44 1.08 10 30 343.08 47.52 0.75 50 100 
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Sample Depth 
(cm) 

VRM SECONDARY NRM ChRM 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Declination 
(º) 

Inclination 
(º) 

MAD 
(º) 

Min 
Step 
(mT) 

Max 
Step 
(mT) 

Ba4:7-1 671 294.54 37.80 0.00 0 5 354.43 17.68 0.60 20 50 322.22 39.56 0.34 85 100 
Ba4:7-2 676 305.59 21.62 0.00 0 5 306.61 48.32 0.74 10 25 285.27 54.65 1.05 60 100 
Ba4:7-3 681 266.18 38.47 0.00 0 5 308.79 49.14 0.69 10 20 296.64 51.29 0.77 60 100 
Ba4:7-4 686 12.51 16.70 0.00 0 5 317.84 43.24 1.45 10 30 287.71 44.68 0.76 60 85 
Ba4:7-5 691 5.51 10.74 0.00 0 5 310.70 57.96 1.03 15 30 289.24 58.85 0.78 60 85 
Ba4:7-6 696 340.82 33.27 2.34 0 10 350.22 27.49 1.93 10 25 352.86 31.05 1.54 30 85 
Ba4:7-7 701 43.47 22.43 0.00 0 5 63.17 36.15 1.16 20 60 - - - - - 
Ba4:7-8 706 17.14 45.92 0.00 0 5 306.38 41.64 1.53 5 50 284.20 30.22 0.34 70 100 
Ba4:7-9 711 332.03 41.88 0.85 0 10 323.61 43.14 0.88 15 25 331.55 35.84 1.73 50 100 
Ba4:7-10 716 14.65 6.37 0.00 0 5 17.47 10.82 1.31 25 60 - - - - - 
Ba4:8-1 723 326.60 9.33 0.00 0 5 340.40 26.80 1.26 5 20 351.63 44.08 1.48 20 40 
Ba4:8-2 728 357.23 40.40 2.03 0 10 49.29 40.17 1.31 25 50 - - - - - 
Ba4:8-3 733 10.64 25.53 3.30 0 10 43.47 19.00 4.25 20 30 - - - - - 
Ba4:8-4 738 343.64 23.77 0.22 0 10 343.13 33.98 0.98 25 50 338.39 25.56 1.12 60 100 
Ba4:8-5 743 342.52 23.89 1.58 0 10 337.48 22.72 2.82 15 25 330.82 24.36 1.55 60 100 
Ba4:8-6 748 346.20 24.28 0.00 0 5 338.29 19.67 1.12 5 25 320.09 23.90 1.06 60 100 
Ba4:8-7 753 316.48 33.22 0.00 0 5 334.79 33.48 0.72 5 30 326.77 38.38 0.64 50 100 
Ba4:8-8 758 324.07 16.00 0.00 0 5 352.46 -15.55 1.57 10 25 0.65 -15.86 1.26 40 70 
Ba4:8-9 763 294.23 34.11 0.00 0 5 317.98 19.94 0.86 10 25 310.77 23.00 0.74 60 100 
Ba4:8-10 768 17.85 -2.76 0.00 0 5 93.38 0.97 1.54 20 70 - - - - - 
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APPENDIX D  

RELATIVE PALAEOINTENSITY ANALYSIS BARD4 & BARD5 
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DEMAGNETIZATION SPECTRA 
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APPENDIX E  

RELATIVE PALAEOINTENSITY ANALYSIS BARD4 & BARD5 

 

 

 

 

 

NRM vs ARM SLOPE METHOD  
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APPENDIX F  

RELATIVE PALAEOINTENSITY ANALYSIS BARD4 & BARD5 
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GROUP 1 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Ba4:1-1 78 5 - 50 0.06 25 - 60 0.08 20 0.07 
Ba4:1-2 83 20 - 70 0.16 30 - 70 0.18 20 0.16 
Ba5:1-1 87 20 - 70 0.19 50 - 85 0.25 20 0.19 
Ba5:1-2 92 20 - 70 0.29 - - - - 

