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Abstract 

The aim of this thesis is to evaluate the use of microscopic volcanic ash (‘cryptotephra’) 

layers for providing information on the timing, characteristics and spatial extent of past 

volcanic ash clouds. The fine ash produced by explosive eruptions can travel long 

distances and even in low concentrations represents a hazard for aviation. 

Understanding the frequency and nature of ash clouds is important if economic and 

social losses are to be mitigated.  

This thesis is split into two research compartments. Compartment 1 focusses on 

understanding the limits of tephrochronology and investigates cryptotephra preservation 

and reworking bias in lakes and peatlands. Compartment 2 focusses on applying 

cryptotephras as records of ash cloud events. In addition to the objectives which fit into 

the two research compartments, two overarching objectives were outlined. These 

objectives focus on conducting new field campaigns in order to fill spatial gaps in 

existing cryptotephra records through the development of new, high quality 

tephrostratigraphies.  

I examine tephra layers from 13 new sites and contribute toward filling spatial gaps in 

northern European tephra records in northern Sweden, Poland, Wales and Southern 

England. Three new tephra layers are identified as part of this study, two in northern 

Europe: a basaltic tephra, CLA-L1 most likely derived from an eruption of the Iceland’s 

Grímsvötn volcano and SN-1, from the Icelandic Snæfellsjökull volcano - identified for 

the first time in mainland Europe. Finally, the AUC-1 tephra traced to a probable 

Ecuadorian source, represents the first discovery of a Holocene cryptotephra in the 

Amazon basin and highlights the opportunities for extending tephrochronology to 

tropical peatlands.  

In this study I present a number of methodological advances which are important for the 

design of future tephra studies, including: the replicability of tephrostratigraphies from a 

mid-latitude peatland; differences in lake and peatland records even at sites in close 

proximity; and the robustness of tephra glass shard geochemistry to acidic conditions 

and acid extraction. Beyond methodological advances, this study demonstrates how 

cryptotephra records can be utilised in new ways to compliment proximal records of 
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volcanism; includes the first comprehensive analysis of distal tephra shard size (9500 

shards); and presents a new recurrence estimate for the frequency of ash cloud events 

over northern Europe (44 ± 7 years). 
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SIMS Secondary ion mass spectrometry 

TSC Total shard count per unit area, the total number of tephra shards 
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Chapter 1: Introduction  

1.1 Introduction  

This thesis will examine microscopic volcanic ash (‘cryptotephra’) layers with 

particular reference to their use as records of the source, frequency and nature of 

volcanic eruptions and the resulting ash clouds. This work represents a key step toward 

using cryptotephra layers, not only as a tool for the correlation of sedimentary 

sequences, but also as a record of volcanic eruptions which occurred in the past. 

Understanding past volcanic ash deposition may help in predicting the frequency and 

characteristics of future volcanic eruptions.  

1.2 Context of research and rationale  

The invention of passenger jet aircraft has led to a large increase in global air transport 

of both people and freight over the last 70 years. The global economy is increasingly 

dependent on reliable air transportation; any disruption to air traffic can result in large 

economic losses. Thankfully, modern aircraft can operate in the majority of 

meteorological conditions and widespread disruption to flights is rare. However, despite 

technological advances, the passage of modern jet aircraft through volcanic ash can 

result in substantial damage to the fuselage and even complete engine failure (Folch, 

2012). Given the safety risk of engine failure when flying through volcanic ash, and in 

line with recommendations from the International Civil Aviation Organisation, the 

British Civil Aviation Authority began implementing no fly zones where volcanic ash 

was present. This policy was subsequently reviewed, during the eruption of 

Eyjafjallajӧkull, 2010, allowing flights to continue where the ash concentration is below 

0.2 mg m-3 (Marks, 2010). Any decision regarding the closure of airspace by the Civil 

Aviation Authority is based on information provided by the relevant Volcanic Ash 

Advisory Centre (VAAC). There are nine VAACs, each responsible for a different 

geographic area. The London VAAC covers Iceland, and the north-east sector of the 

north Atlantic. The centre provides information on volcanic ash presence/absence and 

concentration during a volcanic eruption based on forecasts from dispersion models, 

satellite data and aircraft observation data. 
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The impact of volcanic ash clouds on aviation is a problem of global relevance. The fine 

ash produced during explosive volcanic eruptions can be transported long distances 

(1000s of km) from the volcanic source and cause flight disruption across a wide area. 

The first reported encounter between a modern jet aircraft and volcanic ash was during 

the eruption of Mount St Helens, USA in 1980. Since then, similar events have occurred 

in Indonesia, Alaska and the Philippines (Miller and Casadevall, 2000). Australia, 

which itself has no active volcanoes, was affected by ash from the eruption of the 

Chilean volcano, Cordón del Caulle, which grounded flights from Melbourne (>10,000 

km distant) in 2011 (Pistolesi et al., 2015).  

Evidence of past ash clouds is recorded by fine volcanic ash particles. These 

microscopic shards have been identified thousands of kilometres from their volcanic 

source, where they form invisible (‘cryptotephra’) layers in records such as peatlands, 

ice cores and marine and lake sediments (Jensen et al., 2014; Pyne-O'Donnell et al., 

2012). These cryptotephra layers can often be traced to a volcanic source and eruption 

based on the uniqueness of the particle chemistry linked back to the magmatic source 

(Swindles et al., 2011). They can also be assigned an age, either through correlation 

with an eruption of a known age, or through dating the host material (e.g. peat or lake 

sediment). As cryptotephra layers are spatially widespread and deposited over a short 

space of time, they are predominantly used in the dating and correlation of sedimentary 

sequences (‘tephrochronology’) (Lowe, 2011). 

The majority of cryptotephra research has been conducted in northern Europe, where 

the main source of cryptotephra is Icelandic volcanism. Iceland’s position in the north 

Atlantic puts it in a prime location for causing disruption to trans-Atlantic and European 

air traffic. Iceland is also one of the most active volcanic regions in the world, with the 

last 10 ka recording an average of 20 eruptions per century (Thordarson and 

Hoskuldsson, 2008). However, prior to AD 2010 there had been no significant 

explosive eruptions since that of Hekla in AD 1947, at a time when there were no 

passenger jet aircraft. Therefore it came as a surprise to many European governments, 

insurers and the general public when the ash cloud produced during the eruption of the 

Icelandic volcano Eyjafjallajӧkull in 2010 triggered two months of intermittent travel 

disruption (Gudmundsson et al., 2012). The estimated cost to airlines for the first six 

days of disruption was in excess of €900 million (Hooper, 2012). In order to mitigate 
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such economic losses and inconvenience to the travelling public in the future, 

understanding the frequency and nature of ash dispersal events from Icelandic eruptions 

is vital. 

Swindles et al. (2011) identified an opportunity to use cryptotephra layers in a novel 

way to estimate the reoccurrence of ash clouds. Cryptotephra layers and details of 

observations in historical records provide information on the frequency of ash clouds 

reaching northern Europe in the past. Assuming that the rate of ash clouds is stationary, 

and does not change significantly over time, information on past volcanic ash cloud 

frequency can be used to understand and model the frequency of future Icelandic 

eruptions. The reoccurrence model of Swindles et al. (2011) is based on a new database 

of tephra records in northern Europe, compiled from online databases and published 

literature and represents the first attempt to estimate ash cloud reoccurrence based on 

observed ash fall and cryptotephra records. 

In addition to recording volcanic ash cloud frequency, cryptotephra layers may offer 

additional insights into the volcanic eruption from which they are derived. The 

geochemistry of the glass shards in cryptotephra layers reflects the magma composition 

at the time of eruption (Ponomareva et al., 2015). Furthermore, cryptotephra shard 

morphology reflects the magma properties, the degree of magma vesiculation 

(degassing state), fragmentation and explosivity of the eruption (Liu et al., 2015). 

Tephra transport distance is influenced by meteorology (mostly wind direction), plume 

heights and particle morphology (Carey and Sparks, 1986; Stevenson et al., 2015).  

Growing interest in volcanic ash clouds globally, and in northern Europe in particular, 

has led to increased collaboration between atmospheric scientists and 

tephrochronologists (Stevenson et al., 2015). The value of cryptotephra layers, not only 

as dating isochrons, but also as records of the frequency and nature of volcanic activity 

is being recognised (Ponomareva et al., 2015). This research project will examine the 

extent to which cryptotephra layers in northern Europe and further afield can be applied 

as records of the frequency and nature of volcanic ash falls, and the extent to which they 

are confounded the issues of re-deposition, preservation and reworking in terrestrial 

environments. The results are likely to be of interest to a wide range of scientists 

including tephrochronologists, paleo-environmental scientists and atmospheric and 
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climate modellers. Furthermore, the findings of this thesis have the potential to impact 

on the model of ash cloud reoccurrence over northern Europe, which is of relevance to 

the travelling public, as well as to the insurance and aviation industries.  

1.3 Research aim  

The aim of this thesis is to evaluate the use of microscopic volcanic ash (‘cryptotephra’) 

layers for providing information on the timing, characteristics and spatial extent of past 

volcanic ash clouds.  

1.4 Objectives  

The main aim outlined above (Section 1.2) will be met through the following research 

objectives. The objectives of this research project are in two main compartments: 

Compartment 1: The limits of tephrochronology 

1. To examine the spatial complexity of tephra shard concentrations in a single 

peatland, in order to evaluate the level of sampling bias in studies which analyse a 

single core from a site (Chapter 3).  

2. To evaluate the preservation of cryptotephra shards in extreme conditions and assess 

the opportunities for extending the spatial coverage of tephrochronology by carrying 

out the first tephra investigation in a South American tropical peatland (Chapter 4).  

3. To identify possible preservation bias in lake and peatland records by investigating 

the tephrostratigraphies recorded in lake and peatland sites in close proximity to one 

another (Chapter 5).  

4. Using the above objectives, to assess the level of bias in models of volcanic ash 

reoccurrence over northern Europe such as that developed by Swindles et al. (2011) 

(Chapter 8). 
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Compartment 2: The application of tephra layers as records of volcanic ash 

5. To report tephra shard size and characteristics (colour and morphology) at all sites 

and to evaluate the extent to which these properties can further understanding of 

volcanic ash clouds (Chapter 6).  

6. To compare distal ash cloud records with records of Icelandic volcanism over the 

last 7000 years (Chapter 7, Chapter 8). 

7. To develop a new model for ash cloud reoccurrence over northern Europe using new 

modelling techniques and including additional data based on new tephra layers 

(Chapter 8).  

General  

8. To conduct field campaigns in order to assess whether spatial and temporal gaps in 

tephra records in northern Europe reflect the true margins of the spatial distribution 

of Icelandic volcanic ash, or whether they are an artefact of research intensity 

(Chapters 1, 2, 3, 4).  

9. To produce new high quality tephra profiles, prepared and geochemically 

characterised following standard protocols (Chapters 1, 2, 3, 4).   

1.5 Thesis structure   

This thesis is structured in nine Chapters. Chapter one provides an introduction to the 

research context and rationale for this project. Chapter two contains a literature review 

which offers a critical analysis of existing literature and methods relevant to this 

research project. During the literature review I identify and highlight key gaps in the 

existing body of literature which form the basis for the aims and objectives outlined in 

Chapter one.  

This thesis is presented in an ‘alternative format’, following the guidelines outlined by 

the University of Leeds, whereby each results chapter is in the form of a manuscript for 

publication. There are six results chapters, each with its own abstract, introduction, 

methods, results and discussion and conclusion section. Each is accompanied by a 

reference list. At the time of submission results chapters 3, 4 and 5 are published.  
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The results chapters fit into two main compartments, in line with those outlined in the 

objectives in Chapter 1 (Fig. 1). Chapters three, four and five fit into Compartment 1: 

The limits of tephrochronology. These chapters examine the robustness of 

tephrochronology, specifically the use of cryptotephra layers in lakes and peatlands as a 

technique for understanding past ash clouds (Objectives 1-4, 8-9). During these chapters 

I critically examine the influence of deposition, redistribution and reworking processes 

on tephra records in peatlands and lakes. Chapters six, seven and eight fit into 

Compartment 2: The application of tephra layers as records of volcanic ash, and focus 

on identifying opportunities for the application of cryptotephra layers as records of 

volcanic ash clouds (Objectives 5-9).  

Finally, Chapter 9 offers a synthesis of the preceding results chapters bringing together 

the two research compartments and offering overall conclusions. The implications of the 

findings of this research project are discussed, together with limitations and ideas for 

future directions.  
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Figure 1. Conceptual model of this research project. Research is split into two main compartments. Blue circles indicate Chapter numbers for results chapters, each results chapter is 

related to one main objective. 
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Chapter 2: Literature review 

2.1 Introduction  

This review is focussed on cryptotephra layers with particular reference to their use as 

records of ash-cloud distribution and frequency. I critically examine existing literature 

and methods relevant to this research project and highlight key questions and gaps in 

existing research. 

2.1.1 Tephra  

The word ‘tephra’ is used to describe a wide range of pyroclastic debris released during 

volcanic eruptions (Thorarinsson, 1944). This review will focus on volcanic ash (tephra) 

which has been transported in the atmosphere and deposited in areas far (>500 km) 

from the volcanic source. These distal tephra layers are often referred to as 

cryptotephras or ‘hidden tephras’ as they are not visible to the naked eye. Cryptotephras 

contain low concentrations of small shards (typically <125 µm) (Lowe, 2011). 

During a tephra-producing volcanic eruption, shards of tephra are ejected from the vent 

into the atmosphere. The direction and distance of transport are affected by the height of 

the eruption column, wind speed and direction, as well as particle terminal velocity 

(Fig. 11). As the terminal velocity of a tephra shard or aggregate is reached, it will fall-

out and be deposited. Eruption style and shard characteristics are predominantly 

controlled by magma composition and volatile content. The height of the eruption 

column, which can be maintained or variable, exerts a strong control on tephra transport 

distance. Plume height is controlled in part by the gas content of the magma, where 

higher gas content results in a higher plume (Wilson et al., 1978). Plinian eruptions 

which are characterised by high plumes (> 20 km) (Mader, 2006) can produce widely 

dispersed tephra isochrones.  

Tephra shard characteristics include the shape, size and density of shards, all of which 

impact on settling velocity. Larger, more dense shards are deposited closer to the vent 

than smaller less dense shards (Folch, 2012). Generally basaltic tephra shards have a 
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higher density (c. 2400-3200 kg m-3) than rhyolitic shards (c.2150-2600 kg m-3) (Schön, 

2011). Models suggest that basaltic tephra shards fall out more rapidly than rhyolitic 

shards due to their higher density (Stevenson et al., 2015). Shard shape, size and density 

characteristics are controlled partly by magma type and volatile content (Mader, 2006) 

which affect bubble formation and brittle fragmentation (Cashman, 2000).  

2.1.2 Tephrochronology  

Tephrochronology is the use of tephra layers as a dating and correlation method. The 

technique was developed using visible tephra layers in Iceland (Thorarinsson, 1944; 

Thórarinsson, 1981). Tephrochronology is based on two fundamental assumptions: 

1) That tephra deposition (from a single eruption) over a wide area can be considered to 

be simultaneous in geological time. This claim is supported by the short duration of 

most explosive eruptive phases (Lowe, 2011) and the rapid fallout of tephra even when 

transported long distances (Stevenson et al., 2012);  

2) That the geochemistry of tephra shards reflects magma geochemistry during a given 

eruption and therefore, tephra layers from different eruptions can have different 

geochemistries (Baker, 1983).  

The assumption of simultaneous deposition allows for the use of tephra records as 

isochrones. If a tephra layer can be assigned a date, using stratigraphy, and either 

historical or radiometric dating methods, that age can be inferred at other sites where an 

identical tephra layer is present (Fig. 1). As I discuss in detail later, recently, it has 

become increasingly apparent that the assumption of an individual geochemical 

fingerprint for each eruption is a simplification and event stratigraphy and independent 

dating are important when assigning tephra layers to an eruptive event. 
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Figure 1. Diagram illustrating the theory behind tephrochronology, based on the assumptions of simultaneous deposition and geochemical ‘fingerprinting’ tephra layers can be used 

as a precise method of dating and correlation for proximal and distal sequences in lakes, marine cores, ice cores and peatlands.
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The discovery of Icelandic tephra layers in the Faroe islands and Scandinavia provided 

an opportunity to extend tephrochronology into regions further from their volcanic 

sources (Persson, 1966, 1968, 1971). The promise of distal tephrochronology was 

further advanced by the discovery of cryptotephra layers in peatlands (e.g. Hall and 

Pilcher, 2002; Plunkett, 2006), lakes (e.g. Davies et al., 2007; Stanton et al., 2010), ice 

(e.g. Gronvold et al., 1995) and marine (e.g. Gudmundsdóttir et al., 2011) cores. The 

first cryptotephra found on the UK mainland, at Altnabreac in Caithness, Scotland, was 

geochemically correlated to the eruption of Hekla 4 (4287 BP) (Dugmore, 1989). Since 

these early discoveries, numerous cryptotephras from many volcanic source regions 

have been identified across northern Europe and in other regions of the world including 

Russia (Wastegård et al., 2000), New Zealand (Gehrels et al., 2006a), Africa (Lane et 

al., 2013b), South America (Wastegård et al., 2013) and China (Zhao and Hall, 2015). 

Cryptotephras which transcend continental or even hemispheric boundaries are 

particularly useful for the dating and correlation of palaeoenvironmental records from 

different regions in different depositional environments (Jensen et al., 2014; Lane et al., 

2013a; Pyne-O'Donnell et al., 2012). 

Tephrochronology is now widely applied as a dating and correlation method in 

palaeoenvironmental studies (e.g. Cole and Mitchell, 2003; Lawson et al., 2008). Where 

adequate tephra layers allow, tephrochronology provides a cost-effective, accurate and 

precise technique to complement other dating methods. Accurately dated tephra layers 

can provide tie points in radiocarbon-based age-depth models, which can be particularly 

important during plateaux in the radiocarbon calibration curve (Plunkett, 2006). Tephras 

are also of particular value in dating records where radiocarbon or other dating methods 

are confounded by errors (Lowe et al., 2007). More recently deposited tephras such as 

Hekla 1947 are likely to become increasingly important as 210Pb dating which has a 

half-life of just 22 years becomes less effective (Rea et al., 2012). Cryptotephra layers, 

being deposited far from the volcano are also valuable for the reconstruction of volcanic 

activity in regions where there has been abundant Quaternary volcanism. Proximal 

deposits are often confounded by reworking or buried by new deposits, whereas 

cryptotephra layers are typically far away enough from the volcanic source not to be 

subject to these complications. Therefore, in some instances cryptotephra layers present 

a more complete record of volcanic activity than proximal records.  
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Despite the advantages offered by tephrochronology there are a number of 

complications which must be considered when applying this technique. Cryptotephra 

layer identification to a source volcano, or another cryptotephra layer is often based on 

analysis of major element data. Major elements form a major component (>0.1%) of the 

material, in this instance glass and the following species are typically analysed: SiO2, 

FeO, TiO2, K2O, Al2O3, Na2O, CaO, MgO and MnO. The analysis of major elemental 

composition is routinely conducted in the majority of tephra studies. Trace elements are 

present at concentrations of below 1000 ppm and in tephra samples must be analysed 

separately to major elements, the analysis of trace elements is not yet routine in tephra 

studies.  

One of the principals of tephrochronology is the assumption that a tephra layer has a 

distinctive geochemical fingerprint. However, magma and thus tephra geochemistry can 

be heterogeneous (Hunt and Hill, 1993). Therefore tephra erupted during the early 

stages of an eruption can be different in geochemical composition to the main bulk of 

tephra, due to contamination with (pre-existing) material from previous eruptions 

(Larsen and Eiriksson, 2008b). Some volcanoes show indications of magma mixing and 

evolving tephra geochemistry throughout an eruption, meaning tephra from one 

eruption can have a range of different geochemistries. These complex geochemical 

signatures are caused by magma chamber zonation (Hodder et al., 1991) or alternatively 

by the fluctuation of the composition of deeply sourced magmas feeding the magma 

storage region under the volcanic source. Conversely, multiple tephra layers from 

different eruptions have been identified with overlapping geochemistry, demonstrating 

that the assumption that every tephra has a unique geochemical fingerprint is not always 

valid.  

A recent focus on late-glacial European tephra layers has led to the discovery of 

multiple tephra layers attributed to the Katla volcano with very similar major element 

geochemistry (MacLeod et al., 2015): the Vedde ash (c. 12 cal ka BP), Dimna Ash (c. 

15 cal ka BP), Suđurøy (c. 8 cal ka BP), AF555 (c.11.5 cal ka BP) and Abernethy (11.7-

11.2 cal ka BP). There are approaches to mitigate issues where tephra layers have 

overlapping geochemistry. The analysis of trace elements can be used to try and aid 

discrimination. However, trace elemental composition can also be similar between 

eruptions, and the Dimna ash and Vedde ash have geochemically indistinguishable 
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major and trace element geochemistry (Lane et al., 2012). Other methods such as 

Raman spectroscopy are being developed and show early promise for distinguishing 

between tephras of similar major elemental composition (Surtees et al., 2016). 

Stratigraphy, independent dating (e.g. 14C or varve counting) and stratigraphic markers 

such as spheroidal carbonaceous particles can also be used to discriminate between 

geochemically indistinguishable tephra layers, for example the tephras of Hekla 1510 

and 1947 (Swindles and Roe, 2006).  

Although tephra layers can be a useful dating tool, they are only as good as the date 

assigned to the eruption (or tephra layer). Where tephra layers can be historically dated 

and the geochemistry of a tephra is well known, the dates can be assumed to be well 

defined, providing that documents are reliable. For pre-historic tephras where no written 

record exists, assigning a date is more complex. Due to the poor preservation of 

volcanic ash on some surfaces, and the active geology of volcanic regions, it is 

sometimes not possible to obtain a date for a tephra from the region proximal to the 

volcano. Instead, tephras can be dated with respect to their position in the distal 

stratigraphy (Lowe, 2011). The detection of tephra in high-resolution records such as 

ice-cores and varved lake sediments provides the most precise means for dating a 

tephra, sometimes to sub-annual (seasonal) resolution (Coulter et al., 2012; Lane et al., 

2013a; Zolitschka et al., 2015). However, not all tephras are present in high resolution 

records, and the detailed examination of annually accumulated ice or sediment for 

cryptotephra layers is time consuming. Current research focusses on specific core 

sections, and scanning for cryptotephra has not been conducted continuously in many 

records (e.g. Greenland ice cores). Therefore, the majority of pre-historic tephras have 

been assigned dates based on a 14C derived chronology (Fig. 2). This may be achieved 

through interpolation from an age-depth model, direct radiocarbon dating or, more 

recently, wiggle-match dating (Plunkett et al., 2004).  
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Figure 2. Pie chart indicating the dating methods for cryptotephras identified in northern Europe. The 

majority of tephras have been dated using radiocarbon dating on surrounding organic material. Tephras 

dated by association with another tephra layer have been identified alongside (mixed with) tephras of a 

known age. Data source: European cryptotephra database of Swindles et al. (2011) and references therein. 

2.2 Cryptotephra research: a global view  

The first cryptotephra layers were identified in northern Europe and were of Icelandic 

source (Dugmore, 1989; Hall and Pilcher, 2002). The majority of cryptotephra research 

is focused on northern Europe and the north Atlantic where multiple well dated and 

widespread tephra layers have been identified. However, increasingly there are a 

number of studies which explore visible tephra records and cryptotephra records from 

other regions (Davies, 2015) (Table 1). Expanding cryptotephra research into new 

regions, including the tropics, may offer opportunities to further our understanding of 

the preservation of cryptotephra layers in different environments and to understand the 

past dynamics of nearby active volcanic systems as well as offering a chronological tool 

for palaeoenvironmental reconstructions. However, as the majority of cryptotephra 

research has so far been conducted in the cooler northern latitudes the preservation of 

cryptotephra shards in tropical environments has not been studied. Understanding the 

potential for the preservation of cryptotephras in tropical environments is important in 

establishing whether cryptotephra studies in these regions could aid our understanding 

of past volcanism and potential impacts on ecosystems.  
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Country or region Example References 

Greenland ice cores Davies et al. (2002); Davies et al. (2004); Fiacco et al. (1993); 

Mortensen et al. (2005); Zielinski et al. (1995) 

North Atlantic and 

adjacent seas 

Andrews et al. (2006); Austin et al. (2004); Bond et al. (2001); 

Haflidason et al. (2000); Jennings et al. (2002); Lacasse et al. (1998); 

Sjøholm et al. (1991) 

Faroe Islands, Iceland Dugmore and Newton (1998); Gehrels et al. (2006b); Larsen et al. 

(2001); Rasmussen et al. (2003); Wastegård (2002); Wastegård et al. 

(2001) 

Great Britain and Ireland Barber et al. (2008); Dugmore (1989); Dugmore et al. (1995); Dugmore 

et al. (1996); Hall and Pilcher (2002); Langdon and Barber (2001); 

Pilcher and Hall (1992); Pilcher and Hall (1996); Pilcher et al. (1995); 

Wastegard et al. (2000) 

Norway, Sweden, 

Svalbard 

(Finland), Russia 

Bergman et al. (2004); Boygle (2004); Davies et al. (2007); Oldfield et 

al. (1997); Persson (1971); Pilcher et al. (2005); Wastegård (2005); 

Wastegard et al. (2000) Ponomareva et al. (2013); Vorren et al. (2007) 

Denmark, The Netherlands Blockley et al. (2007); Davies et al. (2005); Turney et al. (2006) 

Germany, Austria, Poland Housley et al. (2013); Juvigne et al. (1995); Merkt et al. (1993); Schmidt 

et al. (2002); Van Den Bogaard and Schmincke (2002) 

Estonia, Albania, 

Macedonia, 

Adriatic Sea, central 

Mediterranean area 

Bescoby et al. (2008); Calanchi and Dinelli (2008); Hang et al. (2006); 

Siani et al. (2004); Wagner et al. (2008) 

 

British Columbia, Alaska, 

North America 

Payne and Blackford (2008); Pyne-O'Donnell et al. (2012) 

 

China, Japan Eden et al. (1996); Lim et al. (2008); Suzuki et al. (2005); Takemura and 

Danhara (1994); Zhao and Hall (2015) 

Chile, Patagonia, Falkland 

Islands 

(Islas Malvinas), Peru 

Haberle and Lumley (1998); Holmes et al. (1999); Wastegård et al. 

(2013); Watson et al. (2015) 

New Zealand Gehrels et al. (2006a); Gehrels et al. (2008) 

Antarctica de Angelis et al. (1985); Dunbar (2005); Kurbatov et al. (2006) 

East Africa Lane et al. (2013b) 

Table 1. Table indicating the locations of tephra studies, updated from Pyne-O’Donnell et al. (2008). The 

majority of cryptotephra research has focused on northern Europe and the north Atlantic where multiple 

well dated and widespread tephra layers have been identified. However, increasingly there are a number 

of studies which explore visible tephra records and cryptotephra records from other regions (Davies, 

2015).  
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2.2.1 Cryptotephra records in northern Europe 

As afore mentioned the majority of cryptotephra studies have focused on northern 

Europe. This makes northern Europe the ideal location for using cryptotephra layers as 

records of volcanic ash clouds as there are numerous studies across different 

depositional environments which have examined cryptotephra layers primarily for the 

purpose of chronological control on paleoenvironmental reconstructions.  

2.2.1.1 Icelandic volcanism  

The majority of cryptotephra layers in northern Europe are of Icelandic source. Iceland 

is one of the most volcanically active regions in the world (Thordarson and 

Hoskuldsson, 2008). The island is located on the Mid-Atlantic Ridge, along which the 

North American and Eurasian plates are diverging at an average rate of 1.8 cm yr-1 

(Gudmundsson, 2000). Iceland also sits above a mantle plume, leading to frequent 

effusive and explosive volcanism (Wolfe et al., 1997). There have been an estimated 

2400 volcanic eruptions on Iceland during the Holocene; mafic (effusive) volcanism 

dominates (Thordarson and Hoskuldsson, 2008).  

Volcanoes in Iceland exhibit a wide range of magma compositions. Magma 

composition is a key control on explosivity and thus the propensity for the production of 

fine ash. Eruptions of rhyolitic and mixed geochemical compositions are often 

associated with the production of large quantities of fine tephra. Silicic magmas are 

more viscous and contain a higher volatile content than their mafic counterparts. As a 

result, eruptions of silicic magmas are often more explosive with increased magma 

fragmentation and the production of more tephra, when compared to eruptions of mafic 

compositions which are less viscous and escape the vent as lava. A recent example of 

effusive activity was the eruption of the Bárðarbunga-Veiðivötn volcanic system 

between August 2014 and February 2015 which produced approximately 1.5 km3 of 

lava (Schmidt et al., 2015). Effusive eruptions pose hazards such as the emission of 

toxic gases and physical damage to property. However, the interaction of magma with 

ice/water from glaciers during sub-glacial eruptions frequently results in explosive 

phreatomagmatic phases (Gudmundsson et al., 2008). The fragmentation of magma 

during explosive phreatomagmatic phases can result in the production of large volumes 



~ 24 ~ 

 

of fine tephra. Eruptions of silicic magma are less common on Iceland than mafic 

eruptions, although still more frequent than in many other volcanic regions (Thordarson 

and Hoskuldsson, 2008). The Hekla volcano has been the most prolific producer of 

silicic tephra in Iceland during the Holocene, depositing 50 proximal tephra layers in 

the last ~8000 years (Larsen and Eiriksson, 2008a) (Fig. 3).  