Ba5:1-3 97 20 - 70 0.30 50 - 70 0.39 20 0.30 
Ba5:1-4 102 20 - 70 0.34 20 - 60 0.27 20 0.26 
Ba5:1-5 107 - - - - - - 

Ba5:1-6 112 5 - 70 0.28 20 - 60 0.34 20 0.32 
Ba5:1-7 117 15 - 60 0.20 20 - 60 0.24 20 0.22 
Ba5:1-8 122 - - - - - - 

Ba5:1-9 127 5 - 60 0.29 25 - 70 0.34 20 0.32 
Ba5:1-10 132 - - - - - - 

Ba5:1-11 137 - - - - - - 

Ba5:1-12 142 - - - - - - 

Ba5:1-13 147 - - - - - - 

Ba5:1-14 152 20 - 70 0.25 40 - 70 0.30 20 0.26 
Ba5:1-15 157 5 - 70 0.25 25 - 50 0.28 20 0.28 
Ba5:1-16 162 10 - 60 0.18 - - 20 0.22 
Ba5:1-17 167 15 - 70 0.19 40 - 85 0.32 20 0.23 
Ba5:1-18 172 - - - - - - 

Ba5:1-19 177 - - - - - - 

Ba4:2-1 182 10 - 60 0.19 15 - 40 0.17 20 0.17 
Ba5:2-1 189 10 - 60 0.22 40 - 70 0.27 20 0.23 



 
F-4 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Ba5:2-2 194 10 - 70 0.24 50 - 85 0.29 20 0.25 
Ba5:2-3 199 10 - 70 0.32 50 - 85 0.31 20 0.31 
Ba5:2-4 204 5 - 70 0.32 20 - 70 0.34 20 0.34 
Ba5:2-5 209 5 - 70 0.34 15 - 40 0.39 20 0.39 
Ba5:2-6 214 0 - 50 0.36 0 - 25 0.42 20 0.44 
Ba5:2-7 219 5 - 40 0.36 10 - 25 0.49 20 0.51 
Ba5:2-8 224 5 - 40 0.35 50 - 85 0.59 20 0.44 
Ba5:2-9 229 5 - 50 0.36 60 - 85 0.72 20 0.45 
Ba5:2-10 234 5 - 50 0.34 60 - 85 0.66 20 0.41 
Ba5:2-11 239 10 - 30 0.29 60 - 85 0.64 20 0.43 
Ba5:2-12 244 10 - 60 0.27 20 - 85 0.38 20 0.32 
Ba5:2-13 249 10 - 50 0.31 20 - 85 0.40 20 0.36 
Ba5:2-14 254 10 - 50 0.28 50 - 85 0.46 20 0.33 
Ba5:2-15 259 15 - 50 0.28 50 - 85 0.45 20 0.32 
Ba5:2-16 264 15 - 50 0.31 50 - 85 0.51 20 0.35 
Ba5:2-17 269 15 - 60 0.24 50 - 85 0.33 20 0.26 
Ba5:2-18 274 15 - 50 0.25 60 - 85 0.45 20 0.29 
Ba4:3-1 275 10 - 50 0.32 60 - 85 0.57 20 0.38 
Ba4:3-2 280 10 - 40 0.26 60 - 85 0.54 20 0.35 
Ba5:3-1 282 - - - - - - 

Ba5:3-2 287 10 - 50 0.21 30 - 70 0.33 20 0.25 
Ba5:3-3 292 10 - 50 0.30 0 - 25 0.37 20 0.39 
Ba5:3-4 297 - - - - - - 

Ba5:3-5 302 10 - 60 0.26 50 - 85 0.37 20 0.28 
Ba5:3-6 307 10 - 70 0.24 50 - 85 0.36 20 0.27 



 
F-5 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Ba5:3-7 312 10 - 50 0.21 40 - 85 0.34 20 0.24 
Ba5:3-8 317 15 - 70 0.14 50 - 85 0.20 20 0.15 
Ba5:3-9 322 - - - - - - 

Ba5:3-10 327 10 - 70 0.23 40 - 70 0.34 20 0.27 

 