 

Figure 3. Map of Iceland indicating volcanoes which have been active during the Holocene and 

approximate boundaries of large ice masses (blue shading). Data on Holocene volcanoes from the 

Smithsonian Database (Global Volcanism Program, 2013). Volcanoes are indicated as follows: white 

triangle = Caldera, white circle = Fissure vent, white circle with point = Pyroclastic cone, black circle = 

Shield volcano, black triangle = Stratovolcano, grey triangle = sub-glacial, grey circle = Crater.  
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2.2.1.2 Icelandic volcanism and climate 

Icelandic volcanism is controlled not only by internal factors such as the rate of plate 

boundary rifting and pulses of the magma plume, but also by external factors such as 

climate. The position of Iceland at 64º latitude results in a cold climate capable of 

sustaining glaciers throughout much of the mid- to late- Holocene and a large ice cap 

during the last glacial maximum. In addition to increasing the explosivity of eruptions 

through ice/water interaction, there is evidence that the degree of ice overlying Icelandic 

volcanoes has effected the frequency of volcanism in the past (Sigvaldason et al., 1992). 

A 30% increase in eruption frequency during the period 10-8 ka BP has been attributed 

to rapid glacial unloading at the start of the Holocene which led to depressurisation, 

increased melt production and a subsequent increase in volcanism (Jull and McKenzie, 

1996; Maclennan et al., 2002). Ice caps on Iceland are currently retreating, but current 

glacial unloading is on a much smaller scale than during the last glacial-interglacial 

transition and appears to be resulting, at least in the short term, in increased intrusive 

activity and thus increased magma storage capacity, as opposed to increasing the risk of 

an eruption (Hooper et al., 2011).  

Modelling and observations suggest that even small seasonal changes in ice volume can 

increase the probability of, or even trigger volcanic eruptions (Albino et al., 2010). 

There has been a limited amount of research, focussed on modelling increases in melt 

generation due to the relatively small (compared to glacial-interglacial unloading) 

declines in ice volume since the Little Ice Age (~AD 1890), these studies suggest that 

reducing ice volume is resulting in significant increases in melt generation rates (Pagli 

and Sigmundsson, 2008; Schmidt et al., 2013). However, there are no observational 

studies which indicate an increase or decrease in volcanic frequency during the current 

interglacial with changes in ice volume, with which to support models. Proximal 

records of past volcanic frequency are often confounded by the erosion of deposits in 

areas proximal to volcanoes. Some distal cryptotephra records are not confounded by 

the same reworking issues. Therefore, examining the past record of ash clouds 

(cryptotephra) alongside proximal records can aid confidence in the identification of 

periods of change in the frequency of Icelandic volcanism in the past. When used 

alongside climate records such as study may allow for further assessment of a potential 

link between the frequency of Icelandic volcanism and climate (Thesis Objective 6).  
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2.2.1.3 Spatial distribution of existing Holocene tephra records  

This section will focus on records of tephra in peatlands and lakes across northern 

Europe and is limited to the last 7000 years, the period for which climatic conditions 

have been largely similar to the modern era. This temporal limitation has been applied 

because of the increase in frequency of Icelandic volcanism prior to 7000 years BP 

during the transition from the last glacial period to the Holocene (Section 2.2.1.2). This 

review was conducted prior to the commencement of fieldwork for this PhD project and 

was updated last in autumn 2012. Tephra has also been identified in ice cores (e.g. 

Gronvold et al., 1995) and marine sediments (e.g. Gudmundsdóttir et al., 2011) in the 

north Atlantic. However, here we are primarily concerned with ash clouds which 

travelled toward northern Europe. Ice core evidence from Greenland is therefore beyond 

the spatial remit of this study. Furthermore, no complete records of tephra fall from 

Greenland are currently available. Due to the high resolution of the Greenland record, 

only small sections of ice cores have been examined, usually targeted at identifying a 

particular tephra or time interval (Coulter et al., 2012). 

The current database of cryptotephras referred to in this section was compiled and 

reported by Swindles et al. (2011) and updated by the author of this review. The number 

of tephra layers recorded in northern European peatlands and lakes is 84, of which the 

majority, 44 have been identified at only one site (Fig. 4, Fig. 5) The database contains 

data from cryptotephras in the geological record (n = 77) and those observed to fall-out 

over northern Europe in historical times (n = 7). A thorough analysis of the spatial 

distribution of northern European cryptotephras was conducted by Lawson et al. (2012). 
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Figure 4. Diagram indicating the outline tephrostratigraphy for northern Europe. The diagram includes 

only tephras which have been identified at more than one site. Error bars indicate uncertainty in age 

estimate. *Suggested to be from the eruption of Grímsvötn in 1619 
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Figure 5. Map showing the distribution of sites where Holocene cryptotephras have been identified, based 

on the Holocene cryptotephra database of Swindles et al. (2011) (updated as of Autumn 2012). Filled 

circles indicate lake and peatland sites where cryptotephras have been geochemically analysed. The grey 

triangle shows the location of the Hekla volcano. The source of the majority of Holocene tephra layers in 

Northern Europe. 

The database contains tephra records from 100 peatlands and 20 lakes. The dominance 

of peatland sites is most likely related to a combination of: firstly, the abundance of 

peatlands in northern Europe, some of which date to the early Holocene and secondly, 

the ease of extracting tephra from peat when compared to lake sediments, which contain 

more mineral material necessitating the use of additional extraction steps. No site has a 

complete record containing every tephra layer; this is due to differences in topography 

and meteorological conditions which affect tephra transport and fallout. Meteorological 

conditions, particularly wind strength and direction are a major control on tephra 

distribution. As evidenced by infrared satellite images, discrete air masses often 
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maintain their integrity rather than mixing, resulting in a patchy distribution of tephra 

rather than a uniform dusting (Cooke et al., 2014). Furthermore, radionuclides fall out 

preferentially during periods of rainfall (Mattsson and Vesanen, 1988). Langdon and 

Barber (2004) suggest that a similar wash-out effect may affect tephra deposition, 

depositing more tephra from the atmosphere during rainfall events and resulting in 

patchy tephra distributions.  

Tephra layers from Hekla volcano dominate the geological record of cryptotephra layers 

for Northern Europe in the mid- to late- Holocene. Hekla is the source for just under 

half of the cryptotephra layers found at five or more sites (Fig. 6, Table 2). The most 

spatially widespread tephra layer is Hekla 4 which has been identified at 45 sites 

spanning much of Europe and which provides a valuable isochron for dating the period 

c. 4287 BP (Pilcher et al., 1995) (Fig. 7). In contrast, the Glen Garry tephra c. 2176 BP 

(Dugmore et al., 1995), although identified at 26 sites (Fig. 8) has a narrower spatial 

distribution toward South and East Europe and has not been identified in Scandinavia.   

 

Figure 6. The distribution of eruptions among volcanic systems. A total of 17 explosive eruptions over the 

last 7000 years have resulted in tephra found at ≥5 European sites. Question marks indicate eruptions 

where attribution to source volcano is tentative. 
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Name Sites (n) Source Date Geochemistry Dating Method 

Hekla 4 45 Hekla 2395-2279 BC Rhyolitic Wiggle-match 14C 

Glen Garry 26 Unknown 16-260 BC Dacitic-Rhyolitic Wiggle-match 14C 

Hekla 1104 21 Hekla AD 1104 Rhyolitic Historical  

Hekla 1947 20 Hekla AD 1947 Dacitic-Andesitic Historical  

AD 860 B 19 Alaska AD 776-887 Rhyolitic Wiggle-match 14C 

Hekla-S/Kebister 19 Hekla 1800-1750 BC Dacitic-Rhyolitic Wiggle-match 14C 

Microlite 15 Snaefellsjökull? 755-680 BC Rhyolitic Wiggle-match 14C 

Askja 1875 13 Askja AD 1875 Rhyolitic Historical  

Hekla 1510 13 Hekla AD 1510 Dacitic-Andesitic Historical  

Hekla 3 13 Hekla 1087-1006 BC Dacitic-Rhyolitic Wiggle-match 14C 

Lairg A/Hekla 5 13 Hekla 4997-4902 BC Rhyolitic Wiggle-match 14C 

Lairg B 10 Torfajökull 4774-4677 BC Rhyolitic Wiggle-match 14C 

Öræfajökull 1362 9 Öræfajökull AD 1362 Rhyolitic Historical 

GB4-150 (~SILK-
UN) 

8 Katla 800-758 BC Dacitic-
Trachydacitic 

Wiggle-match 14C 

BMR-190 7 Hekla 705-585 BC Dacitic Wiggle-match 14C 

AD 860 A 5 Grímsvötn? AD 776-887 Rhyolitic Wiggle-match 14C 

Hoy 5 Torfajökull 4620-4230 BC Rhyolitic Directly 14C dated 

Table 2. Characteristics of cryptotephra layers which occur at ≥5 sites in northern Europe. The majority 

of widespread tephra layers in northern Europe have been dated using either historical records or Wiggle-

match 14C. Data from this study (thesis) is not included.  
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Figure 7. Diagram from Lawson et al. (2012) indicating widespread nature of Hekla 4, black dots indicate 

sites where the Hekla 4 tephra has been identified, white dots indicate sites where tephra has been 

investigated and Hekla 4 has not been found, grey dots indicate all sites in the European tephra database. 

 

Figure 8. Diagram from Lawson et al. (2012) indicating the distribution of Glen Garry tephra, black dots 

indicate sites where the Glen Garry tephra has been identified, white dots indicate sites where tephra has 

been investigated and Glen Garry has not been found, grey dots indicate all sites in the European tephra 

database. 
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2.2.1.4 Geochemistry of existing Holocene tephra records   

Fig. 9 indicates the geochemistry of tephras found at more than five sites in northern 

Europe. The record is dominated by tephra layers of silicic composition. Despite the 

dominance of basaltic volcanism in Iceland and the potential for explosive 

phreatomagmatic eruptions which have been shown to distribute fine ash over long 

distances (Stevenson et al., 2012; Thordarson and Hoskuldsson, 2008), only five 

basaltic cryptotephra layers have been identified in Holocene records in northern 

Europe: the Landnám (1079 ± 2 BP) tephra thought to be from either the Veiðivötn or 

Torfajökull volcanic system (Cage et al., 2011; Hannon et al., 2001; Wastegård, 2002), 

the Mjáuvøtn A (6668-6533 BP) tephra of unknown source (Olsen et al., 2010; 

Wastegård et al., 2001), Veiðivötn 473 BP (Chambers et al., 2004; Davies et al., 2007), 

and the Hov (6190-5720 BP) and BRACSH-1 (222-70 BP) tephra layers thought to be 

from Grímsvötn (Reilly and Mitchell, 2015; Wastegård, 2002).  
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Figure 9. The number of sites where a tephra layer is found in Northern Europe. Tephra layers found at 

fewer than five sites are excluded (n = 267). More information on the characteristics these eruptions are 

given in Table 2.  

The majority of basaltic cryptotephras have been identified in sites on the Faroe Islands, 

although basaltic tephras have also been identified in Ireland (Chambers et al., 2004; 

Reilly and Mitchell, 2015) and Scandinavia (Davies et al., 2007). A number of possible 

reasons for the lack of basaltic cryptotephras in Holocene European cryptotephra 

records have been suggested:  

1) There is experimental evidence that basaltic glass is more prone to hydration, 

alteration and even completely dissolving in acidic environments (pH 4), than rhyolitic 

glass (Pollard et al., 2003; Wolff-Boenisch et al., 2004). Prolonged exposure to the 

acidic and wet environments in peatlands may result in the dissolution of glasses of 

mafic composition. 

2) Basaltic tephra shards have a higher density than silicic shards (2.5-3.0 and 2.3 g cm-

3 respectively). Models suggest that basaltic tephra shards fallout of the atmosphere 

earlier than silicic shards of the same size and arrive over northern Europe in lower 

concentrations in the air (Stevenson et al., 2015).  
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3) Density separation extraction methods might result in the under-detection of basaltic 

tephra layers, especially in lake sediments (density separation is rarely required in 

peats).  

The work of Swindles et al. (2011) and Lawson et al. (2012) has gathered data from 

many cryptotephra studies in northern Europe and highlighted the low number of 

basaltic tephras in the distal record. However, although many theories have been put 

forward to explain these observations these rely on experimental or modelled evidence. 

More research is required in order to assess the possible reasons for the 

underrepresentation of basaltic tephras in the distal cryptotephra record. An examination 

of naturally deposited tephra layers, in order to better understand the reason or reasons 

for the underrepresentation of basaltic tephras in the distal tephra record is an objective 

of this thesis (Thesis Objective 3).  

2.3 Spatial gaps in European tephra records 

Satellite monitoring of the ash clouds produced during recent Icelandic eruptions 

indicate that volcanic ash does not travel evenly across northern Europe and fall as a 

blanket across all sites (Folch et al., 2012). Therefore a full spatial coverage of sites 

across the continent is important if all cryptotephra layers and to be recorded. Spatial 

analysis of cryptotephra distribution by Lawson et al. (2012) indicates a number of gaps 

in the spatial distribution of terrestrial tephra records (Fig. 10). Lawson et al. (2012) 

strive to include an analysis of sites where a tephra has been looked for, but not found in 

order to map the margins of tephra distribution. However, this is often not possible as 

searches for tephra with a negative outcome are not routinely reported. Therefore, the 

spatial gaps in European cryptotephra distribution maps may be considered to represent 

either: the ‘true’ margins of the spatial distribution of a tephra or, they may be an 

artefact of sampling. Establishing the presence or absence of tephra horizons in these 

‘gap’ regions will allow for the assessment of the extent to which current distribution 

maps are confounded by sampling bias. Identification of tephra in these regions would 

suggest that, rather than reflecting areas of no tephra fallout, these regions are areas 

where cryptotephra have not been sought. Should they be an artefact of sampling bias, 

these ‘gap’ regions also offer the most promise for identifying new, previously 

undiscovered tephra layers.  
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Figure 10. A map of all European cryptotephra sites (autumn 2012) (filled circles). Spatial gaps in tephra 

records referred to in the text have been shaded blue. Triangle indicates the location of the Hekla volcano. 

I focus on three spatial gaps in tephra records which offer the most promise for 

identifying previously undiscovered cryptotephras. These regions contain peatlands 

and/or lakes, some of which have not been subject to anthropogenic disturbance and 

should provide records for the mid- to late- Holocene.  

2.3.1 Poland  

A recent investigation has identified two Late Glacial tephras thought to be of Icelandic 

origin in the South West of Poland (Housley et al., 2013), this suggests that there is no 

reason why Holocene Icelandic tephras should not also have reached Poland. Prior to 

the commencement of this research project there were no published records of Holocene 

Icelandic tephras in Poland. More recently, Wulf et al. (2016) identified a number of 

tephra layers including Askja 1875, and two other tephra layers of suggested Icelandic 

origin in a varved lake sequence in central northern Poland. Low shard concentrations 

suggest that some of the tephras identified were close to the edge of their detectable 
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range. Further research in this region might identify the margins for the spatial 

distribution of these tephras.  

2.3.2 Northern Scandinavia  

Scandinavia, lies in the path of the dominant lower stratospheric winds from Iceland 

(Wastegård, 2005). A number of tephra isochrones including: Hekla 4, Hekla 3, Hekla-

Selsund and Askja 1875 have been identified in Holocene records (Wastegård, 2005). 

However, records are clustered toward southern and central areas, which are closer to 

major population centres, and contain ombrotrophic peatlands. There has been a limited 

amount of work in the northern regions, including the examination of a site on the 

Lofoten Islands (northern Norway) which identified a number of previously 

unrecognised cryptotephra layers (Pilcher et al., 2005). There is only one published 

tephra record from the north-east coast of Sweden, which has a temporal extent of 700 

years and where the Askja 1875 tephra has been identified (Oldfield et al., 1997). This 

leaves a major spatial and temporal gap in tephra records from northern Sweden prior to 

AD 1875.  

2.3.3 Wales and southern England  

Multiple cryptotephra layers have been identified across northern Britain (Lawson et al., 

2012). However, only one tephrostratigraphy exists for the South of Britain, from 

Exmoor (Matthews, 2008). The data which is published in a technical report for English 

Heritage, spans only the last 2700 years. Cryptotephras have been observed in cores 

from peatlands in Wales (Buckley and Walker, 2002; Hall and Pilcher, 2002), but the 

lack of geochemical data prevents their use as chronological markers.  

2.3.4 Addressing spatial gaps  

Spatial gaps in current tephra records may reflect regions where no tephra has fallen, 

and thus be useful for mapping the margins of tephra fallout. However, they may also 

represent regions where research intensity has been low and therefore cryptotephras 

have not been identified. An examination of the literature, suggests that the latter is 
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more likely. The identification of late-glacial Icelandic tephra layers in Poland, and 

reports of tephra layers in Wales, suggests that these regions are within the distal fallout 

range of Holocene Icelandic tephra and therefore the lack of cryptotephras in these 

regions in the Swindles et al. (2011) database is an artefact of research intensity rather 

than a reflection of the distribution of tephras. During this research project we will test 

this hypothesis further by examining material from sites in areas identified above as 

‘spatial gaps’ for cryptotephra layers (Thesis Objectives 8 and 9).  

2.4 Cryptotephras as records of volcanic ash  

Until recently cryptotephras were predominantly used as dating isochrons. However, 

they also represent a record of fall-out from ash clouds and can be used to understand 

the frequency of ash cloud events and other details, such as geochemistry, of the 

eruptions from which they are derived.  

2.4.1 Statistical modelling of the recurrence intervals of volcanic ash cloud events 

Given the social and economic cost of disruption caused by volcanic ash cloud events, 

understanding the frequency of future events is important, particularly for the insurance 

and aviation industries. The probabilistic assessment of volcanic hazards typically 

involves estimating the number of events (eruptions or in this case ash cloud coverage) 

that have occurred in a given time interval in the past. With the assumption that the 

volcanic system will continue to behave in a similar way, this information can be used 

to forecast a recurrence rate for future events (Kiyosugi, 2012). Probabilistic modelling 

allows for the quantification of uncertainties associated with hazard assessments 

(Rymer et al., 2009; Sandri et al., 2012). 

Owing to the popularity of tephra for chronological control in northern Europe a large 

amount of data on past Icelandic ash events is available. Swindles et al. (2011) 

compiled tephra records from northern Europe into a database spanning the last 7000 

years. For the period with the best records (the last 1000 years) they calculated the 

average recurrence interval of ash clouds over Northern Europe to be 56 ± 9 yr. Repose 

intervals ranged from 6 to 115 years. In a given 10 year period there is a 16% chance of 

an ash cloud occurring.  
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Swindles et al. (2011) calculated the chance of future eruptions in a given time period 

using survival analysis. Survival analysis focuses on a failure point (Cox and Oakes, 

1984). In the case of medical research this may be a patient fatality; in the case of 

volcanology this would be an ash cloud producing eruption. The time between a 

specific starting point and the failure event is termed ‘survival time’, in this instance the 

survival time is the repose interval between events (Banerjee, 2003). The empirical 

survivor function is calculated and analysed using the observed repose intervals, where 

the repose interval is taken as the time between the start times of two successive ash 

clouds. In this instance the survivor function S(t) gives the probability that T (repose 

interval) exceeds a given time interval (t) (Cox and Oakes, 1984):  

𝑆𝑇(𝑡) = 𝑃[𝑇 > 𝑡] 

The use of non-parametric methods is necessitated as distribution for the repose 

intervals is not assumed (Connor et al., 2006). The survivor function at each repose 

(time between eruption) is calculated as below (where ti is a given repose interval from 

1…N and N is the total number of events): 

𝑆(𝑡𝑖) =  
𝑁 − 𝑖

𝑁
 

An appropriate model for survival time for which parameters have been assessed will 

assist the precision of prediction of survival. This is commonly and easily achieved 

using graphical comparison whereby a parametric survival function is chosen which 

best aligns with the empirical survival time data (Lee, 1992). Examples of commonly 

utilised distributions for natural hazard modelling include the exponential (Swindles et 

al., 2011); Weibull (Dzierma and Wehrmann, 2012) and log logistic distributions 

(Connor et al., 2006). The exponential distribution suggests the rate of eruptions is 

constant over time and approximates toward a Poisson distribution. Weibull 

distributions allow for a change in the rate of a hazard over time, for example an 

increase in the rate of eruptions (or clustering). Finally, log logistic distributions allow 

competing factors to be taken into account (Dzierma and Wehrmann, 2012).  
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There are a number of assumptions which must be considered when utilising survival 

analysis to forecast the probability of future events. These are:  

1) The forecast will always represent a minimum probability because there is the 

possibility that some events have not been preserved, or yet identified in the 

geological record and are therefore not included in the calculations.  

2) The geological record probably contains some (unquantified) noise due to, for 

example, incorrect tephra source identifications or unreliable dating.  

3) The rate of volcanism can change over time, therefore the input parameters of start 

time and end time for a given period of past activity are important and must be 

justified (Connor et al., 2015) . 

4) Changes in the rate of volcanism are also complicated by an increase in the 

reporting of volcanic events over the last 1000 years. This is due to: the expansion 

of the human population and an increase in the quantity and quality of written 

records; as well as better preservation of more recent events in the geological record.  

5) One major source of error in many estimates of volcanic hazard recurrence is errors 

in the date assigned to individual events/eruptions. Although some events can be 

dated historically with a negligible temporal uncertainty, events in the geological 

record may be dated by other methods with various degrees of accuracy. The 

recurrence model for northern Europe used by Swindles et al. (2011) uses the 

midpoint of each age estimate as the date for each interpolated event and therefore 

does not account for uncertainties in the estimated ages of these units.  

Assessing the reoccurrence of volcanic ash clouds over northern Europe using 

geological and observed records represents the only available means of estimating 

future hazard. However, there are a number of assumptions and limitations involved 

when applying this sort of model. The unpredictability of volcanic eruptions means that 

even models based on an idealised (complete) history of past volcanic ash cloud data 

can only offer an estimate of reoccurrence. The extent to which geological records are 

incomplete is unknown, but bias in the geological record makes any estimate of 

reoccurrence a minimum estimate. The reoccurrence estimate of  Swindles et al. (2011) 

was 56 ± 9 yr. Repose intervals ranged from 6 to 115 years. In 2011, just one year after 

the eruption of Eyjafjallajӧkull, Grímsvӧtn erupted, the explosive eruption resulted in 

transport of volcanic ash over northern Europe (Stevenson et al., 2013). The repose 
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interval between these two events (1 year) was much less than any previously identified 

in the geological record and underlines the extent to which estimates of volcanic ash 

reoccurrence based on past eruption frequency are complex.  

Despite the challenges and limitations of modelling the reoccurrence of ash cloud 

events, the past is often the only way to establish what might occur in the future. In this 

thesis I will aim to further assess the bias in the northern European tephra database on 

which the Swindles et al. (2011) model is based (Thesis Objectives 1-4). I will also 

assess spatial gaps in northern European tephra records, with the aim of identifying new 

tephras and thus increasing the completeness of the northern European tephra database 

(Thesis Objectives 8-9). Finally I will use the new database to outline a new 

reoccurrence estimate for volcanic ash over northern Europe and compare this with the 

reoccurrence of Icelandic eruptions (Thesis Objective 7).   

2.4.2 Beyond frequency: Other information about past ash cloud events  

In addition to information on the frequency of past ash cloud events, cryptotephra layers 

may offer further insights into previous ash cloud characteristics. For example, variation 

in the geochemistry of cryptotephra from the Hekla 4 eruption has been suggested to 

reflect changes in magmatic SiO2 content during the eruption (Langdon and Barber, 

2004). It has been suggested that the examination of the geochemistry of distal tephra, 

can inform understanding of the physiochemical conditions under which the melt was 

formed (Ponomareva et al., 2015).  

Shard concentrations (total numbers of shards or ‘tephra loading’) have also been 

examined at a large scale for Glen Garry and Hekla tephras at sites in Scotland and for 

the Hekla 1947 tephra across northern Ireland (Langdon and Barber, 2004; Rea et al., 

2012). Both studies identify differences in tephra loading at different sites on a regional 

scale. Hypotheses to explain the regional variation in shard concentrations include: 

periods of wet and dry deposition; differences in site altitude; and the location of a site 

with reference to the position of the ash cloud. However, both of these studies are based 

on one or two cores at a peatland. As of the commencement of this thesis, no research 

has been conducted regarding the degree of within site variation in tephra 

concentrations. This thesis will examine multiple peat cores within one site (Thesis 
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Objective 1). Such research is of methodological interest (are multiple cores needed to 

identify all the tephra layers in one site?). Furthermore, if tephra is being redistributed at 

a site scale, any regional scale inferences based on shard counts from one or two cores 

may be invalid.  

Although tephra shard count totals are often reported, the shard size and morphology of 

distal cryptotephras is rarely described. However, there are a small number of studies 

which have begun to report distal tephra shard size and morphology data. Information 

on shard characteristics, in particular particle size distributions, has proved useful in 

evaluating current methods for monitoring ash clouds using satellites (Stevenson et al., 

2015). Furthermore, although scanning electron microscope observations indicate the 

irregular (non-spherical) shape of cryptotephra, which is often characterised by 

fractured bubble walls, models of tephra fallout predominantly simplify tephra shards to  

spheres (Carey and Sigurdsson, 1982; Sparks et al., 1992). Increasingly it is being 

recognised that particle shape has a significant impact on predicted transport distances 

in tephra fallout models (Beckett et al., 2015). Dellino et al. (2012) identified a 400% 

difference in the settling velocities of spherical and irregularly shaped shards of equal 

mass, with irregularly shaped shards travelling further. There is a need to build on this 

pioneering work with a comprehensive analysis of cryptotephra shard sizes from 

multiple sites across northern Europe (Thesis Objective 5). Further work is required to 

understand the extent to which cryptotephra shard size and morphology can inform 

understanding of source eruption parameters and to establish standard protocols for the 

reporting for cryptotephra size and morphology. Information on the shard size and 

shape of cryptotephras will be of interest to modellers, satellite monitoring specialists 

and tephrochronologists.   

2.5 To what extent do tephra records represent past ash cloud events?  

In order to use cryptotephra records as records of ash cloud events it is necessary to 

understand the extent to which they might be confounded by issues of preservation and 

reworking following deposition. Following the deposition of tephra onto peat or a 

lake/lake catchment, a number of factors can affect preservation and thus the 

tephrostratigraphy at any given point (or coring location). Reworking is here defined as 

the movement of tephra following initial deposition. The degree of reworking is 
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affected by: meteorological conditions such as wind and rain; vegetation; human 

impact; and hydrological factors (e.g. peatland water-table movements) (Fig. 11). 

Identifying reworking presents a key challenge in tephrochronology (Dugmore et al., 

2011). In this section we discuss the reworking of tephras in peatlands, and then in 

lakes.  
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Figure 11. A summary diagram of the factors influencing tephra deposition. Key references (1) Mattsson 

and Vesanen (1988); (2) Pouget et al. (2014b); (3) Bergman et al. (2004); (4) Payne and Gehrels (2010); 

(5) Hodder et al. (1991); (6) Techer et al. (2001); (7) Thorseth et al. (1995) (8) Swindles et al. (2013). 

Published in Watson et al., (2015). 
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The movement of tephra laterally, across the surface of a peatland is important, as the 

degree of lateral movement will determine the extent to which tephra is above/ below 

levels of detection. Tephra fallout onto snow and subsequent reworking has been 

invoked as a cause of fragmented or ‘patchy’ tephra deposits in northern peatlands 

(Bergman et al., 2004). Tephra that has been deposited onto snow may be trapped until 

a subsequent melt, causing a lag which might be seasonal or cover many years, between 

deposition and incorporation into lake sediments (Davies et al., 2007). Whether tephra 

is deposited onto snow or directly onto the peat or lake catchment, localised aeolian 

redistribution can also occur. The type and coverage of vegetation have been identified 

as important factors in determining the impact of aeolian redistribution processes on 

proximal tephra layers (Boygle, 1999). Peatlands and lakes are often particularly 

exposed, with few trees to reduce the reworking of tephra shards by wind (Bergman et 

al., 2004).  

There is limited experimental evidence for the redistribution of thin (1 mm) tephra 

layers on peatlands during overland flow generated by precipitation. Such redistribution 

of shards across the peatland surface may cause tephra layers to become spatially patchy 

or to be washed from the peatland entirely (Payne and Gehrels, 2010). A study of the 

tephrostratigraphy of proximal upland and lowland sites on the Shetland islands 

concluded that landscape scale changes, in this instance an increase in burning, can 

result in the remobilisation and redistribution of already deposited cryptotephra layers 

(Swindles et al., 2013).   

As well as moving across the surface of the landscape, tephra can also move vertically 

through the peat profile or lake sediment. It is common to identify a peak in the shard 

concentration within a stratigraphic record, with lower shard concentrations above and 

below. There has been some debate regarding the horizon which should be identified as 

representing the event date (Davies et al., 2007). This is particularly a problem in lake 

sediments, where shards can continue to wash in from the catchment for a number of 

years following the initial event. Experimental work on peatlands indicates that the 

majority of shards remain at the palaeo-surface and the peak in tephra shard 

concentration can be considered to represent the timing of the eruption or dating 

isochron (Payne and Gehrels, 2010). 
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Tephra may be reworked in a number of ways in lake sediments including: downward 

migration through soft sediment (Davies et al., 2007); bioturbation; within-basin 

focussing; and movement by plant roots (Davies et al., 2007; Davies et al., 2005). Pyne-

O'Donnell (2011) investigated tephra layers in small Scottish lakes and identified 

catchment size and the number of stream inlets as having a significant impact on the 

within-basin concentrations and locations of microscopic tephra layers.  

Alongside physical redistribution and reworking, there is evidence that tephra might be 

subject to chemical attack in some depositional environments. Tephrochronology is 

dependent on matching the geochemistry of a cryptotephra with a well dated tephra. 

However, distal tephra layers recorded in lake and especially peat sediments have 

potentially been subject to extended periods of exposure to low pH (bogs are typically < 

pH 4: (Holden et al., 2004)) and microbial activity. Distal tephra layers are especially 

vulnerable to geochemical attack given their large surface area (Pollard et al., 2003). At 

low pH conditions rhyolitic tephras, which contain more silica, appear to be more stable 

than basaltic tephras (Pollard et al., 2003; Wolff-Boenisch et al., 2004). There is some 

visual evidence for damage to tephra shards in peatlands (Hodder et al. (1991), 

examination of tephra shards in a range of depositional environments in Iceland and 

Scotland has indicated that the chemical integrity of shards is maintained for at least 

4000 years (Dugmore et al., 1992). However, the rate of chemical attack is governed by 

temperature (Wolff-Boenisch et al., 2004), research into the preservation of tephra 

shards in warm tropical environments, where lab based experiments suggest the rate of 

chemical attack will be highest, may offer observational evidence to build on previous 

lab based experiments (Thesis Objective 2).  

In this section I have discussed previous research on tephra reworking and redistribution 

in lakes and peatlands. Although there have been a number of studies which look at 

lakes and peatlands in isolation, there have been no studies which look at the 

tephrostratigraphy in a lake and peatland which are proximal to one another and 

therefore would have been expected to receive the same air fall tephras and to record the 

same tephrostratigraphy. A study of this type would allow for the assessment of whether 

peatland or lake sites contain the most complete tephrostratigraphy (Thesis Objective 

3).   
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2.6 Methods 

In this section we critically examine the methods used to detect, extract and 

geochemically analyse cryptotephra layers in lake sediments and peat as these are the 

two terrestrial environments which form the focus of this thesis. Samples are usually 

extracted from peatlands and lakes as sediment/peat cores. Coring protocols for 

peatlands are reviewed by De Vleeschouwer et al. (2011). The limitations of extracting 

single cores to represent tephra fallout from peatland and lake sites has been discussed 

previously (Section 2.5) 

2.6.1 Detection/ Extraction   

Various methods have been developed in order to determine the presence and/or 

geochemistry of cryptotephra in peat and lake sediments. Some methods of detection 

are destructive, leading to the loss of the peat or sediment matrix, while others are non-

destructive and allow for the detection of tephra layers ‘in-situ’. The tephra 

identification process is typically conducted in two phases: 

1) Initial scans: Contiguous samples are extracted along the length of a core and 

tephra shards are counted under a high power microscope to identify the depth 

of peak tephra shard concentration. Typically the number of shards is reported 

per cm3 of substrate (Gehrels et al., 2008). Shards can be characterised based on 

morphology and colour during the microscopy process (Heiken, 1972; Schmid, 

1981). This step is often conducted at a coarse resolution (5-10 cm continuous 

samples) and then core depths found to contain tephra are re-sampled at a finer 

resolution (typically 1 cm) (Swindles et al., 2010). 

2) Geochemical analysis: New samples are extracted from the core at the depths 

containing the peak in tephra shard concentration. These samples are subject to 

geochemical analysis.  
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2.6.1.1 The ‘quick burn’ method 

The most established method for conducting initial scans on peat samples is the “quick 

burn method” (Hall and Pilcher, 2002). Samples are ashed in a furnace at 600°C before 

being washed in 10% HCl to remove carbonates (Pilcher and Hall, 1992). Where 

diatoms or quartz (SiO2) are present- additional treatment with dilute sodium hydroxide 

(NaOH) may be required; this is particularly common for lake sediments (Hall and 

Pilcher, 2002). Samples are then mounted onto slides and shards are counted at 100-

400x magnification (Swindles et al., 2010). Tephra shards extracted using this method 

are not suitable for geochemical analysis as chemical alteration of alkalis occurs at 

temperatures in excess of 350°C (Dugmore et al., 1995).  

2.6.1.2 Density separation  

Density separation using heavy liquids was originally developed for lake samples. This 

method is particularly valuable for samples which contain large amounts of mineral 

material or biogenic silica (Lowe and Turney, 1997; Turney, 1998). Density separation 

for initial identification can be conducted as an additional step to the ‘quick burn 

method’ following the ashing and HCl treatment steps thus avoiding the use of NaOH, 

which has been shown to reduce the shard count numbers for rhyolitic tephra (Blockley 

et al., 2005). Density separation (without ashing) can also be used to extract samples for 

geochemical analysis and is discussed further below.  

2.6.1.3 Extraction for geochemistry: acid digestion and density separation  

There are two main methods of extraction for tephra suitable for geochemical analysis: 

acid digestion and density separation. Acid digestion is the most established method 

(Lawson et al., 2012). Samples are subject to treatment with concentrated HNO3 and 

H2SO4 to digest the peat substrate before washing through a fine Teflon sieve (typically 

between 6-10 µm) and rinsing thoroughly with water to remove any remaining acid 

(Dugmore et al., 1992; Hall and Pilcher, 2002). Samples containing biogenic silica may 

require further washing with dilute NaOH (Rose et al., 1996).  
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There is experimental evidence that exposure to acids and especially alkalis can result in 

the leaching of cations from the surface of the tephra shards (Blockley et al., 2005). 

However, there is some debate as to whether tephra geochemistry is altered significantly 

during acid extraction, especially when alkali treatment, which has been shown to be 

more damaging, is not necessary (e.g. in ombrotrophic peatlands). Roland et al. (2015) 

identify no difference in the major element geochemistry of rhyolitic tephra extracted 

using density separation and acid extraction. The majority of data in geochemical 

databases (e.g. Tephrabase) has been obtained from shards extracted by acid digestion.    

Density separation offers an alternative to acid digestion for the extraction of tephra 

from the surrounding substrate and was advocated by Blockley et al. (2005) following 

their critique of the acid digestion method. Density separation involves using a medium 

of controlled density, usually a solution of sodium polytungstate (aka SPT and with 

chemical formula Na6[H2W12O40]). Various contaminants are removed in a stepwise 

process by varying the specific gravity of the liquid. Although density separation is 

often necessary for samples containing biogenic silica or mineral material, the process is 

time consuming and care must be taken to monitor the density of float to avoid shard 

loss. Basaltic shards do not always float at the commonly used recovery float density of 

2.5 g cm-3 and are often only detected through magnetic separation (Davies et al., 2001; 

Mackie et al., 2002). Furthermore, the process of density separation can be challenging 

when working on organic-rich samples (e.g. peat) where shards become trapped in 

organic material, and extra steps must be applied to prevent the loss of shards in 

cleaning floats (Pyne-O'Donnell et al., 2012).  

2.6.1.4 Non-destructive tephra detection methods  

A number of tephra identification (and geochemical analysis) methods which do not 

destroy the peat or lake sediment have been developed. Methods include: X-ray 

fluorescence; magnetic susceptibility; X-ray photography; and spectrophotometry.  

Although non-destructive methods provide continuous data without the need to damage 

the matrix, they work best on visible tephras where layers are more dense. These 

methods are, however, not always reliable when detecting cryptotephra layers (Gehrels 

et al., 2008). For example, X-ray fluorescence does not detect tephra layers with low 

shard concentrations (<850 shards cm-3) and has difficulty detecting lighter elements 
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such as silica, a major component of felsic tephras (Kylander et al., 2012). Similarly, 

magnetic susceptibility is only sensitive to ferromagnetic materials, which do not 

represent a major constituent of felsic (rhyolitic) tephra shards (McCanta et al., 2015). 

Combining a number of different tephra detection methods (e.g. magnetic susceptibility, 

visible to short wave infrared spectroscopy (VSWIR) and XRF core scanning or 

reflectance and luminescence) increases the possibility of detecting cryptotephra layers. 

However, this is expensive and time consuming and necessitates access to multiple 

pieces of equipment (Caseldine et al., 1999; McCanta et al., 2015). More recently, 

hyperspectral imaging has shown promise in detecting macro- and potentially 

cryptotephra layers, although the analysis of cores for cryptotephra layers was not 

compared to an analysis conducted by traditional methods, so it is difficult to assess 

whether all cryptotephra layers were detected by hyperspectral imagining (Aymerich et 

al., 2016). Due to inconsistencies in these different methods and the need for access to 

equipment, at present the majority of cryptotephra studies utilise the destructive 

detection methods outlined in sections 2.6.1.1 and 2.6.1.2.    

2.6.2 Major elements  

Electron Probe Micro-Analysis (EPMA) is the most widely used procedure for 

determining the major element geochemistry of cryptotephra glass shards. There are two 

types of EPMA analysis: Wavelength Dispersive Spectroscopy (WDS) and Energy 

Dispersive Spectroscopy (EDS). EDS allows the analysis of exceptionally small grains 

present in low concentrations, such as those found in ice cores. However, due to limited 

use of standards and potential influence of grain morphology, EDS is semi-quantitative 

and thus not widely used (Haflidason et al., 2000).  

The process of WDS involves firing an electron beam at the sample (an individual glass 

shard), which has been mounted in a hard-setting resin, exposed and polished (c.f. 

Dugmore et al., 1992; Hall and Hayward, 2014), and measuring the intensity and 

wavelength of resulting X-rays. The electron bombardment of each element results in 

the emission of a different X-ray wavelength. The abundance of each element is related 

to the intensity of the resulting X-ray (Hunt and Hill, 1996). The EPMA contains 

crystals of precisely known composition which are used for internal calibrations 
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allowing for the quantification of X-rays emitted from unknown samples. ZAF, PAP or 

X-PHI algorithms are usually applied automatically by probe software to convert the 

intensity of the X-ray into the concentration for a given element (Merlet, 1994). 

Percentage abundances by mass (wt %) of around ten species (typically FeO(total), TiO2, 

SiO2, K2O, Al2O3, Na2O, CaO, MgO and MnO) are determined by the analysis (Lowe, 

2011).  

EPMA offers the ability to analyse small shards (beam sizes down to 3 µm), a necessity 

for cryptotephra work where shard sizes are commonly <100 µm (Hunt and Hill, 2001). 

Although there is no universally agreed standard for the number of shards to be 

analysed from one tephra layer, typically around 15 shards is considered a suitable 

minimum (Lowe, 2011; Shane, 2000; Swindles et al., 2010). Where layers are 

particularly sparse an analysis based on fewer shards may be necessary, although larger 

sample sizes are preferable to help reduce the impact of heterogeneity due to chemical 

variation of the magmas during the eruption, hydration, and shard surface roughness 

(Hunt and Hill, 2001)  

Alkali migration (loss of mobile elements presumably deeper into the material during 

exposure to the electron beam) can lead to certain chemical species being under or over 

represented in the % total oxides (Haflidason et al., 2000; Nielsen and Sigurdsson, 

1981). Alkali migration is related to the intensity, duration and diameter of the electron 

beam. Altering the focus of the beam or ‘rastering’ to beam coverage of 10-20 µm 

reduces the intensity of the bombardment and thus alkali migration (Hunt and Hill, 

2001). However, wider beams, which cover a larger area of the sample provide less 

precise analysis (Coulter et al., 2010) and are not practical for smaller vesicular shards. 

Hayward (2012) proposed and tested an analysis set up using low beam currents for 

alkalis (<0.1 nA/ µm2) to minimise Na mobilisation while using a beam size as small as 

3 µm. The beam current is then increased to analyse the remaining elements. This 

method avoids the need for corrections post analysis and requires no hardware or 

software modification. 

It should also be noted that following EPMA the analytical total is nearly always below 

100%. This can be a result of the inability of the probe to detect hydrogen and thus 

water dissolved in the glass (Hunt and Hill, 1993). The range of H2O contents for felsic 
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glasses can reach 5-6% (Wallace, 2005). Tephras can become hydrated during the 

eruption, if magmatic water is not sufficiently outgassed from the magma before an 

eruption, or in the post-depositional environment (Pearce et al., 2004; Pollard et al., 

2006; Shane, 2000). Although the level at which an EPMA analysis is accepted is 

debated, generally sums of all oxides in excess of 95% are considered acceptable 

(Pearce et al., 2007; Swindles et al., 2010).  

2.6.3 Trace elements  

The major element composition of magma (and thus tephra) can be similar for different 

eruptions, especially those from the same volcanic system. This can lead to false 

correlation and incorrect stratigraphy (Pearce et al., 2007; Tomlinson et al., 2012). 

Trace elements are present in minute amounts in the glass samples. Trace elements can 

enable the user to distinguish between magmas of similar major element composition, 

particularly useful trace elements in tephrochronology include: Rb, Sr, Zr and Nb 

(Lowe, 2011). Trace elements differ from major elements in that they are controlled not 

only by the major magma evolution processes (such as fractional crystallization), but 

also by details in the composition of the source region of each individual eruption. 

Therefore some magmas with a similar major elemental composition can contain 

differences in trace elemental composition (Allan et al., 2008). Processes such as 

fractional crystallisation can alter the trace elemental composition of magma so that 

even magmas with highly similar major element compositions may be distinguished 

through the application of trace element analysis (Allan et al., 2008).  

Analysis of trace elements is a relatively new development in distal tephrochronology. 

Only in the past 15 years have instruments been developed with the capacity to analyse 

shards in the distal tephra size range (Pearce et al., 2011). Developments in hardware 

are increasingly enabling the analysis of smaller shards. Analysis of shards with beam 

diameters of between 10-20 µm using Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) is now possible (Pearce et al., 2007; Tomlinson et al., 

2010). Fractionation effects caused by the formation of a thin melt film increase with 

decreasing beam diameters (Pearce et al., 2011).  
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An alternative technique for the analysis of the trace elemental composition of glass 

shards is secondary ion mass spectrometry (SIMS) analysis. Although more expensive, 

slower, and less widely available than LA-ICP-MS (Pearce et al., 2011), rather than 

ablation, SIMS uses ‘sputtering’ to remove sample material. The process of sputtering is 

less damaging to small and thin shards (5-10 µm) which are too small or thin to undergo 

analysis using LA-ICP-MS (Lowe, 2011).  

The utility of trace elements to provide information which would allow two tephras with 

similar major element glass geochemistry to be distinguished has been questioned as the 

substitution of major elements for trace elements can follow systematic pathways 

(Pollard et al., 2006). However, trace elements have been successfully employed to 

discriminate between eruptions of similar major elemental composition such as those 

from the Yellowstone Caldera tephras (Pearce et al., 2008) and Mexican tephras (Luhr 

et al., 2010). Despite the promise of trace elemental analysis, there is little work on the 

trace elements of Holocene Icelandic tephras, the majority of which can be 

distinguished based on major element glass geochemistry. As a result there is a lack of 

trace element comparison data from dated eruptions (Hall and Pilcher, 2002).  

Further work on the trace elemental composition might allow cryptotephra layers 

containing glass shards with a very similar major elemental composition e.g. those from 

Hekla 1947 and Hekla 1510 to be differentiated based on geochemistry. However, the 

value of trace elemental analysis is limited for distal Icelandic Holocene cryptotephra 

layers in northern Europe, the majority of which can be distinguished based on the 

analysis of major elements. 

2.6.4 Statistical analysis of tephra geochemistry  

The standard method for comparing the geochemistry of a known and unknown tephra 

is through the use of bi-plots/tri-plots of major elements. Bi-variate oxide plots such as 

FeO vs.TiO2 and TAS plots (SiO2 vs Na2O+K2O) allow for an informed but ultimately 

subjective decision on the similarity of a known and unknown tephra (Charman and 

Grattan, 1999; Stokes et al., 1992). Another simple means of assessing the similarity 

between two sets of geochemical data is the use of similarity coefficients and the 

coefficient of variation (Froggatt, 1992).  
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Although these numerical manipulations can allow for a more informed decision on the 

similarity of two sets of data, the decision to attribute an unknown tephra to a source 

eruption is still ultimately subjective (Stokes et al., 1992). Similarity coefficient (SC) 

analysis will produce a ‘score’ of similarity, whereby a score of 1.00 indicates that two 

samples are identical across all elements (Lowe, 2011). However, the point at which 

two samples are considered to be ‘dissimilar’ is debated with cut off points varying 

from 0.92 (e.g. Froggatt, 1992) to 0.96 (Lowe, 2011). As with the use of bi-plots, the 

number of elements included in coefficients of variation (CV) and similarity 

coefficients can affect the outcome (Charman and Grattan, 1999). No consensus exists 

on the best combination of element oxide concentrations for these analyses (Lowe, 

2011).  

Cluster analysis works by grouping entities which are similar. Although cluster analysis 

takes account of the entire dataset and can be more objective than SC and CV 

calculations (Froggatt, 1992), uncertainties are not always stated (Pouget et al., 2014b). 

One method of assessing the uncertainties associated with the clustering of objects is the 

use of bootstrap resampling (Suzuki and Shimodaira, 2006). This allows for a 

quantitative estimation of the error associated with any particular cluster and thus a 

decision can be made to accept only clusters which are statistically significant, 

removing some of the subjectivity of assignments. More recent developments in the 

statistical analysis of tephra data have centred on ordination. Both principal components 

analysis and discriminant analysis have been applied with some success to assess 

underlying trends in tephra geochemical data (Pouget et al., 2014a; Tryon et al., 2010).  

2.6.5 Radiocarbon dating  

Radiocarbon dating is the most common means by which a date is assigned to pre-

historic cryptotephra layers. Therefore it is reviewed (only briefly) here, and in 

particular with reference to tephrochronology and the dating of cryptotephra layers. The 

expense and time involved in 14C sample preparation and analysis necessitates the 

development of age-depth models, whereby a number of radiocarbon dates are dispersed 

within a profile and the ages between these points are inferred (Blaauw and Christen, 

2005). Many age depth models for peat and lake sequences are based on the mid-point 
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ages of individually calibrated radiocarbon dates. Between midpoints interpolation, 

either linear, polynomial and/or spline interpolation (considering not only the two 

adjoining dates but also other information in order to obtain a smooth overall curve) is 

usually conducted (Bennett, 1994). Ages for cryptotephra layers derived from these 

traditional age-depth models may have large uncertainty depending on the spacing of 

14C dates above and below the tephra.  

Wiggle-match dating can go some way to addressing the problems with traditional age-

depth models, especially where they are confounded by plateau in the calibration curve.  

Wiggle-matching takes advantage of the ‘wiggles’ in the 14C curve due to short term 

atmospheric 14C fluctuations (Kilian et al., 1995). Therefore wiggle match dating is 

most effective where there are excursions in the 14C curve and when many closely 

spaced 14C measurements are available (Blaauw et al., 2003). All wiggle-matching 

variations consider un-calibrated radiocarbon dates (Blaauw et al., 2003). Using a 

Monte Carlo process, the depth (or age) axis is then stretched or compressed in order to 

align best with the 14C calibration curve (Blaauw et al., 2004). Developments on these 

models have drawn upon Bayes theorem. By incorporating information from past 

evidence e.g. accumulation rates (not the radiocarbon data) (the prior) with the 

information from our radiocarbon data (the likelihood) we can assess the probability of 

a particular set of parameters (the posterior) (Blaauw and Christen, 2011; Ramsey, 

2009). Given the errors associated with radiocarbon measurements, and the non-

monotonic nature of the 14C calibration curve, it is possible that models whereby age 

does not increase with depth could be computed. Incorporating information about 

accumulation rate (the prior) allows for the dismissal of age-depth models which appear 

to be ecologically unlikely, thus reducing the model uncertainty (Blaauw and Christen, 

2011).  

2.6.5.1 Examples of wiggle-matching in tephra studies  

Wiggle-match dating has been used to refine the accuracy of dating for the Hekla 4 

eruption in distal peat records. Although radiocarbon dated samples were precise 

(replicated across laboratories), assigning a calendar date was made difficult by a hiatus 

at this time in the radiocarbon calibration curve. Using wiggle-match techniques Pilcher 

et al. (1995) refined the date of the Hekla 4 eruption from 4230-4450 BP to 4260 +/- 10 
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BP. Similar research has refined the dates of the first millennium BC tephras in Ireland 

(Plunkett et al., 2004) and the Glen Garry tephra in Scotland (Barber et al., 2008).   

2.7 Conclusion  

In this chapter, I have reviewed the use of cryptotephra layers, not only for 

tephrochronology but with a focus on their usefulness as records of volcanic ash cloud 

events. I have also reviewed methods relevant to cryptotephra research.  

Our increasing economic and social dependence on aviation makes understanding the 

threat from volcanic ash cloud events desirable, around the world and in the congested 

airspace of northern Europe. There are a number of questions which remain, 

surrounding the use of tephra layers as records of volcanic ash fall events, these include:  

1) How robust is tephrochronology in terrestrial environments? 

i. There is currently a lack of cryptotephra studies in tropical peatlands. 

Further research is required as to whether cryptotephra studies in tropical 

peatlands can offer opportunities to further understand past volcanic ash 

clouds and the potential impacts of these events (Section 2.2).   

ii. There is experimental and (limited) field evidence for the remobilisation and 

reworking of tephra in both peatlands and lakes. These findings have led to 

calls for multiple core studies and concerns about the ‘patchiness’ of 

cryptotephra records (Section 2.5). However, there has been no 

comprehensive study of naturally deposited tephra layers across multiple 

cores from the same site.   

iii. Despite research which suggests that tephra layers in lakes and peatlands are 

subject to different preservation conditions and processes of reworking, there 

has been no comprehensive study looking at peatland and lake sites in close 

proximity. Such a study might identify whether peatlands or lakes preserve 

the most detailed tephrostratigraphy. Furthermore, despite experimental and 

visual evidence for tephra geochemical damage in peatlands a study 

comparing the geochemistry of the same tephra in different environments 

has not been conducted (Section 2.5).  
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Although cryptotephra layers are commonly used as dating isochrons, the use of 

cryptotephras as records of volcanic ash cloud fallout is relatively new and therefore 

very little literature is available. There are also a number of spatial and temporal gaps in 

northern European tephra records. Spatial gaps in northern European tephra records may 

reflect the true margins of Icelandic ash cloud distribution in northern Europe, or may 

be an artefact of bias in regional research focus. Examining sites in these spatial and 

temporal gaps, may confirm the extent of cryptotephra deposits from Iceland, or lead to 

the development of new tephrostratigraphies possibly extending the known distribution 

of existing cryptotephra layers, and leading to the discovery of cryptotephra layers 

representing ash clouds from eruptions which were not previously identified in northern 

Europe.  

2) Can distal cryptotephra records be used to support proximal records of volcanism  

i. The frequency of Icelandic volcanism increased at the end of the last glacial 

period due to the unloading of ice from the lithosphere (Section 2.2.1.2). 

However, there has been no research into the potential impact of smaller 

magnitude changes in surface loading (ice mass), such as those which have 

occurred during the Holocene, on the frequency of volcanic eruptions. One 

problem with examining past records of eruption frequency is that the 

proximal geological record can be confounded by the erosion of deposits by 

subsequent events. No previous research has utilised both distal records of 

ash clouds and proximal records of Icelandic volcanism to examine eruption 

frequency.  

 

3) Can cryptotephra shard size inform our understanding of past volcanic events?  

i. There is a need for a comprehensive analysis of cryptotephra shard sizes 

from multiple sites across northern Europe. Information on the shard size of 

cryptotephras is of interest to atmospheric modellers, satellite monitoring 

specialists and tephrochronologists (Section 2.4.2). Current research on 

cryptotephra shard size is based on the analysis of a small number of shards 

from a handful of sites across northern Europe.  
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Abstract  

Microscopic tephra layers (‘cryptotephras’) represent important age-equivalent 

stratigraphic markers utilised in many palaeoenvironmental reconstructions. When used 

in conjunction with proximal records of volcanic activity they can also provide 

information about volcanic ash cloud fallout and frequency. However, the spatial 

distributions of tephra layers can be discontinuous even within the same region. 

Understanding the deposition and post-depositional redistribution of tephra is vital if we 

are to use cryptotephras as records of ash cloud occurrence and chronostratigraphic 

markers. The discrete nature of tephra layers also allows for detailed study into 

processes of deposition and reworking which affect many palaeoenvironmental proxy 

records. 

We undertook a multi-core study in order to examine the historical tephrostratigraphy of 

a raised peatland in Northern Ireland. Three tephra layers originating from Iceland 

(Hekla 1947, Hekla 1845 and Hekla 1510) are present in 14 of the 15 cores analysed. 

This suggests that in areas not influenced by snowfall or anthropogenic disturbance at 

the time of tephra delivery, the presence or absence of a tephra layer is generally 

consistent across a peatland of this type. However, tephra shard counts (per unit area) 

vary by an order of magnitude between cores. These intra-site differences may 

confound the interpretation of shard counts from single cores as records of regional ash 
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cloud mass/density. Bootstrap resampling analysis suggests that total shard counts from 

multiple cores are required in order to make a reliable estimate of median shard counts 

for a site. The presence of three historical tephras in 14 cores enables a spatio-temporal 

analysis of the long-term apparent rate of carbon accumulation (LARCA) in the 

peatland. Substantial spatial and temporal variations in LARCA are identified over the 

last ~450 years. This high variability needs to be taken into account when designing 

studies of peatland carbon accumulation.   

Highlights  

 Three tephra layers were detected in 14 out of 15 cores from the same peatland 

 Tephra shard counts (per unit area) varied by an order of magnitude between cores 

 Several cores are required to reliably estimate the shard concentrations at a given 

site 

 Tephra shard counts differed significantly between the three ash fallout events  

 Carbon accumulation rates within the peatland varied spatially and temporally  
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3.1 Introduction 

Tephra layers preserved in European peatlands provide both a valuable 

geochronological tool (e.g. Davies, 2015; Dugmore et al., 1995; Lane et al., 2013) and a 

record of past volcanic activity and ash dispersal events (Swindles et al., 2011b). 

Tephra deposited onto a peat surface far from the volcanic source is typically fine-

grained (<125 µm in size) and accordingly called ‘cryptotephra’. It is mostly considered 

to be primary air fall material (Davies et al., 2007; contra Swindles et al., 2013a) and is 

not thought to be subject to the vigorous reworking processes in the water column 

and/or the soft sediment which may distort tephra records in lacustrine and marine 

sediments (Davies et al., 2007; Griggs et al., 2014; Pyne-O'Donnell, 2011). Although 

tephra layers in peatlands can occasionally span a depth of a few centimetres, the peak 

is most often confined to a narrow horizon in thickness (Swindles and Plunkett, 2011). 

These factors suggest that peatlands should act as an excellent archive of past volcanic 

ash fallout, and that peat records can be used to map the spatial distribution of past 

fallout events on a continental scale (Swindles et al., 2011; Lawson et al., 2012).  

One major issue with this approach is that cryptotephra layers in peatlands can be 

discontinuous even over small distances (hundreds of metres to kilometres: (Bergman et 

al., 2004; Langdon and Barber, 2004)), which requires an explanation. At a regional 

scale some spatial variation in tephra horizons can be attributed to fluctuation of the 

volcanic plume heights during the eruption, wind speed and direction variability, 

atmospheric processes (e.g. clouds and ice) and precipitation (Fig. 1), which can 

influence ash cloud density (Schumann et al., 2011), alter ash cloud trajectory and in the 

case of rainfall, increase the fallout of particles (Mattsson and Vesanen, 1988). At a 

local scale, the interaction of wind and vegetation may produce localised airflow 

patterns which result in the uneven delivery of tephra to the ground surface (Boygle, 

1999; Pouget et al., 2014).  
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Fig. 1. Flow chart indicating the main factors which might be expected to (or have been shown to) have 

an effect on tephra distribution, deposition, reworking and preservation in peatland environments. This 

study will focus on the influence of local factors. Key references (1) Mattsson et al., 1988; (2) Pouget et 

al., 2014; (3) Bergman et al., 2004; (4) Payne and Gehrels, 2010; (5) Hodder et al., 1991; (6) Techer et 

al., 2001; (7) Thorseth et al., 1995; (8) Swindles et al., 2013a.  
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Even once the tephra has been deposited on the peat surface, the peat is unlikely to act 

as a straightforward, passive archive. Peatlands are complex ecosystems with dynamic 

topography, hydrological regimes, accumulation rate and vegetation composition 

(Swindles et al., 2012). Therefore peatland processes are likely to exert some control 

over the redistribution of tephra (and other paleoenvironmental proxies) both vertically 

and laterally, across the peatland surface (Fig. 1) – albeit probably to a lesser extent than 

in lacustrine or marine environments.  