GROUP 2 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Ba5:3-11 332 10 - 70 0.25 25 - 60 0.29 20 0.27 
Ba5:3-12 338 10 - 60 0.30 25 - 50 0.40 20 0.36 
Ba5:3-13 343 15 - 60 0.25 50 - 100 0.41 20 0.28 
Ba5:3-14 348 10 - 60 0.23 50 - 100 0.31 20 0.24 
Ba5:3-15 353 10 - 60 0.20 30 - 70 0.25 20 0.22 
Ba5:3-16 358 10 - 50 0.22 30 - 85 0.28 20 0.24 
Ba5:3-17 363 15 - 60 0.19 60 - 100 0.30 20 0.21 
Ba5:3-18 368 10 - 60 0.23 50 - 100 0.29 20 0.25 
Ba5:3-19 373 - - - - - - 
Ba5:3-20 378 - - - - - - 
Ba4:4-1 381 - - - - - - 
Ba5:4-1 385 10 - 40 0.17 50 - 85 0.23 20 0.19 
Ba5:4-2 390 10 - 30 0.14 50 - 85 0.17 20 0.15 



 
F-6 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Ba5:4-3 395 - - - - - - 
Ba5:4-4 400 - - - - - - 
Ba5:4-5 405 20 - 50 0.14 25 - 40 0.22 20 0.20 
Ba5:4-6 410 10 - 40 0.13 - - - - 
Ba5:4-7 415 20 - 50 0.12 40 - 85 0.20 20 0.15 
Ba5:4-8 420 - - - - - - 
Ba5:4-9 425 25 - 60 0.07 50 - 70 0.23 20 0.09 
Ba5:4-10 430 40 - 70 0.20 50 - 85 0.23 20 0.13 
Ba5:4-11 435 10 - 25 0.13 50 - 85 0.19 20 0.09 
Ba5:4-12 440 - - - - - - 
Ba5:4-13 445 30 - 60 0.19 30 - 70 0.20 20 0.15 

 

GROUP 3 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Coercivity Interval 

(mT)  
Ba5:4-14 450 10 - 25 0.16 50 - 85 0.18 20 0.15 
Ba5:4-15 455 - - - - - - 
Ba5:4-16 460 15 - 30 0.11 60 - 100 0.20 20 0.12 
Ba5:4-17 465 15 - 40 0.10 60 - 100 0.32 20 0.10 
Ba5:4-18 470 10 - 30 0.12 40 - 70 0.17 20 0.14 
Ba5:4-19 475 15 - 40 0.11 - - - - 



 
F-7 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Coercivity Interval 

(mT)  
Ba4:5-1 478 20 - 60 0.11 25 - 70 0.10 20 0.10 
Ba4:5-2 483 10 - 40 0.09 25 - 70 0.10 20 0.10 
Ba5:5-1 486 10 - 50 0.21 25 - 70 0.26 20 0.23 
Ba5:5-2 491 - - - - - - 
Ba5:5-3 496 10 - 50 0.24 40 - 85 0.31 20 0.26 

 

GROUP 4 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Coercivity Interval 

(mT)  
Ba5:5-4 501 20 - 50 0.50 40 - 85 0.60 20 0.51 
Ba5:5-5 506 20 - 50 0.35 40 - 85 0.67 20 0.43 
Ba5:5-6 511 20 - 50 0.46 40 - 85 0.56 20 0.47 
Ba5:5-7 516 15 - 60 0.32 40 - 85 0.59 20 0.38 
Ba5:5-8 521 15 - 60 0.22 40 - 85 0.30 20 0.23 
Ba5:5-9 526 25 - 60 0.22 50 - 85 0.37 20 0.26 
Ba5:5-10 531 25 - 60 0.53 50 - 85 0.72 20 0.62 
Ba5:5-11 536 25 - 60 0.54 50 - 85 0.78 20 0.64 
Ba5:5-12 541 30 - 60 0.57 50 - 85 0.84 20 0.69 
Ba5:5-13 546 15 - 30 0.48 50 - 85 0.62 20 0.39 
Ba5:5-14 551 15 - 30 0.56 40 - 85 0.61 20 0.47 
Ba5:5-15 556 15 - 30 0.66 - - - - 