Previous studies of regional tephra occurrence have focused predominantly on single 

cores from different sites (Langdon and Barber, 2004). Inconsistent tephra records in 

two cores from Klocka bog, Sweden, suggest that tephra occurrence may vary at much 

smaller scales. In this instance tephra fell onto a prolonged snowpack (ca. 7 months) 

and was subsequently re-dispersed by wind and meltwater, leading to intra-site variation 

(Bergman et al., 2004). The majority of Holocene European tephra studies have been 

carried out in mid-latitude peatlands (Lawson et al., 2012), which are less likely to have 

been affected by prolonged snow cover. A study of two cores from Fallahogy bog in 

Northern Ireland comparable to the study by Bergman et al. (2004) found much less 

within-site dissimilarity, raising the possibility that, where prolonged snow cover is 

rare, tephra stratigraphies may be more consistent (Rea et al., 2012).  

Tephra shards are commonly counted in order to determine the depth of peak shard 

concentration in the vertical profile. Recently, these counts have been used to infer ash 

cloud fallout over a region (Rea et al., 2012). Understanding the spatial variation in 

tephra shard concentrations in peatlands is important if it is to be assumed that they 

represent a record of ash density during an eruption event (Davies et al., 2010). The 

assumption that reworking has a negligible impact on total tephra shard counts within a 

given layer, and therefore that tephra shard counts represent a record of ash cloud 

density, is fundamental when attempting to use counts from one core per site to 

compare ash cloud fallout across many sites in a region (e.g. Langdon and Barber, 2004; 

Rea et al., 2012). 
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The main aim of this study is to assess the spatial variability in the total number of 

tephra shards relating to a given eruption and carbon accumulation across multiple cores 

from one site and to consider the implications for the interpretation of results from 

single core studies.  

3.1.1 Tephra preservation in peatlands  

Much of our current understanding of tephra preservation in peatlands is based on 

experimental evidence rather than detailed study of naturally-deposited tephra. 

Laboratory and artificial field experiments indicate that although the majority of tephra 

shards remain at the palaeo-surface during incorporation into the peat matrix, some 

migrate vertically (both upward and downward) (Payne and Gehrels, 2010; Payne et al., 

2005). This would support the common assumption that the peak in tephra shard 

concentrations, rather than the first occurrence of shards, coincides with the timing of 

the ash fall event.  

Shards are also likely to move laterally across a peatland on a variety of scales. Tephra 

shards may be deposited differently and/or moved to such an extent that the number of 

shards in some areas of the peatland becomes too low to be detected and analysed using 

current methods (Payne and Gehrels, 2010). Our understanding of cryptotephra 

redistribution on peatlands extends only to the lateral movement of tephra by wind at 

microtopographical scales. Experiments suggest that only a small proportion of tephra is 

transported over the short distance (<3 m) from hummock to hollow (Payne and 

Gehrels, 2010). There is evidence that tephra may move at even smaller scales (a few 

centimetres or less). Simulated rainfall onto thin (1 mm) tephra layers has been shown 

to generate patches of high and low tephra concentration across a peat surface (Payne 

and Gehrels, 2010). These experiments suggest that reworking does occur at small 

scales, but they do not address the possibility of tephra shard movement at larger scales 

(metres, to hundreds of metres).  

Although these studies offer valuable information on the reworking on tephra in 

peatlands, they are experimental and represent both a simplification of reality and a 

compression of time. Evidence from naturally-deposited tephras which have been 

subject to peatland processes over a period of hundreds of years is needed to understand 
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the interaction and overall impact of these processes on tephra redistribution in ‘real 

world’ scenarios.  

Research into the spatial variation of other palaeoenvironmental proxies found in 

peatlands, specifically pollen and charcoal, suggests that two or more cores taken in 

close proximity usually display the same general trends in reconstructions but show 

minor differences which might affect detailed interpretation (cf. Edwards, 1983; Innes 

et al., 2004; Lawson et al., 2005; Turner et al., 1989). The resolution of these studies is 

restricted by the dating methods available. In a more recent study, Blaauw and 

Mauquoy (2012) used wiggle-match radiocarbon dating, which offers a more precise 

chronological framework, and identified variation in arboreal pollen records from four 

cores across the same peatland over centennial timescales, although trends were more 

consistent over millennial timescales. Within-site variation in peatland proxy records 

over centennial timescales may limit the temporal resolution of palaeoenvironmental 

studies.  

Unlike palaeoecological proxies, historical tephra layers are unique in representing a 

discrete depositional event rather than a continuous influx, allowing for easier 

identification of reworking processes (Housley et al., 2013). By improving our 

understanding of the deposition and redistribution of tephra layers, we will also gain 

insights into how other palaeoenvironmental proxies may be reworked as they enter the 

stratigraphic record (cf. Irwin, 1989; Turner et al., 1989). 

3.1.2 Carbon storage in European peatlands  

Peatlands represent an important global carbon store and as such the accumulation of 

carbon in peat has been the focus of large-scale studies (e.g. Charman et al., 2013; 

Turunen et al., 2004; van der Linden et al., 2014). Although regional climate is often 

the major control on carbon accumulation rates (Magnan and Garneau, 2014), internal 

peatland processes can also exert an influence. Spatial differences in carbon 

accumulation within a peatland could lead to unrepresentative estimates based on one 

core being extrapolated over a large area.  
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There has been only limited investigation into variation in long-term apparent rate of 

carbon accumulation (LARCA) within one peatland site, the majority of studies 

focusing on high-latitude peatlands (e.g. Belyea and Clymo, 2001; Ohlson and Økland, 

1998; Turunen et al., 2004). For example, Turunen et al. (2004) identified spatial 

variation in carbon accumulation within Canadian peatlands dated using 210Pb and 14C: 

hummocks had significantly higher carbon accumulation rates than hollows over the last 

150 years. However, the large uncertainty in radiometric age estimates, and their cost, is 

a limitation to this approach. Another line of research has used the ‘pine method’ of 

Ohlson and Dahlberg (1991) to estimate peat LARCA: young pine trees growing on a 

peatland are removed, their age is calculated by counting annual rings, and the original 

growing point (depth at which the stem meets the root) and the thickness of peat 

subsequently accumulated are determined. Peat LARCA estimated using this approach 

varied by a factor of five (over 125 years of peat growth) in 151 different cores from the 

same 20 m2 area of a boreal bog (Ohlson and Økland, 1998). However, this technique 

can only be used on forested peatlands. The presence of three historical tephra layers at 

our study site (see below for description) offers the opportunity to examine spatial 

variation in carbon accumulation rates in a mid-latitude, unforested peatland within a 

secure chronological framework. The same approach could be applied at many other 

peatlands where there is a well-resolved cryptotephra record. 

3.1.3 Hypotheses  

Using data from 15 cores from an ombrotrophic bog, we tested the following null 

hypotheses:  

 Tephra layers show no spatial variation within the peatland in terms of:  

 Presence/absence 

 Total shard counts relating to a given eruption (TSCs, defined as the total 

number of shards > 10 μm associated with each tephra layer in a column of 

peat with surface area 1 cm2) 

 Tephra layers from different eruptions recorded in the same peatland do not have 

significantly different TSCs. 

 LARCA shows no spatial variation.  
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3.2 Study site  

Fallahogy peatland is an ombrotrophic lowland raised bog located north of Portglenone, 

Northern Ireland (54. 912°N, 6.562°W). The peatland is located in the Lower Bann 

valley, a low-lying area with a mean annual rainfall of ~1000 mm (average from 1941 

to 1970) (MetOffice, 1976). The main dome of the peatland is intact, although there has 

been a limited amount of cutting on the lagg. Plant communities range from Sphagnum 

magellanicum and Sphagnum rubellum dominated hollows, to hummocks dominated by 

Ericaceae and Eriophorum sp. The site has been the focus of several palaeoecological 

studies (e.g.Barber et al., 2000; Rea et al., 2012; Roland et al., 2014). 

3.3 Methods  

3.3.1 Field sampling 

A Russian-type corer (Jowsey, 1966) with a 50 cm-long barrel was used to retrieve 15 

short cores. Random sampling locations were selected using a random number 

generator, entered into a handheld GPS, and located in the field (Fig. 2). Samples were 

taken as close to the pre-selected point as possible (maximum 5 m distant), whilst 

accounting for the need to extract from areas of similar micro-topography; in this 

instance Sphagnum lawns were sampled (De Vleeschouwer et al., 2011). 

To investigate movement of shards on a microtopographical scale three transects from 

hummock to hollow were investigated. Each transect was surveyed, the dominant 

vegetation was described and three 50 cm-long cores were extracted from different 

microtopographical zones. Only the FAL_1 tephra (later identified as Hekla 1947 tephra 

see section 4.3) was investigated in these cores. 
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Fig. 2. Map indicating a) the location of the 15 core sampling sites in Fallahogy peatland b) the location 

of Fallahogy and Dead Island peatlands within Northern Ireland. Some evidence of peat cutting and 

drainage is evident around the edges of Fallahogy peatland as illustrated. 

3.3.2 Tephra analysis 

In the laboratory, samples were prepared using the ‘quick burn’ method (Pilcher and 

Hall, 1992; Swindles et al., 2011a). 1 cm³ contiguous samples were ashed at 550°C and 

treated with 10% HCl. To aid shard identification, samples were gently sieved at 6 µm 

to remove finer silt and clay fractions, and the coarse fraction mounted onto slides. 

Absolute tephra counts (shards >10 µm cm-3) were conducted at 200x magnification on 

a standard Leica binocular microscope. Spheroidal carbonaceous particles (SCPs) were 

counted in the tephra slides and are reported as counts cm-³. Total shard counts (TSCs) 

for each tephra layer cm-2 (total deposition per square centimetre of peatland surface) 

were calculated by summing the absolute tephra counts for all the depth samples within 

that layer.  

Samples for geochemical analysis were extracted from core A which showed three 

distinct peaks of tephra (Fig. 3). An additional sample was extracted from FAL_3 in 

core K in order to confirm the high accumulation rate which was later identified in this 

core (see section 4.9.1.). Due to the abundance of roots in the top of the peat profile and 

low shard concentration in the second peak (14-15 cm), density separation following the 
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method of Blockley et al. (2005) was unsuccessful. Instead, extraction for geochemical 

analysis for all samples followed the acid digestion method (Dugmore et al., 1992). 

Samples were treated with hot conc. HNO3 and H2SO4 acids, diluted with water and 

sieved at 10 µm. The coarse residue was rinsed thoroughly with clean water. There is 

experimental evidence that exposure to acidic and particularly alkaline treatments for 

the removal of diatoms can alter tephra geochemistry (Blockley et al., 2005). In this 

instance the risk of geochemical alteration was reduced as alkaline treatment was not 

necessary and acid treatment was short (<2 hours). Recent work has shown that 

rhyolitic shards extracted using the acid digestion method and then analysed using 

Electron probe micro analysis (EPMA) are geochemically indistinguishable from shards 

extracted using density separation (Roland et al., 2015). This suggests that chemical 

alteration during the acid digestion method is minor and unlikely to affect the 

assignment of a tephra to an eruption event.  

Samples were mounted onto glass slides using EpoThin resin, ground to expose the 

shards (cf. Dugmore et al., 1992) and polished to a 0.25 µm finish. EPMA was 

conducted at the Tephra Analytical Unit, University of Edinburgh. All analyses were 

conducted with a beam diameter of 5 μm, 15 kV and beam currents of 2 nÅ (Na, Mg, 

Al, Si, K, Ca, Fe) or 80 nÅ (P, Ti, Mn) (Hayward, 2012). Secondary glass standards, 

basalt (BCR-2G) and rhyolite (Lipari) were analysed before and after EPMA runs of 

unknown glass shard analyses.  

3.3.3 Carbon accumulation  

It was assumed that the peak of each tephra layer represented the year of the eruption 

(cf. Payne and Gehrels, 2010). Bulk density was calculated on 1 cm3 samples taken 

contiguously between the tephra peaks of layers which were subsequently identified as 

those from the eruptions of Hekla in 1510 and 1947 (see section 4.3). Samples were 

oven dried at 105°C and dry weight was divided by volume to determine bulk density.  

Carbon content was estimated using loss-on-ignition (LOI) which offers an 

approximation of organic matter content. The equation of Bol et al. (1999) was used to 

convert LOI into % Carbon. This equation was developed from UK moorland soils and 

has been successfully applied in studies of carbon content on blanket peatlands in the 
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UK (Garnett et al., 2001; Parry and Charman, 2013). Furthermore, % Carbon results 

obtained for Fallahogy using this equation were in line with typical organic carbon 

contents in northern peatlands (Charman et al., 2013). LARCA (g C m-2 y-1) was 

calculated by dividing the cumulative carbon mass over a given period by the number of 

years (Clymo et al., 1998). Apparent total carbon accumulated (ATCA) was calculated 

as the sum of the total carbon accumulated in each 1 cm3 interval between the peak 

shard concentrations of the FAL_1 and FAL_3 tephras.  

3.3.4 Plant macrofossils  

In order to reconstruct the microtopography at the coring location at the time of tephra 

deposition, plant macrofossil analysis was conducted on samples corresponding to peak 

tephra shard concentrations for the 1510 and 1947 eruptions of Hekla (see section 4.3). 

Samples of c. 3 cm3 of peat were sieved at 125 µm, floated in a petri-dish and examined 

at 10-50x magnification using a standard binocular microscope. Volume percentages 

were assigned using a modified version of the quadrat leaf count method of Barber et al. 

(1994). Moss leaves and epidermal tissues were picked and mounted onto slides for 

identification at higher magnification. Sphagnum was identified to section or species 

when possible.  

3.3.5 Statistical methods  

Cluster analysis with bootstrap resampling (Suzuki and Shimodaira, 2006) and PCA 

were applied, but did not help greatly to discriminate between the three tephras 

(supplementary file, Fig.S1, S2). 
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3.4 Results and Discussion  

3.4.1 Stratigraphy  

The tephrostratigraphic and SCP profiles for 15 cores (named A-O) are displayed in 

Fig. 3. Although there is some variation in the depth of the tephra layers, all but one of 

the cores contain three peaks in tephra abundance. The three tephra layers are more 

distinct in some cores than others. This is most likely due to differences in local 

accumulation rate and vegetation composition. In some instances the FAL_1 and 

FAL_2 tephras show a degree of merging toward the tails of their vertical distribution. 

This suggests that the time between these two events may represent the minimum 

temporal resolution of eruption events which can be recorded, at least in areas of this 

peatland where peat accumulation is slower.  
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Fig. 3. (2 Panels) Diagrams showing tephrostratigraphy and Spheroidal Carbonaceous Particle (SCP) 

profiles for the 15 peat profiles. Note horizontal scales for SCP profiles vary. Labels indicating the source 

event (Hekla 1947, Hekla 1845 and Hekla 1510) have been placed next to peaks in tephra shard 

concentration. Core C contains a peak of colourless tephra shards which have not been geochemically 

analysed (UNK-1). Geochemical samples were obtained from tephra peaks in Cores A and K (labelled 

FAL_1, FAL_2 and FAL_3). 

Some cores (D and G) show slight deviations from the majority of profiles. In core G, 

the top of the FAL_1 tephra peak was not recovered, and there is also a rise in SCPs in 

the uppermost sample indicating that the true SCP peak in this profile may be missing. 

Therefore we suggest that the top of core G is absent; this is taken into account in 

subsequent analyses. 
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Core D appears to have experienced a high rate of accumulation between FAL_1 and 

the present surface when compared to other cores. However, the assignment of the 

FAL_1 tephra is supported by its position in line with the rapid increase in SCPs c. 1950 

and the FAL_1 and FAL_2 are separated by a sample containing no tephra shards. Plant 

macrofossil analysis indicates that core D may have been a pool or low hollow in the 

past. There is abundant Menyanthes trifoliata ‘bog bean’ epidermis corresponding with 

the FAL_3 tephra layer and Sphagnum section Cuspidata corresponding with the 

FAL_1 tephra. All cores were extracted from lawn microforms at the time of coring, 

therefore a transition between pool or low hollow and lawn microform appears to have 

occurred in this core between the FAL_1 tephra and the time of coring. The high 

accumulation rate post FAL_1 in this core might be attributed to a rapid increase in the 

rate of peat accumulation related to the temperature rise during the twentieth century.  

Unlike the majority of cores, core C shows only two peaks in tephra shard 

concentration. Furthermore, the tephra in core C at a depth of 48-50 cm is distinct from 

those detected in other cores both in terms of colour and morphology. The anomalous 

tephrostratigraphy of core C might be attributed to a post-depositional disturbance in 

peat accumulation. Disturbance events, such as fire and bog bursts, can occur naturally 

(e.g. Caseldine and Gearey, 2005). However, core C is in close proximity to an area of 

drainage and peat extraction (Fig. 2). This is likely to be the cause of the anomaly in 

peat accumulation. For this reason core C was excluded from subsequent analyses.  

3.4.2 Shard morphology  

Shards from all three tephras are predominantly light brown and morphologically 

similar (Fig. 4). Shard size ranges from 15 to 155 µm indicating that relatively large 

shards can be transported long distances, particularly if shard terminal velocity is low 

due to a high degree of vesicularity (Stevenson et al., 2015). 
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Fig. 4. Scanning electron microscope images of typical tephra shards exposed for geochemical analysis 

(a) Hekla 1510 (b) Hekla 1845 (c) Hekla 1947. White scale bars are 10 µm. 

 3.4.3 Shard geochemistry and assignment to eruptive event  

The major element geochemistry of the three tephra layers detected at Fallahogy is 

similar. They have bimodal character and include a minor rhyolitic component, as well 

as dominance of the dacite-andesite composition (Fig. 5; full geochemical dataset is 

provided in the supplementary file, table S1). The geochemistries closely resemble 

those of tephra from the Hekla (H) eruptions in 1510 and 1947 (Dugmore et al., 1995; 

Hall and Pilcher, 2002; Larsen et al., 1999; Pilcher et al., 1996; Swindles, 2006). There 

is good evidence, supported by 14C dating, as well as geochemistry, that the tephras of 

H1510 and H1947 reached the UK and have been found in many peatlands in Northern 

Ireland (Lawson et al., 2012). Distinguishing between FAL_1 and FAL_3 based on co-

variation major element diagrams proved difficult (Fig. 6), although some 

discrimination can be observed between the geochemistry of FAL_2 and the other 

tephras (Fig. 6c, d). FAL_2 also has a generally higher TiO2, FeOt and P2O5 content than 

FAL_1 and FAL_3.  
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Fig. 5. Total Alkali Silica (TAS) Diagram showing the three tephras detected in core A at Fallahogy (raw 

data). Shards are mainly of andesitic-dacitic geochemistry. Annotations follow standard terminology e.g. 

RHY = Rhyolite, D = Dacite, A = Andesite (Le Maitre et al., 1989). 

 

Fig. 6. Tephra geochemistry co-variation diagrams for (a-b) full range of FeOt(wt%), TiO2(wt%), 

CaO(wt%), MgO(wt%) values for the three tephra horizons in core A at Fallahogy plotted against type 

data for the Hekla eruptions of 1510, 1845 and 1947 from Tephrabase (Newton et al., 2007). (c-d) a 

restricted range of FeOt(wt%), TiO2(wt%), CaO(wt%), MgO(wt%) values for the three tephra horizons in 

core A at Fallahogy to show in more detail the overlap between the geochemical distributions, all values 

are normalised. 
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3.4.4 SCPs as a method of distinguishing between historically-deposited tephras  

Where shards from different tephras are not easily distinguished by their geochemistry, 

in some instances SCP profiles can be used to complement geochemical data (Swindles 

and Roe, 2006). SCPs provide a chronological marker for the last ~150 years (Renberg 

and Wik, 1984), appearing in this region c. AD 1850 and reaching peak abundance AD 

1978 ± 6 years (Rose and Appleby, 2005). The FAL_3 tephra occurs before SCPs 

appear in the profiles at Fallahogy suggesting a date prior to 1850. The increase in 

abundance of SCPs corresponding with the FAL_1 tephra in the majority of cores 

suggests a date around AD 1950. In the majority cores from Fallahogy, FAL_2 occurs 

just after the appearance of SCPs in the peat profile, suggesting a date around the time 

of the first appearance of SCPs in this region (c. 1850 AD).  

Although SCP profiles offer further information for the dating on peat profiles, they 

must be interpreted with caution because SCPs are themselves subject to movement in 

the peat matrix. In some instances it appears that the peak in SCPs (AD 1978 ± 6 years) 

coincides with the peak in tephra concentration for the FAL_1 event. Given that there 

were no large eruptions of silicic tephra in Iceland in the 1970s or 1980s (Larsen et al., 

1999) and given that no claims of cryptotephra layers in Irish peatlands later than Hekla 

1947 tephra have ever been made in the literature, we infer that the apparent 

coincidence of the SCP and tephra peaks is an artefact of either: i) slow rates of peat 

accumulation between 1947 and c. 1978, or ii) the differential vertical movement of 

tephra and SCPs. Such differential movement might result from differences in the 

deposition (continuous vs. one event), morphology, density or size of SCPs and tephra.  

3.4.5 Possible sources for FAL_2  

Although FAL_2 has a slightly different major element geochemistry (e.g. slightly 

higher TiO2 and FeOt) to FAL_1 and FAL_3, it shows some similarity and therefore 

may be derived from the same volcanic system. Furthermore, the Hekla volcano has 

produced the majority of widespread mid to late Holocene cryptotephras, many of 

which are of a bi-modal composition. There were five recorded eruptions from Hekla 

between 1510 and 1947 which produced silicic tephra. Many eruptions produced low 

tephra volumes or had dominant fallout pathways toward the north of Iceland (Larsen et 
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al., 1999; Larsen et al., 2014). Apart from H1845 there is no solid documentary or 

geochemical evidence that any of these tephras reached northwest Europe. However, 

there is documentary evidence for the fallout of tephra on the Faroe Islands during AD 

1845, suggesting that tephra from the H1845 eruption travelled some distance in a 

south-easterly direction (Connell, 1846). A report of tephra on the Orkney Islands, dated 

by interpolation to ca. AD 1800 and with a similar geochemistry to that of H1947 and 

H1510, has been tentatively linked to the eruption of H1845 (Wastegård, 2002). To 

further support assignment to H1845, FAL_2 was plotted against the major element 

geochemistry of all tephras dated to between 1510 and 1947 AD in the Tephrabase 

geochemical database (supplementary file, Fig. S3). There was no clear match with any 

of these tephras. We therefore correlate the FAL_2 tephra to the eruption of Hekla 1845.  

It appears that H1845 may be an under-recognized tephra in N. Ireland. The shard count 

totals for this tephra at Fallahogy are generally low (<40 shards cm-3). Low shard 

concentration and a similar geochemistry to other historical Hekla tephras may have 

prevented detection in some previous research, particularly in peatlands with lower 

accumulation rates where the tephra peaks for H1947 and H1845 may be challenging to 

distinguish. The H1845 tephra corresponds to, and provides a dating isochron for 

palaeoenvironmental studies concerned with the end of the Little Ice Age as well as the 

Irish famine of 1845-1849, which was a period of great hardship, economic and social 

importance in Irish history (O'Rourke, 1994).  

Based on the SCP profiles, information about tephras previously identified in this region 

and geochemical data the tephra layers are assigned to the Hekla eruptions of 1947 

(FAL_1), 1845 (FAL_2) and 1510 (FAL_3). We suggest that SCP stratigraphies may be 

valuable for distinguishing tephra shards from the eruption of H1845 (FAL_2) which 

occur at the beginning of the SCP profile in this region.  

  



~ 77 ~ 

 

3.4.6 Do cryptotephra layers in peatlands reflect fallout concentrations? 

3.4.6.1 Within-site variation  

The same sequence of three tephras was found in 14 of the 15 cores at Fallahogy (Fig. 

3). The presence of three peaks indicates three distinct historical ash fallout events. This 

suggests that in small, unforested, undisturbed peatlands like Fallahogy, where there is a 

low chance of snow cover at the time of tephra deposition, the presence or absence of 

tephra from a given eruption can be highly consistent from one core site to another. The 

extraction of almost any single core from an undisturbed area of the Fallahogy peatland 

would have been sufficient to determine the presence or absence of all three tephras. 

However, total shard counts for each tephra layer differ between the cores. The total 

number of shards for H1510 (total deposition per square centimetre of peatland surface) 

ranges from 97 to 508 shards cm-2 (median 143). Shard counts for H1947 and H1845 

also show an order-of-magnitude variation in different cores, with counts of 21–236 cm-

2 and 10–156 shards cm-2 respectively (Fig. 7). Some small variation in TSCs might be 

expected as a result of analytical uncertainty. However, differences of this magnitude 

between cores are most likely due to real spatial variation. A Mantel test of the null 

hypothesis that there is no spatial autocorrelation in the TSCs for the H1510 tephra 

indicated that, over scales of tens to hundreds of metres, there is no spatial 

autocorrelation in shard counts (p=0.82). This suggests that any systematic sorting of 

shards is predominantly occurring at smaller or larger scales. Variation in the total 

number of tephra shards relating to a given eruption across different cores in a peatland 

may plausibly be due to three sets of processes: i) uneven deposition from the 

atmosphere; ii) lateral movement of tephra over the surface of the peatland prior to its 

incorporation in the peat; iii) loss of tephra through processes such as hydrolysis and 

dissolution to different extents in different places.  
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Fig. 7. Maps showing the spatial distribution of cores alongside total shard counts (cm-2) for Hekla 1510, 

1845 and 1947 eruptions. Apparent total carbon accumulated between 1510 and 1947 is also shown. 

Circle sizes are proportional to total shard counts per unit area or apparent total carbon accumulated. 

The latter appears unlikely, as although it has been suggested that tephra may dissolve 

in acidic environments, dissolution is slow, and based on the results of laboratory 

experiments, rhyolitic shards are predicted to survive for more than 4500 years at a pH 

of 4 (conversely, mafic tephras deteriorate more rapidly) (Wolff-Boenisch et al., 2004). 

The tephras detected at Fallahogy are of intermediate composition and have been 

deposited in the last 450 years, therefore although loss of shards due to dissolution 

cannot be ruled out, it is unlikely. No visible signs of damage to tephra (e.g. silica gel 

layer formation or pitting: cf. Blockley et al., 2005) were identified during microscope 

analysis.  

Following deposition, any lateral transport of tephra is likely to occur relatively quickly 

because there is evidence that tephra is rapidly incorporated into the peat matrix. 

Experiments indicate that tephra deposited onto a peatland can percolate downward by 

up to 6 cm in less than 2 years (Payne et al., 2005). Even allowing for subsequent 

decomposition, long term peat accumulation at Fallahogy over the last c. 5000 years has 

been relatively rapid in comparison to northern peatlands in general (11 years cm-1; 
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(Roland et al., 2014)). Therefore tephra is likely to be incorporated into the peat more 

quickly than in peatlands where accumulation rates are lower, which is typically the 

case at higher latitudes. Variation in TSC across the peat surface at the peatland (macro) 

scale might be facilitated during periods when the water-table is at or above the surface, 

resulting in surface flow and therefore the transport of shards from higher to lower areas 

of the peatland by water, or by preferential deposition of tephra on areas of higher 

ground, where the dominance of relatively tall vascular plants might encourage 

interception of airborne shards. However, there is no correlation between the elevation 

of the core location (at time of coring) and the total number of shards for any of the 

three eruptions.  

Similarly, there is no relationship between total shard count for the H1510 and H1845 

tephras and distance from the edge of the peatland (Spearman’s rank correlation (SRC) 

supplementary file, Table S2). However, for the most recent eruption (H1947) there is a 

weak relationship between TSC and distance from the edge of the peatland (SRC r = 

0.65, p = 0.016). Shard counts are higher toward the centre of the peatland, suggesting 

that tephra was either preferentially deposited onto the cupola or preferentially lost from 

the rand slope.  

Either a change in peatland topography or in the processes operating at the macro scale 

over time might explain why the most recent tephra layer shows a weak non-random 

pattern of distribution, whilst the earlier two tephras do not. There is no evidence at 

Fallahogy that the peatland topography at the macro-scale has changed substantially 

over the last 500 years. However, there is some evidence of a change in water-table 

depth. Fig. 8b shows the reconstructed water-table depth at Dead Island bog, just 1.2 km 

south of Fallahogy (Swindles et al., 2010). During the Little Ice Age (LIA, c. 1400 – 

1850 AD), a period characterised by wet and cold conditions which has been identified 

across multiple sites in Europe (Blundell and Barber, 2005; De Vleeschouwer et al., 

2009; Turner et al., 2014) and Ireland (Swindles et al., 2013b), the Dead Island Bog 

reconstruction suggests the water-table was at or above the peat surface (Swindles et al., 

2010). Between 1845 and 1947 the water-table dropped considerably, which could have 

reduced the potential for redistribution of tephra from the middle of the peatland 

towards the edges by surface flow.  
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Fig. 8. (a) Graph showing the apparent cumulative carbon accumulation between AD 1510 and AD 1947 

in 14 cores at Fallahogy. The peak shard concentrations for tephra from the eruptions of Hekla 1510, 

Hekla 1845 and Hekla 1947 are used as chronological tie points. (b) Water-table depth reconstruction 

data from Dead Island bog (~1.2km from Fallahogy) (Swindles et al., 2010) based on the transfer 

function of Charman et al., (2006). Red lines indicate tephra horizons identified in both sites and used as 

chronological tie points.  

Given that systematic differences in the total shard count per unit area only appear for 

one tephra layer, evidence for movement of tephra at a macro scale is inconclusive. Our 

results also indicate that the movement of tephra shards over the peat surface is variable 

between events. There are no cores which consistently show higher or lower than 

average counts for each event. This may reflect the differences in water-table (at or 

below the peatland surface) during each tephra fall, or the complex interactions of 

different reworking processes under slightly different environmental conditions.  

Hummock and hollow microforms are common on many peatlands. Fallahogy has a 

well-defined hummock, hollow and lawn microtopography (see section 2). Hummocks 
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represent raised features where vascular vegetation types dominate and might therefore 

be expected to preferentially trap airborne particles; however, tephra might also be 

delivered to hollows during periods of surface water flow. Previous research into pollen 

concentrations across hummock and hollow microforms identified higher pollen 

concentrations in hollows (Irwin, 1989). However, the continuous deposition of pollen 

can make it difficult to decipher whether the differences in concentration are attributable 

to differential deposition, post-depositional redistribution or dissimilarities in 

accumulation rates.  

All cores in this study were extracted from lawn microforms. However, peatland 

microforms have been shown to migrate or alter over time (Kettridge et al., 2012). A 

different microtopography at the coring location at the time of tephra deposition might 

explain the differences in shard counts. It was initially suggested that the cyclic 

regeneration of hollows into hummocks was self-regulating, driven by faster rates of 

peat accumulation in hollows (Osvald, 1923; Von Post, 1910). Following increasing 

evidence that hummocks are long-term features controlled mainly by changes in bog 

surface wetness, the theory of cyclic regeneration has largely been disregarded (Barber, 

1981; Svensson, 1988; Walker and Walker, 1961). Hummocks are now considered 

long-term features linked to climate, rather than the product of autogenic peatland 

processes. However, there is no simple sequential or transitional relationship of 

hummock to hollow microforms with time (Ohlson and Økland, 1998). 

Plant macrofossil analysis was conducted on the 14 randomly distributed cores at depths 

corresponding to the peak shard concentration in the FAL_1, FAL_2 and FAL_3 tephra 

layers to assess whether the microtopography at each coring location had changed 

significantly since the FAL_3 tephra layer. The results suggest that the majority of cores 

had been extracted from areas where the microtopography had not changed dramatically 

(from a lawn community) in the last 450 years. Core D contained some unambiguous 

indicators of very wet conditions corresponding with the H1510 tephra layer (see 

section 4.1). However, there does not seem to be an exceptionally large or small TSC 

for the H1510 tephra in this core.  

On the three hummock-to-hollow transects (labelled HH 1, 2 and 3), tephra was more 

abundant in cores where the surface vegetation type at the time of coring was at least 
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partly composed of Sphagnum (Fig. 9). The vegetation appears to be more important 

than the downslope movement, in that, where Sphagnum appears in the vegetation 

community on the mid-slope (e.g. HH3), the presence of Sphagnum deters further 

downslope movement. Our results are in agreement with those of an experimental study 

into the trapping of SCPs in Sphagnum peat (Punning and Alliksaar (1997), which 

found that the majority (>99%) of SCPs were trapped by the Sphagnum.  
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Fig. 9. Diagram indicating shard counts and surface vegetation at time of coring at various points along 

three transects taken from hummock to hollow on Fallahogy peatland. 

The redistribution of tephra shards may also be occurring at even smaller scales (sub-

micro-topographical). Surface water flow is likely to be affected at these scales by the 

interplay between vegetation composition and small changes in gradient.  
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3.4.6.2 Within site vs. between site variation 

In order to make valid inferences about regional ash cloud fallout based on TSC 

measurements in single cores, the variation in the total number of tephra shards relating 

to a given eruption within a site must be lower than the variation between sites. Tephra 

from the eruption of H1947 has been identified in 12 peatlands across Northern Ireland 

(Rea et al., 2012), with TSCs appearing to vary along a West to East gradient. Higher 

concentrations in western sites were interpreted as reflecting higher ash fallout in this 

region (Rea et al., 2012). The range of TSCs was smaller in the 15 cores at Fallahogy 

than the range of TSCs across the 12 different peatlands in Northern Ireland (Fig. 10). 

This suggests that, in this instance, regional-scale factors such as precipitation and ash 

cloud density had a greater influence on the spatial distribution of TSCs than local 

(within-site) processes.  

 

Fig. 10. Histograms showing the total shard counts for the a) Hekla 1947 eruption in 15 cores at 

Fallahogy (13 cores from this study and 2 cores examined by (Rea et al., 2012)) and b) at 12 other sites 

across Northern Ireland (Rea et al., 2012). 

Nevertheless, using the TSCs from one core to infer ash fallout concentration over the 

entire peatland is not advisable due to a large degree of internal variation in TSCs 

within a site. In order to estimate how many cores would be required to establish a 

reliable median value we conducted a bootstrap analysis (10,000 iterations, random 

sampling with replacement) of shard counts for each of the tephra layers (Fig. 11). The 
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number of cores required to estimate the median value adequately is subjective. 

However, multiple cores would have been advisable for any of the three tephra layers 

detected at Fallahogy peatland.  

 

Fig. 11. Results of a bootstrap analysis (10,000 simulations) estimating median shard concentration with 

different amounts of cores for the three Hekla eruptions. The 0.025 and 0.975 boundaries are indicated by 

light grey lines. Although the number of cores required for a robust estimate of median shard 

concentration is subjective, this analysis suggests that multiple cores are required to adequately assess 

median total shard counts for these three events. 
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3.4.7 Variation in shard counts for different events  

Shard counts vary in different tephra layers within a single core as well as the same 

event from multiple cores. Mann-Whitney tests indicated a significant difference 

between each pair of events (p < 0.05, n=14 [n =13 for H1947]). H1510 has the highest 

shard counts, followed by H1947 and H1845 (Fig. 12). The same pattern of relative 

abundance has been found in many other Northern Irish peatlands (Rea et al., 2012; 

Swindles, 2006).  

 

Fig. 12. Boxplots showing the total shard counts for Hekla 1947, Hekla 1845 and Hekla 1510 eruptions in 

13 cores at Fallahogy. Boxplot convention is as follows: boxes indicate the interquartile range; the central 

line through each box indicates the median. The far extent of the upper and lower lines from each quartile 

indicate the maximum and minimum. 

The higher TSCs for H1510 may reflect the nature of the eruption which had a much 

larger recorded tephra volume (0.32 km3) when compared with H1947 (0.18 km3) and 

H1845 (0.23 km3) (Larsen et al., 1999; Larsen et al., 2014). The eruption of H1510 is 

also inferred (on the basis of its deposits in Iceland) to have had a more intense Plinian 

phase than H1947 (Larsen et al., 2014), perhaps resulting in more distal tephra 

transport. Less information is available about the nature of the eruption of Hekla in 

1845, although it is described as having wide tephra dispersal within Iceland (Larsen et 
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al., 2014). The estimated tephra volume for H1845 is similar to (within error) that of 

H1947, which is not reflected in the TSC for these eruptions at the Fallahogy site. This 

suggests that there is no simple relationship between tephra volume and the total 

number of tephra shards relating to a given eruption in cores from distal peatlands.  

3.4.8 Spatial trends in spheroidal carbonaceous particle (SCP) concentration  

Tephra is not the only palaeoenvironmental proxy to be deposited onto a peatland from 

the atmosphere. SCPs, which are a product of the combustion of fossil fuels, are often 

used as a proxy for atmospheric pollution, with an assumption that the concentration or 

accumulation rate of SCPs is related to the magnitude of pollution (i.e. the concentration 

of SCPs in the atmosphere) at the time of deposition. For example, the concentrations of 

SCPs in lakes have been used to infer differences in the degree of atmospheric pollution 

in different regions (Rose and Harlock, 1998; Rose et al., 1999). Our results suggest 

that SCP concentrations within a peatland can be highly spatially variable (the total 

number of SCPs in our cores range from 97 to 2268 (summing all samples containing 

SCPs)). Therefore any inference of pollution levels based on SCP counts from one core 

in a peatland should be undertaken with caution.  

To determine whether different microparticles are reworked in the same way we tested 

the hypothesis: Tephra shard concentrations are positively correlated with SCP 

concentrations across a peatland. If the two different types of microparticle are 

deposited and reworked in the same way, we might expect cores with higher than 

average tephra shard concentrations to also contain higher than average SCP 

concentrations. Two tests for correlation were conducted: i) between total tephra shard 

counts and total SCP counts in the whole core; ii) between total shard counts at one 

point in the core and total SCP counts at the same depth (1947 tephra peak). In both 

cases there was no significant relationship between the counts of SCPs and tephra 

shards at the 5% level. 

Although this suggests that tephra shards and SCPs are reworked differently on a 

peatland it is not conclusive. It is difficult to compare microparticles which have been 

continuously deposited (SCPs) with microparticles which are the result of a single event 

and have been deposited over a number of days or weeks (tephra). However, it is 
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possible that the microparticles are reworked differently due to differences in their 

morphology, density or size. Different weather conditions and water table depth at the 

time of deposition may also affect reworking. 

3.4.9 Implications for studies of carbon accumulation 

3.4.9.1 Spatial trends in apparent carbon accumulation  

Carbon accumulation in peatlands is controlled by the balance between organic matter 

production and decay (Clymo, 1984). Rates of production and decay vary according to 

peatland microtopography due to differences in vegetation community and water-table 

position (Belyea and Clymo, 2001).  

The average peat accumulation rate at Fallahogy between 1510 and 1947 (20 years cm-

1) was in the range of 10–40 years cm-1, which is typical for peatlands in Northern 

Ireland (Swindles and Plunkett, 2010). Peat accumulation rate and apparent total carbon 

accumulation (ATCA) varied spatially (Fig. 7). The ATCA between 1947 and 1510 

ranged from 4.0 to 17.8 kg C m-2, although ATCA in the majority of cores was around 

the average of 8.6 kg C m-2.  

These results indicate that ATCA in this peatland is spatially variable over scales of tens 

to hundreds of metres. There is no spatial autocorrelation in ATCA at these scales, 

suggesting that any spatial trends are occurring over larger or smaller scales (Mantel 

test, p-value 0.60). There is also no relationship between ATCA and elevation or 

distance from the peatland edge (SRC, supplementary file, Table S2). Instead, 

differences in accumulation might be occurring on a microform scale.  

Plant macrofossil analysis suggests that there has been no significant change in the 

microform (lawn) at the majority of the core locations over the last 450 years. However, 

core D contains indicators of wet conditions, symptomatic of the LIA, corresponding 

with the H1510 tephra (see section 4.1). Core D has the lowest ATCA of all the cores 

between 1510 and 1947 (4.0 kg C m-2), although the accumulation rate increases post 

1947. The low ATCA in Core D in the period between 1510 and 1845 might be 

attributed at least in part to localised very wet conditions during the LIA.  
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Core K is of particular interest as it shows a much higher LARCA than the other cores. 

As a check, the FAL_3 tephra in core K was analysed to exclude the possibility that the 

shards are from a different tephra. Geochemical analysis and SCP chronology confirm 

assignment to H1510 eruption (supplementary file, Fig. S4) and therefore we can be 

confident in the high rate of peat accumulation between 1510 and 1845 (0.094 cm year-

1). It would appear the cause is localised as other cores located nearby do not show 

elevated peat accumulation rates. Large proportions of unidentifiable organic material in 

plant macrofossil samples from core K suggest high levels of decay. High rates of peat 

accumulation have been shown to occur where the balance between production and 

decay is optimal (Belyea and Clymo, 2001). We suggest that a high rate of litter 

productivity by vascular plants (Calluna vulgaris roots were abundant in plant 

macrofossil samples) has resulted in high peat accumulation at this coring location, 

despite a relatively high rate of decay.  

3.4.9.2 Temporal trends in apparent carbon accumulation rate  

When considering recent temporal changes in the rate of carbon accumulation, it is 

important to note that apparent carbon accumulation rates would be expected to increase 

towards the surface, because younger peats have undergone relatively less 

decomposition than older peats. Consideration must also be given to the position of the 

oxic zone (or active layer), where decay rates are higher than in the anoxic zone below. 

Although none of our cores display a clear boundary, recent carbon accumulation 

(between 1947 and present) is not included in our analysis as the peat is likely to be 

undergoing particularly rapid decomposition in the oxygenated zone.  

As would be expected, the majority of cores (11 out of 14) show lower peat 

accumulation rates between 1510 and 1845 when contrasted against the period between 

1845 and 1947, with average peat accumulation rates of 0.04 cm yr-1 and 0.06 cm year-1, 

respectively (Fig. 8). The difference in peat accumulation is reflected in LARCA values 

of 16.6 (1510–1845) and 28.9 g C m-2 y-1 (1845-1947). The slower peat accumulation 

during the period 1510 to 1845 might be attributed to a reduction in primary 

productivity due to the LIA (Charman et al., 2013), however it is difficult to untangle 

the possible climatic link from the impact of increased time for decomposition to occur 

in the deeper peats. Three cores show (slightly) higher rates of accumulation during 
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1510–1845 than during 1845–1947, perhaps indicating some degree of autogenic 

variation in the balance of primary production and decay. 

3.5 Conclusions 

1. Using geochemistry and SCP profiles we have detected 3 tephra layers that correlate 

to the Hekla eruptions of 1510, 1845 and 1947 in 14 cores from the same peatland. 

Suggesting that in small, largely undisturbed, mid-latitude peatlands, the presence or 

absence of tephra from a given eruption can be determined, with a high degree of 

certainty, by analysing a single core.  

2. Shard counts for a given eruption showed an order-of-magnitude variation between 

cores from the same site, suggesting differential deposition or lateral post-

depositional movement of tephra. No spatial autocorrelation was identified over the 

scale investigated (tens to hundreds of metres), indicating that any differential 

deposition or reworking occurs at different scales.  

3. Studies comparing tephra shard concentration across multiple sites must consider 

the differences in shard concentration within a single site. Bootstrap analysis 

suggests that multiple cores are required in order to ascertain a reasonably reliable 

median shard count for a site.  

4. There was a significant difference in the TSCs for the tephras from the 3 Hekla 

eruptions, suggesting that in some cases shard counts might be a useful proxy for 

ash cloud density. However, owing to the influence of meteorological conditions, 

results must be interpreted with caution. 

5. The three historical tephra layers detected in the 14 cores at Fallahogy allowed us to 

establish a chronological framework within which to examine spatial differences in 

carbon accumulation within a site. We find differences in the apparent total carbon 

accumulation between 1510 and 1947 AD.  

6. Further work is required on (i) the impact of microtopography on tephra 

distribution, and (ii) tephra dissolution processes and rates in acidic low pH 

environments.  
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Abstract 

The use of volcanic ash layers for dating and correlation (tephrochronology) is widely 

applied in the study of past environmental changes. We describe the first cryptotephra 

(non-visible volcanic ash horizon) to be identified in the Amazon basin, which is 

tentatively attributed to a source in the Ecuadorian Eastern Cordillera (0–1°S, 78-

79°W), some 500-600 km away from our field site in the Peruvian Amazon. Our 

discovery 1) indicates that the Amazon basin has been subject to volcanic ash fallout 

during the recent past; 2) highlights the opportunities for using cryptotephras to date 

palaeoenvironmental records in the Amazon basin and 3) indicates that cryptotephra 

layers are preserved in a dynamic Amazonian peatland, suggesting that similar layers 

are likely to be present in other peat sequences that are important for 

palaeoenvironmental reconstruction. The discovery of cryptotephra in an Amazonian 

peatland provides a baseline for further investigation of Amazonian tephrochronology 

and the potential impacts of volcanism on vegetation.  

4.1 Introduction  

Tephrochronology (dating sedimentary sequences using volcanic ash layers) is a 

particularly useful method for dating and correlating records of past environmental 

change 1-3. Although the majority of volcanic ash (tephra) falls out close to the volcanic 

source, fine ash (<1 mm) can have an atmospheric residence time in the region of hours 

to months, during which tephra may be transported thousands of kilometres 4. In high 

concentrations fine ash is a hazard for the health of humans and animals 5 and even far 
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from the volcanic source ash can be present in concentrations which can induce engine 

failure in modern jet aircraft 6.  

Following the initial discovery of microscopic tephra shards from Icelandic volcanoes 

in distal lakes and peatlands of Ireland and Scotland 7,8, such invisible isochrons, 

commonly referred to as ‘cryptotephras’ have been identified in ice cores, terrestrial and 

marine sediments 9-11. Cryptotephras can often be linked to a source region or even 

specific eruption(s) based on their glass geochemistry. Advances in geochemical 

analysis techniques, predominantly through Electron Probe Micro Analysis (EPMA) 

now allow for precise and accurate analysis with beam sizes as small as 3 µm 12. 

Cryptotephra layers in distal archives are predominantly used as correlation and dating 

tools; however they can also provide insights into past volcanic activity otherwise 

buried by younger deposits or eroded in the proximal (near vent) area. Tephra layers 

which transgress continental boundaries 13,14 provide the opportunity for the correlation 

of palaeoenvironmental records over large distances. Cryptotephra studies have 

focussed predominantly on northern latitudes of Europe, although cryptotephras have 

also been identified in many other regions for example China 15, North America 16, New 

Zealand 17 and Far East Russia 18. There have been several studies of macroscopic 

tephra layers in South America e.g. 19,20, but cryptotephra studies have been confined to 

the regions of Argentina and Patagonia 21,22. To the authors’ knowledge there have been 

no previous published studies of cryptotephra occurrence in the Amazon basin.  

There has been much recent interest in tropical peatlands as they represent globally-

important carbon sinks, support important ecosystems and are currently threatened by 

climate change and human activities 23. It has been estimated that tropical peatlands 

contain approximately 88.6 Gt of carbon, equivalent to up to 19 % of the global 

peatland carbon pool 23,24 and can be found in both lowland and upland areas in SE 

Asia, Africa and Central and South America 25-27. A variety of peatlands have recently 

been discovered in the subsiding Pastaza-Marañon basin in Western (Peruvian) 

Amazonia including minerotrophic palm swamps and ombrotrophic domed bogs 27-29. 

The Pastaza-Marañon basin was recently identified as the most carbon-dense landscape 

in Amazonia, storing 892 ± 535 Mg C ha−1 30. There have been a small number of 

studies of the ecology and paleoecology of Amazonia peatlands owing to their potential 

as archives of past environmental change 28,31-33. Such studies are rare and thus 
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important as they can provide a long-term baseline for recent climate changes in tropical 

Amazonia and globally. However, tropical peats are notoriously difficult to date due to 

the presence of large roots leading to deep biological alteration 32.  

Here we present a new discovery of a historic cryptotephra layer from a domed peatland 

in the Peruvian Amazon. The presence of this tephra has important implications for 

dating and correlating very recent peats and lake sediments in western Amazonia, and 

provides unambiguous evidence that Amazonia has been affected by volcanic ash fall in 

the very recent past. 

Aucayacu (“water of the natives” or “water of the warriors”) is a domed peatland in 

western Peru that currently operates as an ombrotrophic 'raised bog' system 28. It is 

situated on alluvial fan sediments between a stream of the Pastaza fan and the Tigre 

River (Figure 1). The peatland began as a nutrient rich minerotrophic system that 

gradually became an ombrotrophic raised bog through its developmental history 28. 

Aucayacu represents the deepest and oldest peatland that has been discovered in the 

Amazon basin (~7.5 m thick) and peat initiation at the site has been dated to c. 8870 cal. 

yr BP 28. The vegetation of Aucayacu is characterised by 'pole' and 'dwarf' forest 

communities 33. 
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Fig 1. Maps showing the location of Aucayacu peatland, Loreto region, Peruvian Amazonia, a) overview 

map of the approximate location of Aucayacu (red box) and the locations of volcanoes with known 

Holocene eruptions, the Chacana volcano, which is within the Eastern Cordillera is indicated in red, 

gridlines are at 10° intervals, b) False colour Landsat TM RGB image (Orthorectified, WRS-2, Path 007, 

Row 063). Band 4 was assigned to red, band 5 was assigned to green and band 7 was assigned to blue. c) 

Map indicating location of the field site in South America, again Holocene volcanoes are shown, shaded 

region indicates approximate forest cover. Maps were constructed using Arc Map 10.2.2. Landsat Data 

are free to download and available from the U.S. Geological Survey. Locations of Holocene locations 

downloaded from the Smithsonian Global Volcanism Program 

(http://www.volcano.si.edu/list_volcano_holocene.cfm#) 
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4.2 Methods 

A peat core of length 1 m was extracted from the interior of Aucayacu peatland using a 

Russian D-section corer with a 50-cm-long chamber 34,35. Peat moisture content and 

loss-on-ignition were calculated at 2 cm intervals following 36 and peat humification 

was determined following 37. The core was dated using AMS 14C dating of extracted 

wood and macrofossils. 14C dates were calibrated using IntCal13 38 in Clam v.2.2 39. 

Age-depth models using linear interpolation were constructed. 

The core was analysed for tephra using the quick-burn technique 1,3. After burning, the 

residue was sieved at 15 µm in an ultrasonic bath for 20 minutes to remove fine 

siliceous material, rinsed with deionised water, and the coarse fraction mounted onto 

slides. Tephra shard counts were conducted at 200x magnification on a standard Leica 

binocular microscope. Following detection of the peak tephra shard concentration, 

tephra was extracted for geochemical analysis following the density separation method 

of 40. The peat sample was sieved between 80 and 15 µm. Further extraction was 

conducted using various densities of LST heavy liquid. A cleaning float of 2.0 g cm-3 

was used to remove organic material a further float at of 2.2 g cm-3 was also required to 

remove abundant phytoliths. Finally tephra was floated off at 2.5 g cm-3 and rinsed 

thoroughly with deionised water. Samples were mounted onto glass slides using 

EpoThin resin, ground to expose the shards c.f. 41 and polished to a 0.25 µm finish. 

Analysis was conducted by EPMA at the Tephra Analytical Unit, University of 

Edinburgh. Analysis setup followed the method of 12, beam diameter was 5 µm with 15 

kV and variable beam current 2 nÅ (Na, Mg, Al, Si, K, Ca, Fe) to 80 nÅ (P, Ti, Mn). 

Secondary glass standards, rhyolite (Lipari) and basalt (BCR-2G) were analysed before 

and after the unknown samples. The tephra geochemical data was compared with the 

Smithsonian’s Global Volcanism Program (2013) "Volcanoes of the World" database 

and the Large Magnitude Explosive Volcanic Eruptions (LaMEVE) database, which is 

part of VOGRIPA Project 42. This resource and other published literature were searched 

for tephra geochemical data to identify a source volcano and/or eruption. Total Alkali-

Silica (TAS) and geochemical bi-plots were constructed for comparison of the 

published tephra geochemical data with geochemical data from the AUC1 tephra.  
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4.3 Results  

Figure 1 shows the location of Aucayacu peatland in Amazonia and volcanoes 

discussed in the text. In the 1-m core from Aucayacu there were no visible tephra layers; 

however, two microscopic tephra layers were encountered at 10-15 cm and 75-80 cm 

(Figure 2). No tephra shards were identified in samples outside of these depths. The 

tephra layer at 10-15 cm (AUC1) had a sufficient concentration for analysis (44 shards 5 

cm-3); however the lower layer only contained 2 shards and was not suitable for further 

analysis. The shards of AUC1 were all transparent and vesicular, with a mean size of 53 

m, median = 50 m, maximum = 125 m, and minimum 25 m or less (n = 40). There 

is no clear event in the core properties (moisture content, loss-on-ignition or peat 

humification) that corresponds with the tephra layer. This (layer) is merely a trace of 

(volcanic) material and would not have been detected through visual means or analysis 

of basic core properties. 
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Fig 2. Core properties and tephrostratigraphy, n = number of tephra shards counted in the 5 cm3 sample, 

AUC1 is the tephra layer described in this study, a second tephra layer was detected but was not suitable 

for geochemical analysis due to a sparse number of tephra shards.  

Age modelling, based on linear interpolation between the current surface (date of 

sampling = 2012) and two 14C dates, suggests a date range of AD 1769-1970 for the 

AUC1 tephra (Figure 3). We note that the date at 21 cm runs to the modern period; 

however, the 14C date at 50 cm provides a solid constraint to the tephra being dated to 

within the last ~800 years.  
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Fig 3. Age-depth model based on linear interpolation between the current surface and 14C dates at 21 and 

50 cm. Based on our age depth model the peat depth containing the tephra is dated to between AD 1769 

and 1970.  

4.4 Discussion  

Our discovery represents the first report of cryptotephra layers from Amazonia. Based 

on the distances travelled by other cryptotephras 13,14 Aucayacu peatland is within 

cryptotephra fallout range for a moderate to large eruption from volcanoes in Peru, 

Ecuador and Colombia. The prevailing wind directions in the region of our study site 

are S/SE in the summer and N/NE in the winter 43. However, there are no active 

Holocene volcanoes to the East of Aucayacu peatland. We therefore suggest that the 

tephra layers deposited at Aucayacu result from the eruptions of volcanoes along the 

Nazca and South American plate boundary which occurred during atypical (Westerly) 

wind conditions. 

In an attempt to identify a source region and/or volcano for the AUC1 tephra we 

searched the Smithsonian Global Volcanism Database 44 for volcanoes in Colombia, 
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Ecuador or Peru, which had recorded eruptive activity around the time of the AUC1 

tephra deposition. A total of 20 volcanoes have observed or dated eruptions during this 

time period (6 in Colombia, 9 in Ecuador and 5 in Peru). Geochemical analysis of the 

AUC1 tephra illustrates that it is rhyolitic with silica content >75%. Geochemical data 

is provided in supplementary table 1. Only one of these volcanoes, Chacana (Ecuador) 

is described as having a rhyolitic dominant rock type. However, there is evidence that 

volcanoes with a bulk rock geochemistry in the andesite range (as determined by XRF) 

can erupt rhyolitic glass which is the dominant constituent of distal cryptotephras45.  

We examined the magnitude of eruptions around the time of the AUC1 tephra 

deposition. 16 of the volcanoes had no eruptions which were estimated to be larger than 

VEI 3, of the remaining volcanoes, 1 was in Ecuador (Cotopaxi), 1 in South Peru 

(Tutupaca erupted between AD 1787 and 180246) and 1 in Colombia (Doña Juana 

erupted AD 1897-1906). There is evidence of distal ash deposition from Tutupaca at 

multiple locations including Arica (165 km from the vent)46 suggesting ash from this 

eruption was carried toward the South, the opposite direction to Aucayacu peatland. 

Although Doña Juana was active between 1897 and 1906 and activity peaked during 

1899, contemporary reports do not indicate significant ash clouds 47.  

Following this initial search we focussed on the volcanoes of Ecuadorian Eastern 

Cordillera as: 1) They are closer to Aucayacu peatland than Colombian and Peruvian 

volcanoes (c. 5-600km vs. 1500 km to Tutupaca and 700 km to Dona Juana); 2) 

Volcanoes in the Ecuadorian Eastern Cordillera have been highly active during the late 

Holocene, in particular Cotopaxi volcano which has three recorded eruptions with a 

magnitude of VEI 4 (AD 1744, 1768 and 187744); 3) There is geochemical evidence to 

support the eruption of rhyolitic compositions from these volcanic systems in the past 

(Fig. 4).  

Holocene Ecuadorian volcanism can be described by an East to West split with 

volcanoes in Eastern Cordillera generally more active than those in the West 48. For this 

reason we focused our search to the East and specifically three large rhyolitic centres: 

Chalupas, Cotopaxi and Chacana (0–1°S, 78-79°W). Eruptions of Cotopaxi show 

characteristic rhyolitic and andesitic bimodal magmatism during the Holocene 48 and 

multiple effusive and explosive eruptions of the volcano have been recorded in 
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chronicles since 1534, with the largest historical event occurring in AD 1768 (VEI =4) 

49. These eruptions were of andesitic bulk rock geochemistry. Less information is 

available about historical eruptive activity at the Chalupas volcano, which is adjacent 

Cotopaxi. The Chacana caldera complex is an eroded caldera complex of Pliocene-

Holocene age 44. Chacana stratovolcano (0.37°S, 78.25°W, elev. 4643 m) has been the 

source of multiple lava flows during the 18th century 50.  

Unfortunately only XRF bulk rock geochemical data is available for previous eruptions 

of Chalupas and Chacana 51. Although XRF data indicates that these volcanoes have 

previously erupted bulk rock of rhyolite composition, due to the contamination of 

phenocrystals and microcrystals, the XRF data cannot be directly compared with the 

AUC 1 glass geochemistry (determined using EPMA), the data are plotted on Figures 4 

and 5 for illustration only. There is an urgent need for the collection of representative 

proximal historical samples from Ecuador, Colombia and Peru which could be analysed 

via EPMA. There is some geochemical data based on EPMA of glass for Holocene and 

Late Pleistocene glasses from Cotopaxi 52 . Although this is similar to our AUC 1 data 

for some elements (Figure 5), Cotopaxi rhyolites typically have a lower K2O value than 

the AUC 1 tephra (Figure 4).  
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Fig 4. Total Alkali Silica (TAS) plot indicating the geochemistry of the Aucayacu tephra shards as 

determined by EPMA plotted against the whole rock geochemistry of volcanic rocks from the Chacana-

Chalupas caldera region determined by XRF (X-ray fluorescence) 51 and glass geochemical data for 

Cotopaxi determined by EPMA (Cotopaxi IIA and IIB sequences from the Holocene and late Pleistocene) 

52. Major element totals are normalised to 100%. Annotations follow standard terminology e.g. RHY = 

Rhyolite, D = Dacite, TD = Trachydacite 53. 