 
F-8 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Coercivity Interval 

(mT)  
Ba5:5-16 561 30 - 70 0.51 60 - 100 0.97 20 0.74 
Ba5:5-17 566 25 - 70 0.80 50 - 100 1.00 20 0.94 
Ba5:5-18 571 25 - 70 0.52 50 - 85 0.89 20 0.66 
Ba5:5-19 576 25 - 70 0.51 50 - 85 0.83 20 0.63 
Ba4:6-1 582 10 - 25 0.33 50 - 85 0.54 20 0.24 
Ba4:6-2 587 10 - 25 0.34 50 - 85 0.57 20 0.27 
Ba4:6-3 592 10 - 25 0.52 50 - 85 0.69 20 0.42 
Ba4:6-4 597 20 - 60 0.49 50 - 85 0.94 20 0.66 
Ba4:6-5 602 25 - 60 0.28 - - - - 
Ba4:6-6 607 25 - 70 0.33 40 - 85 0.56 20 0.39 
Ba4:6-7 612 25 - 70 0.38 40 - 85 0.57 20 0.43 
Ba4:6-8 617 25 - 70 0.41 40 - 85 0.57 20 0.46 
Ba4:6-9 622 25 - 70 0.37 50 - 100 0.62 20 0.42 
Ba4:6-10 627 25 - 70 0.36 40 - 85 0.57 20 0.42 
Ba4:6-11 632 10 - 70 0.22 30 - 70 0.27 20 0.24 
Ba4:6-12 637 15 - 60 0.14 50 - 85 0.20 20 0.15 
Ba4:6-13 642 25 - 50 0.22 50 - 85 0.34 20 0.24 
Ba4:6-14 647 20 - 40 0.35 50 - 100 0.56 20 0.35 
Ba4:6-15 652 25 - 60 0.33 50 - 100 0.69 20 0.39 
Ba4:6-16 657 15 - 30 0.40 50 - 100 0.74 20 0.39 
Ba4:6-17 662 25 - 70 0.33 50 - 100 0.65 20 0.40 
Ba4:7-1 671 15 - 70 0.34 50 - 100 0.51 20 0.36 
Ba4:7-2 676 25 - 60 0.31 50 - 100 0.72 20 0.39 
Ba4:7-3 681 25 - 60 0.34 50 - 100 0.82 20 0.44 
Ba4:7-4 686 25 - 60 0.40 50 - 85 0.92 20 0.53 



 
F-9 

Sample Depth 
(cm) 

NRM vs ARM Slope Method ARM Integration Method ARM Simple Normalization Method 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Relative 

Palaeointensity 
Coercivity Interval 

(mT)  
Coercivity Interval 

(mT)  
Ba4:7-5 691 25 - 60 0.42 60 - 85 1.02 20 0.58 
Ba4:7-6 696 30 - 70 0.34 40 - 85 0.51 20 0.42 
Ba4:7-7 701 - - - - - - 
Ba4:7-8 706 25 - 60 0.50 - - - - 
Ba4:7-9 711 25 - 50 0.30 50 - 100 0.66 20 0.39 
Ba4:7-10 716 - - - - - - 
Ba4:8-1 723 25 - 50 0.07 - - 20 0.08 
Ba4:8-2 728 - - - - - - 
Ba4:8-3 733 - - - - - - 
Ba4:8-4 738 15 - 30 0.44 50 - 70 0.67 20 0.37 
Ba4:8-5 743 15 - 30 0.61 50 - 70 0.79 20 0.50 
Ba4:8-6 748 15 - 30 0.55 30 - 70 0.87 20 0.50 
Ba4:8-7 753 15 - 30 0.64 50 - 100 0.93 20 0.64 
Ba4:8-8 758 - - - - - - 
Ba4:8-9 763 15 - 30 0.32 60 - 100 0.88 20 0.38 
Ba4:8-10 768 - - - - - - 
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