 

Fig 5. Co-variant plots of (a) CaO (%), MgO (%) (b) FeO (%), TiO2 (%) values of the Aucayacu tephra 

glass shards as determined by EPMA plotted against the whole rock major values of volcanic rocks from 

the Chacana-Chalupas caldera region determined by X-ray fluorescence 51 and glass geochemical data for 

Cotopaxi determined by EPMA (Cotopaxi IIA and IIB sequences from the Holocene and late Pleistocene) 

52. Major element totals are normalised to 100%.  
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Our work shows that volcanic ash has been deposited more than once in Amazonia in 

the recent past. Given the close proximity of Amazonia to major volcanic chains of the 

Andes, the basin is likely to have been affected by volcanic ash fall throughout the 

Holocene. Analysis of the deeper peats (~7.5 m) at Aucayacu, for example, is likely to 

reveal a tephra record spanning a considerable proportion of the Holocene (peat 

initiation at c. 8870 cal. BP 28). However, further work on a network of peatlands and 

lakes of Amazonia is needed to understand the long-term tephra record across the 

region. One problem is the current lack of a tephra geochemical database (e.g. 

Tephrabase for Europe 54) for northern South America, making geochemical cross 

correlations difficult. Our work indicates that tephra glass shards are preserved for long 

periods of time and show no indication of either visible damage e.g. silica gel layer 

formation or pitting (cf.40) or geochemical changes (e.g. low total oxide values, 

fluctuation in alkaline elements) even in dynamic Amazonian peatlands with a pH of <4 

and where the temperature (and thus rate of chemical and biological attack 55) is likely 

to be higher than in northern peatlands.   

Tephras may provide an important tool for correlating and dating palaeoenvironmental 

records from Amazonia and enable the determination of spatio-temporal variability in 

ecological dynamics and responses of ecosystems to changing climate. Furthermore, the 

AUC1 tephra may form an important isochron for dating and correlation of the recent 

part of tropical peatlands in western Amazonia which has implications for 

understanding recent changes, from the Little Ice Age to present. Tropical peatlands are 

highly dynamic in terms of biological activity (bioturbation) and hydrological regime. 

Amazonian peatlands are also affected by river flooding that is a significant factor for 

the reworking of microfossils. Tephra layers represent a discrete event in time; analysis 

of the structure of tephra layers in peat cores can offer a powerful tool to detect 

reworking with important implications for palaeoecological studies. 

Tephra layers represent unequivocal evidence of deposition from ash clouds. As a result 

of the remote nature of much of Amazonia, written records of volcanic activity are 

unlikely to span more than a few centuries. In addition, proximal tephra records are 

often eroded or overlain by material from subsequent eruptions and therefore provide 

incomplete records of past volcanic activity. In these situations cryptotephras offer a 

complimentary approach to understanding the frequency of past explosive volcanic 
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eruptions and the spatial extents of ash clouds 9,56. Further research into cryptotephra 

deposits in the Amazon basin may provide some information on volcanic activity in this 

region.  

Ash fall from volcanic eruptions is known to have significant impacts on vegetation that 

vary from short- to long-term 57,58.The unequivocal evidence of ash clouds over 

Amazonia presented here highlights that the region has experienced the fallout products 

of volcanism. This raises the question of how much volcanic activity has impacted plant 

communities and plant function within this important ecosystem over time. 

Investigating the peat record could help to gain a further understanding of both the 

impact of volcanic activity on the plants of the Amazon basin and also of how wide-

spread these impacts may be. When combined with palaeoecological records, 

cryptotephra layers offer the opportunity to consider plant community responses to 

volcanic events 59,60.   

As well as highlighting the opportunities for the development of tephrochronology for 

the dating of peatlands and lakes in Amazonia, this first discovery of cryptotephra in 

Amazonia indicates that volcanism has deposited volcanic ash and possibly volcanic 

gases over Amazonia. We suggest that this paper highlights the potential for future 

research into the tephrochronology and past ecology of this important region.  

4.5 Conclusions 

We present information on the first microscopic tephra layer found in a peatland in 

western (Peruvian) Amazonia. Electron probe microanalysis provides geochemical data 

for the tephra that indicates a rhyolitic major element geochemistry. Radiocarbon dating 

suggests the AUC1 tephra fell between AD 1769 and 1970.  

We suggest, based on the proximity to the Aucayacu peatland, geochemistry, and 

records of late Holocene volcanic activity that the most likely source for the AUC1 

tephra is a volcano in the Ecuadorian Eastern Cordillera (0–1°S, 78-79°W).   

This represents the first discovery of a historic microscopic tephra (cryptotephra) from 

Amazonia. The tephra layer may provide a new isochron for precise dating and 
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correlation of palaeoenvironmental records from peatlands and lakes in western 

Amazonia.  

The discovery of two tephra layers in the top 1 m of peat at Aucayacu demonstrates that 

cryptotephra layers can be preserved in the aggressive environments of Amazonian 

peatlands (low pH and high temperatures) and presents an opportunity for further 

research into the tephrochronology of this region. 

Distal tephra layers in Amazonia may also provide much needed information on the 

frequency of volcanic activity and the characteristics of ash clouds in this region. 

Further research is required; the presence of cryptotephra layers in Amazonian 

peatlands has important implications for understanding the influence of volcanic 

activity on the functioning of Amazonian vegetation communities. The possible impact 

of volcanic ash and gas fallout on the functioning of these communities is yet to be 

assessed.  
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Abstract  

Despite the widespread application of tephra studies for dating and correlation of 

stratigraphic sequences (‘tephrochronology’), questions remain over the reliability and 

replicability of tephra records from lake sediments and peats, particularly in sites >1000 

km from source volcanoes. To address this, we examine the tephrostratigraphy of four 

pairs of lake and peatland sites in close proximity to one another (<10 km), and evaluate 

the extent to which the microscopic (crypto-) tephra records in lakes and peatlands 

differ. The peatlands typically record more cryptotephra layers than nearby lakes, but 

cryptotephra records from high-latitude peatlands can be incomplete, possibly due to 

tephra fallout onto snow and subsequent redistribution across the peatland surface by 

wind and during snowmelt. We find no evidence for chemical alteration of glass shards 

in peatland or lake environments over the time scale of this study (mid- to late- 

Holocene). Instead, the low number of basaltic cryptotephra layers identified in distal 

peatlands reflects the capture of only primary tephra-fall, whereas lakes concentrate 

tephra falling across their catchments which subsequently washes into the lake, adding 

to the primary tephra fallout received in the lake. A combination of records from both 

lakes and peatlands must be used to establish the most comprehensive and complete 

regional tephrostratigraphies. We also describe two previously unreported late Holocene 

cryptotephras and demonstrate, for the first time, that Holocene Icelandic ash clouds 

frequently reached Arctic Sweden.  
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5.1 Introduction  

Tephrochronology can be defined as the use of tephra (volcanic ash) layers for the 

dating and correlation of stratigraphic profiles. The technique was initially developed 

using visible tephra layers in Iceland (Thorarinsson, 1944), but the discovery of 

Icelandic tephra layers on the Faroe Islands and in Scandinavia allowed the extension of 

tephrochronology into regions further away from source volcanoes (e.g. Persson, 1966; 

1968). The potential of distal tephrochronology was further advanced by the discovery 

of microscopic layers of volcanic ash (‘cryptotephras’) in peatlands, lakes, ice and 

marine cores across the North Atlantic and northern Europe (Dugmore et al., 1995; 

Gudmundsdóttir et al., 2011). Widespread tephra and cryptotephra layers can now be 

used to correlate stratigraphic sequences in different depositional environments and 

provide tie points for climate reconstructions across regions (Davies et al., 2012; Lane 

et al., 2013).   

Despite the widespread application of cryptotephras for the dating and correlation of 

stratigraphic sequences, and more recently as a record of ash cloud frequency (Swindles 

et al., 2011, 2013b), there remain a number of questions over the chronostratigraphic 

reliability of cryptotephra layers in terrestrial archives. There is evidence for the gradual 

in-washing, within-basin focussing and re-deposition of cryptotephra layers in lakes 

(Davies et al., 2007; Pyne-O'Donnell, 2011). In peatlands, which have been proposed to 

record primary tephra-fall material, patchy tephra distribution patterns can occur due to 

fallout onto snow (Bergman et al., 2004), and there is evidence for the movement of 

tephra-derived glass shards across the peat surface by wind or water (Payne and 

Gehrels, 2010; Swindles et al., 2013a; Watson et al., 2015). Furthermore, despite the 

dominance of basaltic over silicic volcanism in Iceland and the potential for 

phreatomagmatic eruptions which have been shown to distribute fine ash over long 

distances, only five cryptotephras of basaltic composition have been detected in N. 

European sites over the last 7000 years, mostly in lake sediments (Lawson et al., 2012). 

This is in contrast to ~80 silicic cryptotephras which have been widely identified in both 

peatlands and lakes (silicic > 63% SiO2: Dugmore et al., (1995)).  

In this paper we investigate Holocene tephra records from lakes and peatlands in close 

proximity to one another (<10 km apart). Based on the assumption that both lake and 
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peatland have received the same primary tephra-fall deposits, we aim to evaluate 

whether they record the same or different tephrostratigraphies. In addition, we evaluate 

the differential preservation of glass (tephra) shards in lakes versus peatlands.     

5.2 Site description 

Four pairs of sites in northern Europe (each comprised of one lake and one peatland) 

were identified using the following criteria: 1) close proximity (< 10 km apart); 2) 

coverage of a range of meteorological conditions (e.g. high-latitude sites where tephra 

might be more likely to fall out onto snow, see Fig. 1); and 3) coverage of a range of 

different peatland and lake types (spanning a range of preservation conditions including 

acidic peatlands and alkaline lakes). Sites were favoured if prior information on basal 

age or outline chronology was available. A brief description of each site is given below; 

sites are listed according to their location on a south-west to north-east transect. 

Detailed information on site characteristics can be found in Table 1 and photos of each 

site can be found in Fig. S1.  
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Site 

 

Lake or 

peatland 

(L/P) 

Location 

(decimal degrees) 

Elevation 

(m a.s.l.) 
Site type 

pH  

(at time of 

sampling) 

Mean annual 

precipitation 

(mm y-1) 

Mean annual 

Temperature 

 

Water 

depth 

(cm) 

Length 

of core 

(cm) 

Distance 

between 

lake and 

peatland 

Claraghmore Lake L 54.631°N, 7.450°W 

78  

Small lake 6.5 

1000-12004 
4°C in January 

15°C in July4 

350 450 0.3 km 

Bearing of 

310° Claraghmore Bog P 54.633°N, 7.454°W Raised bog N/A NA 910 

Malham Tarn Lake L 54.096°N, 2.165°W 

380 

Small marl lake  8.2 

15022 6.9°C3 

250 310 0.5 km 

Bearing of 

282° Malham Tarn Moss P 54.097°N, 2.173°W Raised bog N/A NA 640 

Lake Svartkälsjärn L 
64.264°N, 

19.552°E 
260 Small lake  

6.7 

520 

2°C with 

average 

temperatures 

of -12°C in 

January and 

15°C in July1 

312 203 

~9 km 

Bearing of 

176° 
Degerö Stormyr P 

64.181°N, 

19.564°E 
270 

Acid bog 

complex 
4.3 NA 440 

Sammakovuoma 

Lake 
L 

66.992°N, 

21.500°E 
237 

Small lake 7.0 

4805 
-2 to -3 °C6 

-1.5 °C5 

350 240 1.9 km 

Bearing of 

280° Sammakovuoma 

Bog 
P 

66.995°N, 

21.457°E 

Acid bog 

complex 
5.9 NA 440 

Table 1. Location and characteristics of each of the lake and peatland sites included in this study. Shading indicates the pairing of peatland and lake sites. The climatic data refer to 

the following periods and sources: 1 = 1951-1980 (Sweeney, 1997); 2 = 1961-2000 (Burt and Horton, 2003); 3 = 1959-2000 (Burt and Horton, 2003); 4 = 1961-1990 (Alexandersson 

et al., 1991); 5 = (1961-1990) (Norwegian Meteorological Institute, 2015) 6 = 1961-1990 (Tveito et al., 2000).
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Fig. 1. Map showing the location of lake (grey square) and peatland (white circle) sites sampled in this 

study. The black triangle indicates the location of the Hekla volcano, the source for the majority of 

widespread late Holocene tephras in northern Europe.  

5.2.1 Site 1: Claraghmore, Northern Ireland 

Claraghmore bog is an intact raised bog. Previous palaeoecological studies suggest the 

site contains a peat record spanning much of the Holocene (Plunkett, 2006; 2009). 

Claraghmore Lake is one of two small lakes which lie at the bottom of a shallow slope 

immediately adjacent to the peatland. The lake is approximately 100 metres in length, 

with a maximum water depth of 3.5 m at the time of sampling, and is bordered by 

Quercus and Corylus woodland. The lake margins are characterised by fens containing 

Cyperaceae and Poaceae. Lake sediments are composed of gyttja. To the best of our 

knowledge this study represents the first palaeoenvironmental investigation of this lake.   
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5.2.2 Site 2: Malham, England   

Malham Moss is an ombrotrophic raised bog adjacent to Malham Tarn (lake). Over the 

last c. 8000 years Sphagnum peat has accumulated in Malham Moss up to a depth of up 

to 6 m (Pigott and Pigott, 1963). Malham Tarn is ~600 meters in length and the lake 

sediments, which span more than 6 m, are composed mainly of Chara marls. The 

average water depth is ~2.5 m. The lake is fed by springs and its waters are alkaline (pH 

= 8.2: Pentecost, (2009)). Previous palaeoecological research suggests a basal age for 

the lake sediments of c.12 000 cal yr BP (Nuñez et al., 2002). 

5.2.3 Site 3: Lake Svartkälsjärn and Degerö Stormyr, Sweden 

Degerö Stormyr and Lake Svartkälsjärn are located in the Västerbotten region of 

northern Sweden. Degerö Stormyr is an acid peatland complex with an area of 6.5 km2 

and peat depth of 3–8 m. The deepest peat has an age of c. 8000 cal yr BP (Nilsson et 

al., 2008). Lake Svartkälsjärn is a small lake with a total area of c. 0.05 km2, catchment 

area of c. 2.5 km2 and a water depth of 3.1 m at the time of sampling. Lake sediments 

are composed mainly of gyttja. Previous paleoecological research suggests the 

lacustrine sediment record (2.2 m) spans the period from 10,000 cal yr BP to present 

(Barnekow et al., 2008).  

5.2.4 Site 4: Sammakovuoma, Sweden 

The Sammakovuoma sites in northern Sweden represent the most northerly locations in 

this study. Radiocarbon dating suggests a peatland age of 9260 cal yr BP (depth 4.6 m) 

(Matts Nilsson, personal comm.). Lake Sammakovuoma is a small lake (c. 400 m in 

length) with a water depth of 3.5 m at the time of sampling. Lake sediments are 

composed mainly of gyttja. The catchment vegetation comprises forest dominated by 

Pinus. The lake catchment also contains areas of bog and fen. To the best of our 

knowledge this study represents the first palaeoenvironmental investigation of this lake.   
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5.3 Methods  

5.3.1 Field sampling  

Where possible, cores from peatlands were extracted from areas containing the deepest 

peat. Lake cores were extracted from the middle of each lake in an attempt to minimise 

the risk of obtaining sediments exposed to reworking during previous lake level 

fluctuations. Samples were taken either from the peatland surface or from a small boat 

using a Russian D-section corer with either a 50 or 100 cm barrel length (sample 

diameter 5 cm and 9 cm respectively) following the parallel hole method (De 

Vleeschouwer et al., 2011). 

5.3.2 Organic matter content 

Organic matter content was determined through loss-on-ignition (LOI) which was 

conducted on adjacent 5-10 cm intervals on all cores. Samples were oven dried at 105°C 

for 24 hours, weighed and combusted in a furnace at 550°C for 4 hours following 

procedures described in detail in Chambers et al. (2010).  

5.3.3 Tephra analysis  

All cores were sub-sampled at 5–10 cm intervals, then combusted at 550°C and treated 

with 10% HCl (Hall and Pilcher, 2002; Swindles et al., 2010). Samples containing 

mineralogical material or biogenic silica required sieving at 10 µm in an ultrasonic bath 

(no coarse sieving e.g. 125 µm required) and, in some instances (all lake sites and the 

Swedish peatlands), separation using heavy liquid floatation (Blockley et al., 2005). All 

residues (including heavy fractions) were examined to ensure extraction had been 

successful. Residues were rinsed thoroughly in deionised water, mounted onto glass 

slides using Histomount and examined on a Leica binocular microscope at x200 and 

x400 magnification. Where glass shards were identified, subsampling was repeated at 1 

cm intervals. Comparing the number of shards (n shards g-1) in the peak sample 

identified in a lake and peatland is not possible due to the difference in dry bulk density 

between peat and lake sediments. However, in order to give some indication of the 
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relative concentrations of glass shards in peatlands and lakes, the total shard counts for 

each cryptotephra layer per cm2 (total tephra deposited per square centimetre of 

peatland/sediment surface) were calculated by summing the numerical glass shard 

counts for all the depth samples within that layer (Table 2). 

Tephra shards from peatlands with low minerogenic content were extracted for 

geochemical analysis using the acid digestion method (Dugmore et al., 1992). Samples 

were treated with conc. HNO3 and H2SO4 before sieving the residue at 10 µm and 

rinsing with deionised water. Samples containing minerogenic material were extracted 

using heavy density liquids (cleaning float 2.25 g cm-3, retaining float 2.50 g cm-3) 

(Blockley et al., 2005). Information on the extraction method and ID code for each 

tephra sample is given in Table 2.  
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Site Depth in 

sediment/ 

peat (cm) 

Sample 

ID 

Tephra(s) Age Geochemical 

composition 

Total 

shards 

(cm-2)  

Total  

shards 

analysed 

(n)  

References 

Claraghmore 

bog 

44-48 CLA-

B1
†
 

Öræfajökull 

1362 
Hekla 1510? 

c. AD 1362 Rhyolitic 

1 Basaltic shard 

30 7 Dugmore et al., (1995); Hall and Pilcher,(2002); Larsen et al., (1999); 

Pilcher et al., (2005); Pilcher et al., (1995, 1996) 

58-61 CLA-

B2
†
 

Unknown #4 

Mix? 

721-726 cal yr BP (724 BP) Mixed composition 75 20 n/a 

73-77 CLA-

B2a
†
 

Hekla 1104 AD 1104 Rhyolitic 21 4 Hall and Pilcher, (2002); Larsen et al., (1999); Pilcher et al., (2005); 

Pilcher et al., (1995, 1996) 

87-90 CLA-

B3
†
 

MOR-T4 c. AD 1000 Rhyolitic-Dacitic 20 20 Chambers et al., (2004) 

108-110 CLA-

B4
†
 

AD860B AD 846-848 Rhyolitic 51 12 Hall and Pilcher, (2002); Pilcher et al., (1995); Swindles, (2006) 

241-244 CLA-

B5
†
 

Microlite 

GB4-150 

2705 - 2630 cal yr BP 

2750 - 2708 cal yr BP 

Rhyolitic 

Dacitic-Trachydacitic 

13 17 Hall and Pilcher, (2002); Swindles, (2006) 

415-418 CLA-

B6-B7
†
 

Hekla 4 

Silk N2 

4345 - 4229 cal yr BP 

4345 - 4229 cal yr BP 

Rhyolitic-Dacitic 

Dacitic-Trachydacitic 

73 29 Dugmore and Newton, (1992); Pilcher et al., (2005); Pilcher and Hall, 

(1996); Plunkett et al., (2004); Zillen et al., (2002) 

868-870 CLA-

B8
†
 

Lairg A 6947- 6852 cal yr BP Rhyolitic 79 4 Dugmore et al., (1995); Hall and Pilcher, (2002); Pilcher et al., (2005); 

Pilcher et al., (1996) 

Claraghmore 
lake 

110-113 CLA-L1 Unknown #3 Post AD 1000 Basaltic 141 19 n/a 

145-149 CLA-L2 MOR-T4 c. AD 1000 Rhyolitic-Dacitic 42 2 Chambers et al., (2004) 

206-208 CLA-L3 Hekla 4 4345 - 4229 cal yr BP Rhyolitic-Dacitic 26 1 Dugmore and Newton, (1992); Pilcher et al., (2005); Pilcher and Hall, 
(1996); Zillen et al., (2002) 

328-331 CLA-L4 Lairg B 6724 - 6627 cal yr BP Rhyolitic 275 21 Dugmore et al., (1995); Pilcher et al., (1996) 

332-338 CLA-L5 Lairg A 6947 - 6852 cal yr BP Rhyolitic 723 20 Dugmore et al., (1995); Hall and Pilcher, (2002); Pilcher et al., (1996) 

Malham Moss 123-125 MM-1
†
 Glen Garry 2210 - 1966 cal yr BP Dacitic-Rhyolitic 131 12 Dugmore et al., (1995); Dugmore and Newton, (1992); Pilcher and 

Hall, (1996) 

323-328 MM-2
†
 Hekla 4 4345 - 4229 cal yr BP Rhyolitic-Dacitic 221 10 Dugmore and Newton, (1992); Pilcher et al., (2005); Pilcher and Hall, 

(1996); Zillen et al., (2002) 

577-580 MM-3
†
 Lairg B 6724 - 6627 cal yr BP Rhyolitic 23 4 Dugmore et al., (1995); Pilcher et al., (1996) 

595-598 MM-4
†
 Lairg A 6947- 6852 cal yr BP Rhyolitic 152 10 Dugmore et al., (1995); Hall and Pilcher, (2002); Pilcher et al., (1996) 

Malham Tarn 135-145 MT-1 Glen Garry 2210 - 1966 cal yr BP Dacitic-Rhyolitic 85 15 Dugmore et al., (1995); Dugmore and Newton, (1992); Pilcher and 

Hall, (1996) 

Degerö Stormyr 

 

42-44 SV-B1
†
 Askja 1875 AD 1875 Rhyolitic 103 16 Larsen et al., (1999); Oldfield et al., (1997); Pilcher et al., (2005) 
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71-74 SV-B2
†
 Hekla 1158 

Hekla 1104 

AD 1158 

AD 1104 

Dacitic 

Rhyolitic 

186 15 Hall and Pilcher, (2002); Larsen et al., (1999); Pilcher et al., (2005); 

Pilcher et al., (1995, 1996) 

152-154 SV-B3
†
 Hekla 3 3037 - 2956 cal yr BP Dacitic-Rhyolitic 51 21 Lawson et al., (2007); Zillen et al., (2002) 

180-183 SV-B4
†
 Hekla-

S/Kebister 
4053 – 3886 cal yr BP (3968 

BP) 
Dacitic-Rhyolitic 42 5 Dugmore et al., (1992); Wastegård et al., (2001); Zillen et al., (2002) 

190-193 SV-B5
†
 Hekla 4 4345 - 4229 cal yr BP Rhyolitic-Dacitic 35 16 Dugmore and Newton, (1992); Pilcher et al., (2005); Pilcher and Hall, 

(1996); Zillen et al., (2002) 

237-240 SV-B6
†
 Lairg A 6947- 6852 cal yr BP Rhyolitic 50 23 Dugmore et al., (1995); Hall and Pilcher, (2002); Pilcher et al., (2005); 

Pilcher et al., (1996) 

Svartkälsjärn 

lake 

11-18 SV-L1 Hekla 1104 

Hekla 1158 

AD 1104 

AD 1158 

Rhyolitic 

Dacitic 

246 21 Hall and Pilcher, (2002); Larsen et al., (1999); Pilcher et al., (2005); 

Pilcher et al., (1995, 1996) 

41-44 SV-L2 QUB 570 

Group 2 (c. 

AD 650)? 
(Unknown 

#2) 

c. 2500- 2000cal yr BP* Dacite-Andesite 147 20 Pilcher et al., (2005) 

79-82 SV-L3 Hekla 4 4345 - 4229 cal yr BP Rhyolitic-Dacitic 303 21 Dugmore and Newton, (1992); Pilcher et al., (2005); Pilcher and Hall, 
(1996); Zillen et al., (2002) 

108-113 SV-L4 Unknown #5 c. 6000-5000 cal yr BP* Rhyolitic-Dacitic 16 7 n/a 

123-128 SV-L5 Lairg A? c. 6500-6000 cal yr BP* Rhyolitic 40 10 Dugmore et al., (1995); Hall and Pilcher, (2002); Pilcher et al., (2005); 

Pilcher et al., (1996) 

Sammakovuoma 

peatland 

46-49 SB-1
†
 Hekla 1104 AD 1104 Rhyolitic 109 20 Hall and Pilcher, (2002); Larsen et al., (1999); Pilcher et al., (2005); 

Pilcher et al., (1995, 1996) 

67-70 SB-2
†
 

SN-1 
(Unknown 

#1) 

1232-1226 cal yr BP (1229 BP) Trachydacite 193 26 Larsen et al., (2002); Holmes et al., (2016) 

Sammakovuoma 

lake 

15-17 SL-1 Hekla 1104 AD 1104 Rhyolitic 539 8 Hall and Pilcher, (2002); Larsen et al., (1999); Pilcher et al., (2005); 

Pilcher et al., (1995, 1996) 

39-42 SL-2 SN-1 

(Unknown 

#1) 

1781-1721 cal yr BP (1752 BP) Trachydacite 285 19 Larsen et al., (2002); Holmes et al., (2016)  

109-113 SL-3 Hekla 4 4345 - 4229 cal yr BP Rhyolitic-Dacitic 828 35 Dugmore and Newton, (1992); Pilcher et al., (2005); Pilcher and Hall, 
(1996); Zillen et al., (2002) 

Table 2. Cryptotephra layers detected in peatland and lake sites as part of this study. *= based on the age-depth model of Barnekow et al. (2008). Ages shown in Italics are based on 

age depth model (linear interpolation) from other dated tephras, median probability age given in brackets. †= Tephras extracted for geochemical analysis by the acid extraction 

method alone (c.f. Dugmore et al., 1992), or acid extraction followed by density separation. All other tephras were extracted using density separation only, following Blockley et al., 

(2005).   
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Glass shards were mounted onto glass slides (Dugmore et al., 1992) or into blocks (Hall 

and Hayward, 2014). All samples were polished to a 0.25 µm finish. Major element 

geochemistry for all samples excluding those from Malham Moss was analysed using a 

Cameca SX100 electron probe micro analyser (EPMA) at the University of Edinburgh. 

Small shard sizes necessitated the use of narrow beam sizes (3-5 µm) and the beam 

current was varied during each analysis to limit volatile element (Na and K) loss 

(Hayward, 2012). Glass shards from cryptotephra layers identified in Malham Moss 

were analysed using a 10 µm beam on the JEOL JXA8230 EPMA housed at the 

University of Leeds. In both locations, analyses were conducted at 15 kV (full analytical 

conditions are listed in Table S1). Secondary glass standards (Lipari obsidian and BCR-

2G: Jochum et al., (2005)) were analysed before and after EPMA runs of unknown 

glass shard analyses. Assignments to specific eruptions were based on stratigraphy and 

visual comparison of tephra geochemistry with the Tephrabase database (Newton et al., 

2007) and published literature using bi-plots of oxides.   

5.3.4 Radiocarbon dates  

Five radiocarbon dates were obtained for peatland sites on above-ground vegetation 

macrofossils which were picked from sieved samples (>125 µm) under a low power 

microscope. One radiocarbon date was obtained for Claraghmore lake. In this instance 

the lack of plant macrofossils in the lake sediment necessitated the extraction of a bulk 

sample. Samples of lake sediment and peat were pre-treated using the standard acid-

alkali-acid treatment, digested in hot (80˚C) 1M HCl for 2 hours, hot (80˚C) 0.5M KOH 

for a further 2 hours and then re-treated with 1M HCl. Samples were rinsed thoroughly 

with de-ionised water between each acid/alkali stage and were submitted to Direct 

AMS, Seattle, USA for 14C dating. All dates were calibrated using Calib 7.1 (Stuiver 

and Reimer, 1993) and the IntCal13 atmospheric curve (Reimer et al., 2013).  
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5.4 Results and discussion  

5.4.1 Tephra correlations  

Site 1: Claraghmore  

Claraghmore bog contains tephra from nine eruptions in the form of eight cryptotephra 

layers (CLA-B6-B7 contains tephra from two eruptions) (Figs. 2 and 3). The majority of 

the cryptotephra layers identified at Claraghmore bog are silicic, of Icelandic 

provenance, and have previously been documented at other sites across Ireland. A small 

number of light brown shards in the top few centimetres of peat at Claraghmore bog 

were too sparse for geochemical analysis (3 shards cm-3). These shards are similar in 

morphology and colour to shards from the eruption of Hekla 1947, which have 

previously been identified at multiple sites across Northern Ireland (Rea et al., 2012). 

Spheroidal carbonaceous particles (SCPs) were identified alongside these shards, 

suggesting that they were deposited after the Industrial Revolution which supports 

tentative assignment to the AD 1947 eruption of the Hekla volcano (Swindles and Roe, 

2006; Swindles et al., 2015). 
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Fig. 2. Diagram showing the tephrostratigraphy and loss-on-ignition values at Claraghmore a) lake and b) bog. Tephra codes are indicated in black. Where assignments to a known 

tephra isochron have been made based on glass geochemistry and stratigraphy, these are indicated in red beside the tephra code. Tephras which could not be assigned to a known 

tephra isochron are marked as ‘Unknown’ and numbered. Samples containing traces of shards (<5 shards) are indicated by an asterisk. An area of increased mineral input has been 

highlighted at the top of the lake profile. Radiocarbon dates are reported as the calibrated 2σ range. 
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Fig. 3. Diagram summarising the tephras identified at each lake and peatland pair. [P] and [L] mark peatland and lake sites, respectively. Tephras identified in both the 

lake and the peatland are enclosed in dashed lines. The style of the point reflects the SiO2 content (wt %). Ages plotted are midpoint ages. Where the basal age of the 

core has been ascertained using 14C dating this has been marked by a dashed line. One basal date was estimated using less secure methods (sedimentation rate/pollen 

analysis) and is indicated with a question mark. The most common tephra deposits in this study have been named.
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CLA-B1 contains glass shards which show geochemical similarity to those from a 

mixture of different Icelandic eruptions including Öræfajökull 1362 and Hekla 1510. 

CLA-B2 could not be matched to previously recognised cryptotephra layers based on 

glass geochemistry. The age of CLA-B2 (~720 cal yr BP) is constrained by bracketing 

cryptotephra layers CLA-B1 and CLA-B2A (=Hekla 1104) to between AD 1104 and 

AD 1362. The glass major element analyses for CLA-B2 are not a complete 

geochemical match to any of the five northern European cryptotephras identified during 

this period, although some individual analyses show similar geochemistry to the 

analyses of shards from Hekla 1158, BGMT1, GB4-57 and QUB-385 (Fig. 4 (a-b)). It is 

possible that CLA-B2 is a previously undiscovered tephra; however, given the diversity 

in glass geochemistry and the low resolution of the peatland record, CLA-B2 may 

represent a mixture of shards from two or more of the tephras listed above.  
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Fig. 4. Geochemical bi-plots of major elements of glass from Claraghmore sites plotted against envelopes 

for the glass geochemistry of known tephras based on type data from the Tephrabase database (type data 

references in Table 2). All data have been normalised. (a-b) Claraghmore bog sample CLA-B2 is an 

unidentified tephra or mix of tephras dating between AD 1104 and AD 1362 plotted against northern 
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European cryptotephras from this period. (c-d) Claraghmore bog cryptotephra layers prior to AD 860; 

inset plots show the full range of the data. (e-f) Claraghmore lake cryptotephra layers and suggested 

sources. (g-h) Claraghmore bog cryptotephra layers from AD 860 to present. The main plots illustrate the 

geochemical variation among silicic to intermediate shards; inset plots show the full range of the data, 

including basaltic shards. (j-k) Claraghmore lake tephra ClA-L1, which contains glass shards of a basaltic 

composition; also shown are geochemical envelopes of glass data for eruptives from the Veiðivötn (dark 

grey) and Grímsvötn (light grey) volcanoes. Envelopes are based on geochemical data from Streeter and 

Dugmore, (2014); Lawson et al., (2007); Chambers et al., (2004); Wastegård, (2002); Wastegård et al., 

(2001); Haflidason et al., (2000); Dugmore and Newton, (1998); Thordarson et al., (1996); Mangerud et 

al., (1986) and references therein. TSK11_B1u_137_e142_T tephra data from Wulf et al., (2016).  

_____________________________________________________________________________________ 

Analyses of glass shards in sample CLA-B3 indicate a rhyolitic-dacitic major element 

geochemistry similar to that of glass shards from the MOR-T4 tephra layer (c. AD 

1000) previously identified at one site in Ireland (Chambers et al., 2004). The position 

of CLA-B3 above CLA-B4 (=AD 860 B) supports correlation to the MOR-T4 tephra. 

CLA-B4 contains shards matching the geochemistry of glass shards from the AD 860 B 

tephra, recently correlated to a volcano in Alaska (Jensen et al., 2014). The 17 analyses 

on glass shards from the CLA-B5 tephra indicate that this cryptotephra layer contains 

shards with major element glass geochemistry matching analyses on glass from both the 

Microlite and GB4-150 tephras.  

The CLA-B6-B7 tephra is correlated to Hekla 4 (4345-4229 cal yr BP), as the majority 

of shards show geochemical similarity to those of tephra from this eruption. However, 

the CLA-B6-B7 cryptotephra layer contains a number of glass shards which do not 

match the geochemistry of glass shards from the Hekla 4 eruption (Table 2) (Fig. 4 (c-

d)). These shards show geochemical similarity to glass shards most likely from an 

eruption of Katla volcano in Iceland (Silk-N2) which occurred at around the same time 

as Hekla 4 (Larsen et al., 2001, Plunkett et al., 2004).   

Only a small number of geochemical analyses were possible on glass shards from the 

CLA-B8 tephra. These analyses show some similarities to the glass geochemistry of the 

Lairg A tephra (6947-6852 cal yr BP). Assignment to the Lairg A tephra, a product of 

the Hekla volcano, is supported by a 14C age of 6432-6303 cal yr BP above the CLA-B8 

tephra. Previous research has also identified the Hekla 3 (3037-2956 cal yr BP) and 
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BMR 190 (2655-2535 cal yr BP) tephras in Claraghmore bog (Plunkett, 2009). We find 

no evidence for the presence of these cryptotephras in our core. Conversely, we identify 

cryptotephras in the Claraghmore bog that correlate with MOR-T4 (CLA-B3), 

Öræfajökull 1362 (CLA-B1) and Hekla 1104 (CLA-B2A), cryptotephra layers which 

were not identified in the previous study (Plunkett, 2009).  

The Claraghmore lake core contains five cryptotephra layers (Table 2, Fig. 4 (e-f)); 

most have previously been recorded in Ireland. Three of the cryptotephra layers (MOR-

T4 (=CLA-L2), Hekla 4 (=CLA-L3) and Lairg A (=CLA-L5)) are present in both the 

lake and peatland (Fig. 5). MOR-T4 and Hekla 4 form sparse glass shard horizons in the 

lake and therefore correlation is based on a small number of glass geochemical analyses 

combined with stratigraphic position. CLA-L4, correlated to the eruption of Lairg B 

(Torfajökull volcano) is present in the lake, but not in the peatland. CLA-L1 

predominantly contains glass shards of a basaltic geochemical composition, which do 

not match the geochemical composition of glass from any previously identified 

cryptotephra deposits (Table 3). Glass shards from this tephra are of a different 

geochemical composition to glass shards from two basaltic tephras identified in western 

Ireland: the Veiðivötn 1477 tephra found at An Loch Mór (Chambers et al., 2004) and 

the BRACSH-1 (c. AD 1800) tephra identified at Brackloon (Reilly and Mitchell, 

2015). They are also not a geochemical match with glass shards from the ‘Unknown 

Basaltic’ tephra (1060-1094 ± 75 cal yr BP) identified at Lake Tiefer See, Germany 

(Wulf et al., 2016) (Fig. 4j-k). CLA-L1 represents the third Holocene basaltic tephra 

horizon to be identified in Ireland and most closely matches the geochemistry of glass 

derived from the pyroclastic eruptives of the Grímsvötn volcano. Given the highly 

similar geochemistry of glass from cryptotephra layers from the Grímsvötn volcanic 

system, which can make attributing tephra to a specific eruption based on geochemistry 

difficult, 14C dating was conducted on a bulk lake sediment sample from below CLA-

L1. Analysis suggested that CLA-L1 is younger than 2517-2750 cal yr BP. However, 

there are no widespread tephra layers from the Grímsvötn volcanic system between 

6000 cal yr BP and 1800 cal yr BP. Furthermore, tephra from the eruption of Grímsvötn 

in AD 150 (1800 cal yr BP) has been found in only one lake in the north of Iceland, 

suggesting it was not widely distributed toward Europe (Haflidason et al., 2000). The 

14C age obtained also suggests an age reversal as it lies above the CLA-L2 cryptotephra 
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layer which has been geochemically assigned to the MOR-T4 tephra (c. AD 1000, 950 

cal yr BP). MOR-T4 was also identified in Claraghmore bog (CLA-B3) and contains 

glass with a distinct geochemical signature, not easily confused with other European 

cryptotephras. Given the problems with bulk sediment samples in lakes (e.g. carbonate 

contamination - Barnekow et al., 1998), and possible contamination of the lake with 

older carbon eroded from the catchment and washed into the lake, we suggest that the 

14C age below CLA-L1 is unreliable and indicates an age which is too old for the CLA-

L1 cryptotephra. For this reason it is not possible to assign CLA-L1 to a specific 

eruption, but this cryptotephra is most likely the product of an eruption of the 

Grímsvötn volcanic system after AD 1000. CLA-L1 does not match the geochemistry of 

glass from the most explosive eruption of the Grímsvötn volcano during this period (AD 

1783 - Reilly and Mitchell, 2015). The eruptions of AD 1354, 1659 and 1774 are all 

possible sources for this tephra based on geochemistry despite their relatively low 

explosivity (1659 and 1774 VEI 2, 1354 VEI unknown) (Global Volcanism Program, 

2013).  
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Fig. 5. Geochemical bi-plots of major elements of glass found in both Claraghmore Lake and peatland 

plotted against envelopes for the glass geochemistry of known tephras based on type data from the 

Tephrabase database (type data references in Table 2). All data have been normalised. Inset plots show 

zoomed in view.  
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  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-L1 67.30 1.30 14.25 5.50 0.18 1.21 3.12 4.99 2.81 0.30 100.96 

Claraghmore 
Lake 63.78 0.92 14.96 7.42 0.18 1.24 4.46 4.53 1.87 0.33 99.70 

110-113 cm  50.71 2.34 14.85 11.70 0.19 5.54 10.92 3.02 0.38 0.28 99.92 

Unknown 

eruption of 

Grímsvötn 
volcano 

50.70 2.54 13.76 11.39 0.19 6.73 11.59 2.51 0.45 0.25 100.10 

50.69 2.52 13.12 12.83 0.20 6.18 10.66 2.68 0.41 0.27 99.56 

50.54 2.65 13.69 13.29 0.22 5.86 10.33 2.81 0.40 0.28 100.08 

 50.53 2.53 13.26 13.36 0.19 5.80 10.67 2.66 0.37 0.29 99.67 

 50.48 2.52 13.68 12.26 0.21 6.07 10.85 2.68 0.38 0.26 99.41 

 50.46 2.56 13.72 13.02 0.20 6.06 10.79 2.60 0.36 0.29 100.06 

 50.37 2.49 13.37 12.81 0.19 6.23 10.73 2.73 0.39 0.25 99.56 

 50.34 2.58 13.50 11.59 0.18 6.89 11.75 2.65 0.38 0.29 100.15 

 50.29 2.49 13.63 13.07 0.20 6.18 10.80 2.57 0.35 0.28 99.87 

 50.16 2.63 13.47 13.65 0.24 5.52 10.32 2.72 0.38 0.29 99.37 

 49.89 2.57 13.44 11.70 0.20 6.57 11.76 3.10 0.38 0.27 99.88 

 49.85 2.87 12.92 13.36 0.20 5.52 10.06 2.70 0.48 0.32 98.29 

 49.63 2.52 13.18 12.50 0.19 6.18 10.53 2.57 0.38 0.28 97.96 

 49.21 2.50 13.44 13.25 0.21 6.35 10.66 2.55 0.41 0.26 98.83 

 49.18 2.55 13.26 12.47 0.17 6.45 10.95 2.76 0.46 0.28 98.52 

 49.07 2.53 13.01 12.98 0.21 6.26 10.91 2.90 0.39 0.29 98.55 

            

SB-2 70.59 0.20 15.20 2.98 0.14 0.11 1.04 5.60 4.86 0.02 100.75 

Sammakovuom
a peatland 

67.75 0.38 15.75 4.46 0.16 0.27 1.81 6.16 4.19 0.07 100.98 

67.39 0.40 16.60 4.21 0.19 0.33 1.87 6.43 4.18 0.06 101.65 

67-70 cm 67.16 0.47 16.04 4.55 0.18 0.41 2.22 6.25 3.90 0.09 101.27 

SN-1 66.92 0.41 16.03 4.15 0.19 0.35 1.95 5.98 4.04 0.07 100.10 

 66.69 0.43 16.74 4.34 0.20 0.33 2.12 6.45 4.00 0.07 101.37 

 66.44 0.45 16.46 4.40 0.19 0.34 2.03 6.18 4.08 0.81 100.64 

 66.39 0.40 16.44 4.13 0.18 0.33 1.90 5.99 4.06 0.07 99.90 

 66.34 0.43 16.81 4.29 0.17 0.34 2.12 6.06 3.98 0.07 100.60 

 66.32 0.45 16.66 4.67 0.17 0.34 2.03 6.08 4.06 0.07 100.84 

 66.15 0.64 15.85 5.63 0.21 0.57 2.01 5.79 4.41 0.14 101.40 

 65.65 0.57 17.25 5.17 0.20 0.55 2.52 6.06 3.73 0.12 101.82 

 65.58 0.45 18.12 4.18 0.15 0.36 3.00 6.85 3.19 0.09 101.97 

 65.52 0.42 16.02 4.46 0.16 0.28 1.90 6.06 4.04 0.05 98.92 

 65.15 0.58 16.46 5.28 0.17 0.51 2.64 6.00 3.63 0.14 100.58 

 65.14 0.59 16.68 5.28 0.21 0.58 2.77 6.26 3.63 0.13 101.26 

 65.11 0.57 17.10 5.37 0.17 0.53 2.55 6.30 3.72 0.12 101.58 

 64.82 0.62 16.17 5.72 0.19 0.61 2.55 5.78 3.83 0.13 100.42 

 64.70 0.58 16.57 5.03 0.21 0.61 2.48 6.05 3.73 0.14 100.10 

 64.44 0.58 16.52 5.28 0.22 0.55 2.71 5.80 3.63 0.11 99.86 

 64.44 0.60 16.10 5.46 0.21 0.52 2.56 6.14 3.72 0.15 99.89 

 64.42 0.58 16.44 5.42 0.21 0.55 2.52 6.56 3.92 0.11 100.71 

 64.28 0.60 16.62 5.08 0.21 0.63 2.59 6.16 3.66 0.13 99.97 

 64.22 0.60 16.56 5.27 0.23 0.56 2.50 6.28 3.74 0.11 100.06 

 63.86 0.60 16.64 5.35 0.22 0.61 2.61 5.91 3.79 0.13 99.72 

 63.54 0.56 15.98 5.28 0.21 0.60 2.52 6.11 3.80 0.11 98.72 

            

SL-2 70.21 0.17 14.71 2.85 0.12 0.07 1.19 5.61 4.73 0.01 99.69 

Sammakovuom
a Lake 

66.44 0.40 15.08 4.26 0.17 0.33 1.88 5.57 4.04 0.06 98.22 

66.31 0.47 15.38 4.55 0.19 0.39 2.15 5.45 3.87 0.09 98.86 

39-42 cm 66.12 0.42 15.12 4.53 0.17 0.32 1.99 5.63 4.00 0.06 98.36 

SN-1 65.87 0.56 15.80 5.12 0.21 0.55 2.49 5.45 3.72 0.12 99.90 
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 65.81 0.57 16.15 5.45 0.21 0.56 2.62 5.67 3.52 0.13 100.69 

 65.61 0.58 15.69 5.06 0.19 0.58 2.61 5.47 3.97 0.12 99.88 

 65.54 0.59 15.68 5.54 0.22 0.63 2.48 5.38 3.86 0.14 100.06 

 65.47 0.57 15.90 5.42 0.20 0.62 2.47 5.64 3.72 0.11 100.13 

 65.43 0.59 15.77 5.29 0.23 0.61 2.61 5.40 3.68 0.13 99.73 

 65.25 0.45 15.68 4.61 0.16 0.46 2.80 5.81 3.44 0.11 98.78 

 65.18 0.54 15.92 5.18 0.21 0.53 2.63 5.47 3.80 0.12 99.57 

 65.15 0.60 15.33 5.16 0.21 0.62 2.53 5.46 3.86 0.13 99.05 

 65.10 0.55 15.98 5.35 0.22 0.58 2.62 5.73 3.85 0.12 100.11 

 64.95 0.57 15.84 5.18 0.20 0.57 2.62 5.65 3.78 0.13 99.49 

 64.89 0.57 15.78 5.40 0.22 0.52 2.42 5.51 3.89 0.12 99.32 

 64.24 0.60 15.26 5.22 0.20 0.64 2.58 5.28 3.71 0.14 97.87 

 63.73 0.50 15.30 4.98 0.19 0.60 2.38 5.49 3.55 0.10 96.83 

 61.97 0.56 15.20 5.08 0.21 0.57 2.55 5.61 3.61 0.14 95.50 

 

Table 3. Non-normalised major element geochemical analysis data for glass shards from the CLA-L1 and 

SB-2/SL-2 (=SN-1) cryptotephras identified at Claraghmore Lough (CLA-L1) and Sammakovuoma 

peatland and lake (SB-2/SL-2).  

Site 2: Malham  

There is evidence of four silicic tephra fallout events in the core taken from Malham 

Moss (Figs. 3 and 6). All four tephras, Glen Garry (MM-1), Hekla 4 (MM-2), Lairg B 

(MM-3) and Lairg A (MM-4), have previously been recorded at sites in Great Britain 

and Ireland. We identify the Lairg A and Lairg B tephras for the first time in England. 

Only one cryptotephra layer in Malham Tarn contained sufficient shards for 

geochemical analysis (MT-1) and was identified as the Glen Garry tephra (1966-2210 yr 

BP) (Fig. 7).  
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Fig. 6. Diagram showing the tephrostratigraphy and loss-on-ignition values at Malham a) Tarn, b) Moss. Tephra codes are indicated in black. Where assignments to a known tephra 

isochron have been made based on glass geochemistry and stratigraphy these are indicated in red beside the tephra code. An area of increased organic input has been highlighted at 

the top of lake profile. 
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Fig. 7. Geochemical bi-plots of major elements of glass from Malham Tarn and Malham Moss plotted 

against envelopes for the glass geochemistry of known tephras based on type data from the Tephrabase 

database (type data references in Table 2). All data have been normalised.  

It is likely that the Malham Tarn core does not extend far enough to ascertain whether 

the Hekla 4 (4345-4229 cal yr BP), Lairg B (6724-6627 cal yr BP) and Lairg A (6947-

6852 cal yr BP) cryptotephra layers were also deposited in the lake. Dating of marl 

sediment is extremely difficult and radiocarbon dating of charcoal and macrofossils 

from Malham Tarn has proved problematic in the past (Barber et al., 2013). Pollen 

analysis on a basal sample from our core (depth 315-320 cm) is consistent with an age 

no earlier than the Elm decline 6347-5281 cal yr BP (Parker et al., 2002) and perhaps 

much younger. The absence of the Hekla 4, Lairg A and Lairg B tephras may due to the 

length of the sediment core which was recovered.  

Site 3: Lake Svartkälsjärn and Degerö Stormyr 

The tephra record at Degerö Stormyr comprises six silicic cryptotephra layers including 

tephra from Askja 1875 (SV-B1), Hekla 1104 and Hekla 1158 (SV-B2), Hekla 3 (SV-

B3) and Hekla 4 (SV-B5) (Fig. 8). The SV-B4 cryptotephra layer was deposited 

between SV-B3 (Hekla 3 = 3037-2956 cal yr BP) and SV-B5 (Hekla 4 = 4345-4229 cal 

yr BP). The geochemical analyses of glass from SV-B4 suggest a match with the Hekla-

S/Kebister tephra (3750-3700 cal yr BP) which corresponds to the stratigraphic age 

interval for the SV-B4 cryptotephra and has been recorded widely across Scandinavia 

(Wastegård et al., 2008). SV-B6 is correlated to Lairg A (6947-6852 cal yr BP) based 

on glass geochemistry and its stratigraphic position above peat with a radiocarbon age 

of 7143-6806 cal yr BP.   
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 Fig. 8. Geochemical bi-plots of major elements of glass from Lake Svartkälsjärn (a-d) and Degerö 

Stormyr (e-k) plotted against envelopes for the glass geochemistry of known tephras based on type data 

from the Tephrabase database (type data references in Table 2). All data have been normalised.  
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Fig. 8. Cont.  

The sediment core recovered from Lake Svartkälsjärn contains five cryptotephra layers 

from six distinct Icelandic eruptions (Fig. 9). Three of these tephras can be linked based 

on glass geochemistry and stratigraphy to Hekla 1104/ Hekla 1158 (SV-L1) and Hekla 4 

(SV-L3) (Fig. 8). However, the lake core also contains two cryptotephra layers (SV-L2 

and SV-L4), the glass analyses from which do not match the glass compositions of 

established cryptotephras in northern Europe. Approximate ages for these cryptotephras 

can be ascertained according to their depth and the age-depth model on a core from a 

different study of the same lake. Although correlations to an existing profile must be 

made with caution, the core of Barnekow et al. (2008) was recovered from a similar 

location within the basin and the record between surface sediment and basal clay is 1.92 

m (similar to that of our core = ~1.9 m). Based on the age-depth model of Barnekow et 

al. (2008), the SV-L2 and SV-L4 tephras have approximate ages of 2500-2000 and 

6000-5000 cal yr BP, respectively. SV-L2, which is not present in the Degerö Stormyr 

peat sequence, is most similar in glass geochemistry to glass shards of the QUB 570 

Group 2 (~1300 cal yr BP) tephra, which has been identified at Lofoten, Norway 

(Pilcher et al., 2005). There is also some geochemical similarity with the glass of the 

BMR-190 tephra (~2595 cal yr BP), although this tephra has not been identified outside 
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Ireland. Given the uncertainty associated with the dating of SV-L2, we tentatively 

suggest a correlation with the QUB 570 Group 2 tephra. No geochemical match was 

identified for shards from SV-L4, which contains glass shards with a range of major 

element geochemistry and may represent a mixture of tephras deposited onto snow in 

the lake catchment and then washed into the lake during snowmelt events. Of the ten 

successful geochemical analyses conducted on glass shards from SV-L5, two indicate 

geochemical similarity to the glass composition of shards from Lairg A (6947-6852 cal 

yr BP), which was also identified in the Degerö Stormyr peat sequence. An approximate 

date of 6500-6000 BP for SV-L5 based on interpolation suggests that at least some of 

the shards in SV-L5 are from the Lairg A tephra. The eight remaining geochemical 

analyses do not match the geochemical analyses for any established cryptotephra layers 

of a similar age.  
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Fig. 9. Diagram showing the tephrostratigraphy and loss-on-ignition values at a) Lake Svartkälsjärn, b) Degerö Stormyr. Tephra codes are indicated in black. Where assignments to a 

known tephra isochron have been made based on glass geochemistry and stratigraphy these are indicated in red beside the tephra code. Radiocarbon dates shown are the calibrated 2σ 

range.
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Site 4: Sammakovuoma  

Cryptotephra layers (SL-1, SB-1) containing glass shards with major elemental 

geochemistry identical to glass shards from the eruption of Hekla AD 1104 were 

identified in both Sammakovuoma peatland and lake. A second cryptotephra layer (SL-

2, SB-2) containing glass shards of trachydacite geochemistry, was also present in both 

the peatland and lake at Sammakovuoma (Figs. 10 and 11). Glass geochemistry from 

the SL-2/SB-2 tephra does not match the geochemistry of glass from any published 

northern European cryptotephra layer (Fig. 10). However, the glass composition is 

highly similar to that of the SN-1 tephra from the Icelandic Snæfellsjökull volcano. The 

age of ‘peaty soil’ below the SN-1 tephra layer in Iceland indicates a maximum age for 

the SN-1 tephra of 1860-1520 cal yr BP (Larsen et al., 2002). Interpolation between two 

closely spaced radiocarbon dates in Sammakovuoma peatland suggests SB-2 has an age 

of between 1183-1147 cal yr BP, more recent than the previous age suggested for the 

SN-1 tephra (Table 4). However, given that there are no known explosive eruptions of 

Snæfellsjökull after SN-1, we correlate SL-2/SB-2 to the SN-1 tephra and conclude that 

a previous age of 1860-1520 cal yr BP for the SN-1 tephra should be considered a 

maximum age. The SN-1 tephra has been identified on the island of Svalbard (D'Andrea 

et al., 2012), but our identification in Sweden constitutes the first identification of this 

tephra in continental (northern) Europe. A third cryptotephra layer (SL-3), correlated to 

the Hekla 4 eruption, was also identified in the lake but was absent from the peatland. 
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Sample ID Laboratory ID Site 
Depth 

(cm) 

14C age BP 

± 1σ 

δ 13C 

per mil 
Calibrated range (2σ) 

Material 

SBRC1 D-AMS 012524 Sammakovuoma Peatland 64-68 1083 ± 24 -32.2 AD 895-1016 Sphagnum leaves/stems 

SBRC2 D-AMS 012525 Sammakovuoma Peatland 70-73 1449 ± 29 -27.2 AD 563-651 Sphagnum leaves/stems 

SBRC3 D-AMS 012526 Sammakovuoma Peatland 352-356 6692 ± 31 -37.6 7614-7505 cal yr BP Sphagnum leaves/stems Eriophorum spindles 

CLARC1 D-AMS 012527 Claraghmore Bog 855-860 5587 ± 29 -34.1 6432-6303 cal yr BP Sphagnum leaves/stems, seeds 

SVRC1 D-AMS 012528 Degerö Stormyr 240-243 6077 ± 29 -31.8 7143-6806 cal yr BP Sphagnum leaves/stems, seeds 

CLAL1 D-AMS 013414 Claraghmore Lake 113-116 2551 ± 22 -29.3 2517-2750 cal yr BP Bulk sediment 

Table 4. Radiocarbon dates obtained on samples from sites in this study. The CLA-L1 14C date indicated in italics would imply an age reversal with the (MOR-T4, c.AD 1000) 

cryptotephra from the same core. Given the problems with bulk sediment samples in lakes (carbonate contamination - Barnekow et al., 1998), and possible contamination of the lake 

with older carbon from the neighbouring peatland, we suggest that the 14C date below CLA-L1 is unreliable.
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Fig. 10. Geochemical bi-plots of major elements of glass from cryptotephra layers from Sammakovuoma 

peatland and lake plotted against envelopes for the glass geochemistry of known tephras based on type 

data from the Tephrabase database (type data references are listed in Table 2). All data have been 

normalised. (a-d) cryptotephra layers which were found in the lake and the peatland, inset plots show SL-

1 tephra which is obscured in the larger plot by SB-1. Both tephras are a geochemical match for the Hekla 

1104 tephra, type data for the SN-1 tephra from Larsen et al. (2002) and Holmes et al. (2016) (e-f) 

cryptotephra layer found in Sammakovuoma lake and identified as the Hekla 4 tephra. 
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Fig. 11. Diagram showing the tephrostratigraphy and loss-on-ignition values at Sammakovuoma, a) lake and b) peatland. Tephra codes are indicated in black. Where assignments to 

a known tephra isochron have been made based on glass geochemistry and stratigraphy these are indicated in red beside the tephra code; tephras which could not be assigned to a 

known tephra isochron are marked as ‘unknown’, and each unknown tephra is numbered. Radiocarbon dates shown are calibrated 2σ ranges.
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5.4.2 Peatland vs. lake archives  

Assuming that ash cloud occurrence is homogenous on scales of <10 km and that one 

core is representative of an entire peatland or lake, we would expect to find the same 

cryptotephra layers in peat and lake cores from two sites in close proximity. However, 

despite instances where the same cryptotephra layer was identified in both the peatland 

and lake records, the overall tephrostratigraphic records in peatlands and lakes differ 

considerably. There appears to be no consistent difference in the number of 

cryptotephra layers recorded in lakes and peatlands. In some records localised 

precipitation patterns or human disturbance (e.g. Claraghmore Lake or Malham Tarn) 

might account for differences in the tephrostratigraphic records. However, in other 

instances differences in the number of cryptotephra layers recorded in lakes and 

peatlands may have been caused by processes of reworking and redistribution (e.g. 

catchment erosion or intra-lacustrine reworking).  

5.4.2.1 Cryptotephra layers absent from peatland records  

Loss-on-ignition data can be used to indicate the influence of minerogenic inputs on 

peatlands. Decreases in loss-on-ignition (% loss) values indicate an increase in 

minerogenic content. The loss-on-ignition values for all our peatlands exceed 92 % 

(95 % in 3 out of 4 cases, excluding basal sections where no cryptotephra deposits were 

identified) (Figs. 2, 6, 9 and 11). Our results indicate that the peatlands in this study 

have a high organic content and have received very low mineral input. We therefore 

suggest that all of our peatland sites are ombrotrophic and thus have only received 

tephra from the air (direct fallout) and that there is no evidence for material being 

washed into the peatland.  

In three of our peatland-lake pairs, at least one of the cryptotephra layers identified in 

the lake was not present in the peatland. This might be expected as lakes receive tephra 

in-wash from a wide catchment area, as opposed to ombrotrophic peatlands which 

record only primary tephra-fall (Bramham-Law et al., 2013; Bertrand et al., 2014). The 

core at Sammakovuoma peatland has a basal age predating 7500 cal yr BP and peat 

would have been present at the site during tephra fallout from the Hekla 4 eruption 

(4345-4229 cal yr BP). Cryptotephra shards from the Hekla 4 eruption were identified 
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in Sammakovuoma Lake (SL-3). However, the Hekla 4 tephra was not identified at 

Sammakovuoma peatland. Cryptotephra layers in northern peatlands and lakes can be 

affected by tephra fall onto snow cover and subsequent redistribution (Bergman et al., 

2004; Davies et al., 2007). Sammakovuoma peatland and lake are covered in snow and 

ice for prolonged periods during the winter. It is conceivable that the Hekla 4 tephra 

might have been deposited onto snow and then reworked from the more exposed 

peatland by wind and water. Although tephra shards in the lake catchment would have 

been subject to reworking, they may have been washed into the lake from the wider 

catchment during snowmelt. In high-latitude regions the impact of tephra fallout onto 

snow and subsequent redistribution by wind and/or water might explain the absence of 

some cryptotephra layers from peatlands. However, prolonged snow cover is less likely 

at Claraghmore bog.  

At Claraghmore lake we identified two cryptotephra layers which are absent from the 

peatland (CLA-L1 = ‘Unknown’ and CLA-L4 = Lairg B). In this instance we suggest 

that the peatland has failed to capture sparse cryptotephra layers; glass shards from 

which have been focussed into the lake from the wider catchment, bringing them above 

levels of detection in lake sediments. The impact of catchment in-wash on increasing 

tephra concentrations in lakes is indicated by the total shard counts for some tephras 

found in both lakes and peatlands in this study. Total shard counts must be interpreted 

with caution, given the sensitivity to sample volume. However, in some instances total 

shard counts for the same cryptotephra layer differ greatly in lakes and peatlands. For 

example, the total shard number for the Lairg A tephra in Claraghmore Lake was 723, 

an order of magnitude more than identified in the peatland (79 shards). A similar order 

of magnitude difference was apparent in Hekla 4 shard counts in Degerö Stormyr 

peatland and Lake Svartkälsjärn (n = 35 and n = 303, respectively). Research on visible 

tephra layers at lake and bog sites in the Waikato area of North New Zealand identified 

more visible tephra layers in lakes, perhaps owing to in-wash of tephra from the 

catchment (Lowe, 1988a, b). Invisible cryptotephra layers containing low 

concentrations of shards have been identified in subsequent studies of the same bogs 

(Gehrels et al., 2006).  
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5.4.2.2 Cryptotephra layers absent from lake records  

At Malham Moss, Claraghmore and Degerö Stormyr, we identify more cryptotephra 

layers in the peatland than in the lake. A number of tephras identified toward the top of 

cores at peatland sites were not identified in nearby lake sites - at Claraghmore Lake 

and Lake Svartkälsjärn, for example. Possible reasons for the absence of tephras in the 

top of lake records include: 1) the top of the record was characterised by the soft 

sediment-water interface and was not recovered in its entire volume during sampling; 2) 

site specific factors: at Claraghmore and Malham there is sedimentological evidence 

(LOI) that land management and/or disturbance in the lake catchment (i.e. human 

factors) may have resulted in a large sediment influx, disturbing the lake sediments and 

‘diluting’ the tephra record in the upper part of these cores; and 3) the cryptotephra 

layers may have contained insufficient shards to be detected in the lake sediments. 

Some loss of shards during density separation extraction is inevitable and therefore 

cryptotephra layers which consist of low concentrations of shards may be under-

sampled in lake sediments.  

Although care was taken to capture the sediment-water interface at all sites, incomplete 

recovery of surface sediment cannot be discarded as the reason for missing cryptotephra 

layers at the top of lake cores. An alternative explanation for the missing cryptotephra 

layers in the top of Claraghmore Lake is the impact of humans on the recent sediment 

influx to the lake. LOI data for the lake sediments indicates increased mineral input in 

the top 50 cm of sediment at Claraghmore Lake. Conversely, there is no 

sedimentological evidence for human disturbance at Lake Svartkälsjärn. Instead the 

apparent absence of the Askja 1875 tephra identified in the nearby Degerö peatland 

(SV-B1) from the tephra record at Lake Svartkälsjärn might be explained by poor 

recovery of the water-sediment interface.  

Recent disturbance and problems with sampling soft sediments at the top of lake 

profiles cannot account for the missing tephras in the older lake records. Other tephras 

found in Degerö peatland but not identified in the nearby Lake Svartkälsjärn (SV-B4, 

SV-B3) lie between tephras which are identified in both lake and peatland records, 

suggesting that their absence from the lake record is not an artefact of sampling. 

Similarly, as both the MOR-T4 (CLA-B3/CLA-L2) and Hekla 4 (CLA-B6-B7/CLA-L3) 
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tephras are identified in Claraghmore lake and peatland, we might expect the Microlite 

and GB4-150 tephras (2705-2630 cal yr BP and 2750-2708 cal yr BP, respectively) 

which are present in the peatland between MOR-T4 and Hekla 4 to also to be present in 

the lake. However, there are no glass shards during this interval in the Claraghmore lake 

record. One possible explanation is that these tephras were present in lake sediments as 

very sparse concentrations of shards but were not identified because the shard 

concentrations were below detection levels. The concentration of shards for the 

Microlite tephra in Claraghmore bog is lower than the concentrations of glass shards of 

other tephras also identified in Claraghmore lake (e.g. Hekla 4 and MOR-T4 tephras), 

and therefore the lake sample may have contained insufficient shards for extraction by 

density separation.  

An alternative reason for the apparent lack of some cryptotephras from lake records is 

within-basin focussing and redistribution which might reduce shard counts below levels 

of detection in some areas of the lake. Relatively large with-in basin differences (e.g. 23 

cm – 5cm) in the thickness of visible tephra layers provide evidence of the degree to 

which tephra can be differentially deposited or moved within lake basins (Mangerud et 

al., 1984). In small shallow lakes such as those investigated in this study, small particles 

can be remobilised by wind-induced currents (Mackay et al., 2012). Once tephra has 

been delivered, within-basin focussing and preferential deposition near stream inlets 

might result in the concentration of shards from some cryptotephra layers into certain 

areas of the lake. Conversely, internal redistribution might also result in some tephras 

being reworked to below detection levels in some parts of the basin. Where shards are 

present in low concentrations, within-basin focussing in lakes provides a natural means 

of concentrating a small number of shards. However, this process does not appear to 

concentrate shards to the same location consistently over time resulting in a patchy 

distribution of different tephras deposited at different times in different areas of the lake 

basin. For example, the Lairg A and Hekla 4 tephras have very similar total numbers of 

shards in Claraghmore bog (79 and 73), but show very different total shard 

concentrations in the lake (723 and 26 shards). Although the peatland record is not 

unaffected by redistribution (Watson et al., 2015), such a difference in the 

concentrations of shards for these two cryptotephra layers in the same lake would 

appear to suggest internal reworking or redistribution. This hypothesis would also 
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appear to be supported by the range of ash concentrations identified in late glacial 

micro-tephra layers in Scottish lakes; proximity to catchment inlets was identified as an 

important factor in determining the concentration of tephra glass shards across the lake 

basin and spatial ash concentration maxima for different tephra layers varied over time 

(Pyne-O'Donnell, 2011). The ‘patchy’ nature of the black basaltic component of the 

Vedde ash, which varied from visible, to apparently absent (to the naked eye) in 

different cores from the same Scottish lake also suggests that processes within the 

catchment and lake can greatly impact on tephra shard concentrations within a lake 

basin (Davies et al., 2001). The consequences of within-basin redistribution are two-

fold: firstly the retrieval of one core from the centre of a lake may not result in the 

recovery of the complete record of tephra which has fallen out over that lake site. 

Secondly, the re-distribution of shards by within-basin processes might act to favour the 

detection of ash cloud events depositing only a small number of tephra glass shards by 

concentrating shards toward one area of the lake thus bringing them above detection 

levels of current extraction techniques. Our results support the suggestion of previous 

studies of proximal tephra layers in lakes and catchments (e.g. Boygle, 1999) that a 

combination of records from both lakes and peatlands must be used to establish the 

most comprehensive and complete regional (crypto-) tephrostratigraphies. 

5.4.3 Preservation of mafic tephras  

Prior to this study, tephra from only five basaltic eruptions had been identified in 

terrestrial Holocene records in northern Europe, the majority in lakes in the Faroe 

Islands or Ireland (Wastegård et al., 2001; Chambers et al., 2004). The apparent lack of 

basaltic tephras in peatlands cannot be easily explained by the different extraction 

methodologies used to conduct initial scans for tephra on samples from peatlands and 

lakes. The extraction method commonly applied to lake samples, density separation, can 

result in the loss of basaltic shards which are not always recovered at a standard float 

density of 2.5 g cm-3 (Davies et al., 2001). Conversely, peatland samples are commonly 

extracted by igniting the surrounding peat (Hall and Pilcher, 2002) a process which 

involves limited use of chemical treatment or handling and should result in the loss of 

very few shards of any chemical composition. Three explanations have been proposed 
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for the dominance of felsic tephras in the distal geological record, and in particular the 

apparent scarcity of basaltic tephras in peatlands:  

1) There is experimental evidence that basaltic glass is more prone than silicic glass to 

hydration, alteration and even complete dissolution in acidic environments (Pollard et 

al., 2003; Wolff-Boenisch et al., 2004);  

2) Basaltic glass shards are more dense than silicic shards (2.5-2.9 and 2.3 g cm-3, 

respectively), and therefore glass shards of basaltic composition are likely to fall out of 

the atmosphere earlier than silicic shards of the same size (Stevenson et al., 2015), and 

arrive over northern Europe in lower concentrations in the air.  

3) Eruptions of basaltic magma are typically less explosive and therefore generally 

produce less tephra, which is released at a lower height, than eruptions of more silicic 

magmas. Unlike raised peatlands, lakes concentrate shards from the wider catchment, 

perhaps increasing the probability of cryptotephra layer detection in lake sediments 

when fewer glass shards have been deposited at a distal location during an eruption.  

Claraghmore lake contains the only basaltic cryptotephra layer identified in this study 

(CLA-L1) which has a relatively high concentration of shards (n = 141) when compared 

with those of other cryptotephra layers identified in this lake. No basaltic cryptotephra 

layers were identified in Claraghmore bog. The presence of large concentrations of 

basaltic shards in Claraghmore Lake, while the layer was apparently completely absent 

from the adjacent peatland, suggests that basaltic cryptotephra layers are not recorded 

representatively when compared to silicic cryptotephra layers in peatlands. Our findings 

would appear to support the hypothesis that the low numbers of basaltic tephras in the 

European record may be partly due to the dominance of peatland records, which appear 

to provide unfavourable conditions for the preservation and/or concentration of basaltic 

glass shards. There have been many more cryptotephra studies on peatlands in Ireland 

than have been conducted on lakes. This is not reflected in the number of basaltic 

cryptotephra layers identified in lakes and peatlands in the region (n = 2 and n = 0, 

respectively).  

As no basaltic cryptotephra layers were identified in both peatland and lake sites it was 

not possible to compare geochemical data for tephra of mafic composition recovered 
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from peatlands and lakes. However, Hekla 1104 and SN-1 in Sammakovuoma peatland 

and lake are geochemically indistinguishable (Figs. 10 and 7) suggesting that rhyolitic 

(Hekla 1104) and trachydacitic (SN-1) tephras undergo either the same chemical 

alteration, or a negligible amount of chemical alteration in lake and peatland 

environments with different pH conditions (lake pH = 7.0, peatland pH = 5.9). 

Similarly, there is no discernible difference between the major element glass 

geochemistry of the Glen Garry tephra found in both Malham Tarn and Malham Moss 

(1966-2210 cal yr BP). This suggests that prolonged exposure to acid (Malham Moss) 

or alkaline conditions (Malham Tarn, pH = ~8) has not impacted on the tephra 

geochemistry as determined by EPMA. Samples from both Malham Tarn and 

Sammakovuoma Lake were extracted for geochemical analysis using density separation, 

whereas samples from Malham Moss and Sammakovuoma peatland were extracted 

using acid extraction. In this instance neither the depositional environment nor the 

method of extraction had a significant impact on the major element geochemistry of 

glass shards from the Hekla 1104, SN-1 or Glen Garry cryptotephra layers.  
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Fig. 12. Diagram indicating the age and geochemistry of glass from cryptotephra layers deposited in 

peatland and lake sites in northern Europe over the last 7000 years. Silica values (in wt %) are based on 

the TAS classification system. Age displayed is the mid-age estimate for each tephra. Basaltic tephras 

have been found in both lakes and peatlands. The two new tephras described in this paper are added in 

red. Ages of these new tephras are based on interpolation from radiocarbon dates or age depth models and 

are given in Table 2. The basaltic tephra indicated in green was identified by Reilly and Mitchell, (2015) 

in a woodland hollow but is included here in the ‘peatland’ category. References: Swindles et al. (2011) 

database and references therein and Wulf et al. (2016).    

Given that we only identified one basaltic cryptotephra layer in the lake and peatland 

sites examined in this study and therefore had only a small sample size, we reviewed 

tephra records from published literature over the last 7000 years (Fig. 12). There are 

some examples of basaltic tephras identified in peatlands. The Hov (6190-5720 cal yr 

BP) and Landnám (AD 871± 2) tephras have been identified in peatland records on the 

Faroe Islands (Hannon et al., 2001; Wastegård, 2002). Given the close proximity of the 

Faroe Islands to Iceland, the glass shards at these sites were most likely larger and more 

numerous than those delivered to peatlands further away from Iceland. Although larger 

shards have a smaller surface area to volume ratio and are therefore less prone to 

chemical alteration, we suggest that given the longevity of these shards in peatlands, 

and given that we identify no evidence of dissolution in tephras of rhyolitic and mixed 

composition; preservation alone is unlikely to explain the lack of Holocene basaltic 

tephras in peatlands. Instead, we suggest that, due to differences in eruption style and 

tephra density, basaltic tephra shards fall out more quickly than rhyolitic tephra shards; 
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therefore fewer shards reach sites far from the volcano. Raised peatlands record only 

primary tephra fall material and small concentrations of shards may be below detection 

levels, whereas lakes focus tephra from across the catchment into a small basin and 

concentrate the tephra, raising the numbers of shards above detection levels. As 

previously discussed, this process is complicated because tephras are then subject to 

additional within-basin redistribution, which can act to bring the number of shards 

above/below detection levels in areas of the lake basin. This idea is supported by the 

recent discovery of basaltic tephra from the Laki eruption of 1783 in a small (30 x 15 

m) woodland hollow in Ireland. We suggest that similar processes of runoff and the 

concentration of glass shards might operate in small woodland hollows as operate in 

small lakes.  

5.5 Conclusions  

We present evidence that lakes and peatlands provide contrasting records of volcanic 

ash deposition; the dominance of peatland records of ash fallout in northern Europe may 

bias our current understanding of ash cloud reoccurrence. 

In general, we identify more cryptotephra layers over the same time period in peatlands 

than lakes. However, there is evidence of incomplete tephra records in both peatlands 

and lakes. A combination of records from both lakes and peatlands must be used to 

establish the most comprehensive and complete regional tephrostratigraphies.  

We find no evidence for chemical alteration to any of the glass shards which were 

analysed in this study. We suggest that glass shards do not undergo significant chemical 

alteration in peatland or lake environments (pH range: 4.3 – 8.2) over the time scale of 

this study. Instead, we suggest that the low number of basaltic cryptotephra occurrences 

in peatlands is most likely related to peatlands capturing only primary tephra fall events. 

This is in contrast to lakes which concentrate tephra fallout from a wider area.  

We also find no evidence for the chemical alteration of shards extracted by different 

extraction processes (density separation vs. acid extraction). We clearly illustrate that 

acid digestion is a suitable extraction method for glass shards of rhyolitic and 

trachydacitic composition from ombrotrophic peatlands and does not result in a 

significant degree of chemical alteration.  
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We identify a new basaltic tephra at Claraghmore Lake in Ireland (CLA-L1). The 

geochemistry of glass from this tephra suggests it is derived from an eruption of the 

Grímsvötn volcano, Iceland, post AD 1000. This basaltic tephra is not present in the 

adjacent peatland.  

We identify a new trachydacitic cryptotephra (SN-1) and extend the existing spatial 

coverage of cryptotephras in northern Europe to sites in Arctic Sweden. SN-1 is tightly 

dated to 1183-1147 cal yr BP in one of our peatland sites suggesting an earlier age 

(1860-1520 cal yr BP: Larsen et al., (2002)) on peaty soil underlying SN-1 in Iceland 

should be considered a maximum estimate. The cryptotephra deposits we describe may 

provide important marker horizons for palaeoclimatological research in the vulnerable 

Arctic region.  
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Abstract  

Fine ash produced during explosive volcanic eruptions can remain in the atmosphere for 

long periods of time (hours to months) and undergo transport over long distances. We 

analyse the particle size distributions, geochemistry and shard morphology of distal 

volcanic ash layers distributed across northern Europe. We identify a total of 19 

microscopic (crypto-) tephra layers at sites across northern Europe, many geochemically 

linked to a specific volcanic eruption.  

The longest axis (Max A) of the microscopic glass shards in the cryptotephra layers 

ranges from 10 to 250 µm. Although the 95th percentile values for Max A generally 

indicate a loss of larger shards from the particle size distribution at sites further from the 

volcano, we identify no relationship between median Max A and transport distance. 

Despite their attribution to the same eruption, we find differences in the geochemistry of 

tephra shards in different regions, indicative of their deposition during different eruptive 

phases. In some instances the major controls on tephra fallout such as weather 

conditions, plume height, magma geochemistry and tephra shard morphology vary even 

during a single eruption. The dynamic nature of the controls on tephra transport, even 

during the course of one eruption, result in tephra shard size distributions which do not 

often show a simple relationship between shard size and distance from source.   
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We develop a probabilistic model of particle fallout and compare it with data from the 

geological record. However, our simple model, which does not account for transport in 

the buoyant plume, underestimates the transport distance of the largest shards. We 

conclude that the shard size information provided by glass shards in distal tephra layers 

may hold some promise for understanding the eruption parameters of ancient eruptions. 

However, reworking and redistribution in peatlands and lakes must be considered. The 

particle size dataset presented provides an important resource for testing more complex 

models of ash dispersal over northern Europe.   

6.1 Introduction  

During explosive volcanic eruptions (≥ VEI 3; (Newhall and Self, 1982)) ‘extremely 

fine’ ash (<64 µm) can be transported over long distances (Lane et al., 2013; Rose and 

Durant, 2011). In low concentrations volcanic ash poses a small risk to human health, 

but fine ash can be a hazard for modern aviation (Folch, 2012). Understanding the 

nature of past volcanic ash clouds can help us to understand more about the risk posed 

by future events.  

Volcanic eruptions which produce a significant amount of fine ash over northern Europe 

have occurred with a mean return interval of 56 ± 9 years over the last 1000 years 

(Swindles et al., 2011; Swindles et al., 2013b). However, there is a lack of data on the 

particle size distribution of volcanic ash reaching northern Europe. The geological 

record offers a source of information on distal (> 1000 km) ash fallout. Microscopic 

(crypto-) tephra layers from past ash clouds are stored in over 120 peatlands and lakes 

across northern Europe (Dugmore et al., 1995; Hall and Pilcher, 2002; Wastegård and 

Davies, 2009). As cryptotephra form spatially widespread, isochronous horizons they 

are predominantly used for the correlation of geological records (‘tephrochronology’) 

(Lowe, 2011). Cryptotephra layers in the geological record typically span a few 

centimetres in depth (Davies et al., 2007; Payne and Gehrels, 2010). Tephra shards are 

often counted for the purpose of identifying the depth of the peak shard concentration, 

which represents the isochron widely used in tephrochronology. However, the size and 

shape of shards are rarely reported.  
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Recent work has indicated that the particle size distributions of cryptotephra layers can 

be used to evaluate the satellite infra-red methods often used to monitor volcanic ash 

clouds (Stevenson et al., 2015). Furthermore, the particle size distributions of distal 

tephra occurrences can provide more realistic estimates of total erupted tephra volumes 

(Ponomareva et al., 2015) that are currently biased toward tephra which falls out closer 

to the volcanic source. However, there has been no study into how representative 

particle size distributions from cryptotephra layers in lakes and peatlands are of the ash 

cloud fallout over a region. Peatlands are commonly considered to be archives of 

primary fall out material, whereas tephra in lakes might have fallen elsewhere in the 

catchment and been subject to a greater amount of reworking (Davies et al., 2007). The 

movement of shards across the terrestrial surface following deposition, and vertical 

movement in peat and lake sediments might cause the sorting of tephra shards of 

different sizes, or even lead to the fragmentation of the glass shards before they enter 

the geological record: resulting in a particle size distribution in the geological record, 

which does not reflect the particle size distribution of ash fallout over the site. 

Furthermore, there is no indication as to how many tephra shards must be measured in 

order to ascertain the particle size distribution for a site. Before cryptotephra particle 

size distributions can be applied more widely as records of ash clouds, these 

methodological issues must be understood.  

In this paper we analyse the tephra particle size distribution and shard morphology of 

cryptotephra layers from 14 sites in northern Europe. This study represents the most 

spatially widespread analysis of cryptotephra particle size distributions across northern 

Europe. We examine whether cryptotephra particle size distributions in lakes and 

peatlands are likely to reflect cryptotephra fallout over the region, or whether they are 

confounded by the sorting of tephra shards in the catchment or across the peatland. The 

aim of this paper is to understand the extent to which the particle size distribution and 

shard morphology of cryptotephra layers can be used to provide information about the 

nature (e.g. plume height, magma geochemistry) of the eruptions which produced them. 

We also aim to assess whether simple probabilistic modelling can be used to estimate 

eruption parameters based on cryptotephra particle size distributions in the geological 

record.    
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Figure 1. Map showing the distribution of sites where Holocene cryptotephras have been identified. Grey 

circles indicate lake and peatland sites where cryptotephras have been geochemically analysed. Black 

circles indicate sites where cryptotephras have been geochemically analysed and where shard size 

analyses have been conducted. The grey triangle shows the location of the Hekla volcano, the source of 

the majority of the Holocene tephra layers in Northern Europe. 

We test the following hypotheses: 

1. The median shard size for the same cryptotephra layer will be significantly different 

in lakes and peatlands which have received the same primary air fall tephras.  

2. Tephra shards will be reworked on the peatland surface according to size, therefore, 

shard sizes will vary significantly between cores from the same peatland site.  

3. The analysis of shard size on just the sample of peak shard concentration might not 

capture the median shard size for a given cryptotephra because tephra particle size 

might control the movement of particles vertically through peat and lake sediments 

(Payne and Gehrels, 2010). 

4. The median tephra shard size will decrease with increased distance between the 

fallout site and the volcanic source.  
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6.2 Methods  

6.2.1The geological record  

6.2.1.1 Field sampling  

Sites were selected in order to span a range of distances from Iceland, the main source 

region for tephra layers in northern Europe (Fig. 1). For the purposes of this study the 

distances from Iceland to each site are the great circle distance between the Hekla 

volcano, the dominant source of Holocene cryptotephra layers in northern Europe, and 

the site location (Table 1). To examine possible differences in the particle size 

distribution of the same tephra in peatlands and lakes, we sampled both a lake and a 

peatland in close proximity (<10 km apart) at four sites (Sammakovuoma and Degerö 

Stormyr /Lake Svartkälsjärn in Sweden, Claraghmore in northern Ireland and Malham 

in England) (c.f. Watson et al., 2016). 

Cores were extracted using a Russian-type corer (Jowsey, 1966), following the parallel 

hole method (De Vleeschouwer et al., 2011). With the exception of Fallahogy, where 

multiple cores were retrieved (c.f. Watson et al., 2015), one core was extracted from 

each site. In addition to core samples, surface samples were obtained from the sites 

identified in Fig. 2. Surface vegetation and the upper ~7cm of peat were sampled, an 

upturned 2 ltr plastic box was placed onto the surface and with the help of knife the peat 

was cut around the edges of the box. Samples were subsampled into c. 125 cm3 blocks. 
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Figure 2. Map showing the distribution of locations where Eyjafjallajӧkull 2010 tephra was identified in 

rain gauge (white circles) and air monitoring (black circles) samples (Stevenson et al., 2012). Grey 

pentagons indicate the locations where moss surface samples were taken and examined for tephra, but 

none was found. The grey triangle shows the location of the Eyjafjallajӧkull volcano.
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 Shetland Underhoull, Unst [P] 60.719°N 0.948°W 1075 1 1 1                           1       
 

 Claraghmore bog [P] 54.633°N 7.454°W 1246 1     1     1             1 1           
 

 Claraghmore Lough [L] 54.631°N 7.450°W 1246                 1 1           1         
 

 Fallahogy [P] 54.911°N 6.557°W 1247                     1 1 1               
 

 Malham Tarn Moss [P] 54.097°N 2.173°W 1478 1         1     1 1                     
 

 Malham Tarn [L] 54.096°N 2.165°W 1478           1                             
 

 Cors Fochno [P] 52.504°N 4.012°W 1563             1       1 1             1   
 

 Bodmin [P] 50.589°N 4.625°W 1733       1                               1 
 

 Degerö Stormyr [P] 64.181°N 19.564°E 1878 1 1 1         1                   1     
 

 Lake Svartkälsjärn [L] 64.264°N 19.552°E 1878 1 1 1                                   
 

 Sammakovuoma lake [L] 66.992°N 21.500°E 1891 1 1     1                               
 

 Sammakovuoma bog [P] 66.995°N 21.457°E 1891   1     1                               
 

 Kusowskie Bagno [P] 53.816°N 16.588°E 2326                                        1 

 Linje [P] 53.187°N 18.309°E 2457               1                         
 

  Total sites 6 5 3 3 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 
 

Table 1. Table indicating the location of each site and the tephras identified. Lake and peatland pairs in close proximity are highlighted in grey. Sites are ordered by distance from the 

Hekla volcano, the source of the majority of Holocene tephra layers in Northern Europe. Tephras which have not been attributed to an Icelandic source eruption (Glen Garry, QUB 

384 G3-4), or which have been attributed to an alternative source region (e.g. Alaska) (AD 860 B) are shown in bold. Data from Shetland from (Stevenson et al., 2015; Swindles et 

al., 2013a).
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6.2.1.2 Tephra analysis  

Cores were initially examined in 5 cm3 contiguous samples. Where tephra was 

identified the cores were re-sampled at 1 cm intervals to identify the location of the 

peak shard concentration. Samples from ombrotrophic peatlands were prepared using 

the method outlined by Hall and Pilcher (2002); Swindles et al. (2010). Samples 

containing minerogenic material (all lake cores, surface samples and the samples from 

the Swedish peatlands) were extracted using heavy density liquid flotation (cleaning 

float 2.25 g cm-3, retaining float 2.5 g cm-3) (Blockley et al., 2005). During both 

methods, sieving of samples through a 10 µm mesh was necessary to remove detrital 

material. Therefore, excluding the samples from Unst which were sieved at 20 µm, the 

minimum particle size analysed in this study is that retained by a nominal 10 µm mesh. 

Shards were mounted onto slides using Histomount and examined at 200-400 x 

magnification. Shards from one eruption typically have a vertical span of a few 

centimetres in lake and peatland records (Davies et al., 2007). Therefore all samples 

within each vertical tephra spread were examined, not only the peak sample. The low 

shard count totals for each eruption (typically tens to hundreds of shards) in distal 

records provided insufficient quantities of shards for automated analysis of shard 

size/shape by Laser granulometer or Coulter counter (<1 g). Therefore, shards were 

identified and measured using an eye-piece graticule. Shard size was measured in two 

dimensions, i.) the length of the longest axis (Max A) and, ii.) the maximum width at 

90° to the first measurement (Max B). Aspect ratio was calculated as Max A over Max 

B. Bootstrap re-analysis of Max A measurements from different tephra layers identified 

at sites in this study suggests that in general < 100 shards must be measured from 

samples in either lake or peatland sites in order to assess the median shard size (Max A) 

(± 5 µm) for a sample with in a 95% confidence window (Fig. S1). Therefore a 

minimum of 100 shards were measured in each sample. Where samples contained <100 

shards the maximum number of shards possible was counted.  

Tephra shards were extracted for geochemistry using two established methods. In peat 

with little minerogenic material extraction was through acid digestion (Dugmore and 

Newton, 1992). Samples were treated with conc. HNO3 and H2SO4 acids before sieving 

the residue at 10 µm and rinsing thoroughly with distilled water. Samples with larger 
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amounts of minerogenic material were extracted by density separation as above with the 

exclusion of the ashing step.  

Samples were either mounted onto glass slides (Dugmore and Newton, 1992) or 

mounted into blocks (Hall and Hayward, 2014). All samples were polished to a 0.25 µm 

finish. The majority of geochemical data was obtained at the University of Edinburgh 

Tephra Analytical Unit. A beam size of 5 μm was used throughout and beam current 

was varied during each analysis to limit volatile losses (Hayward, 2012). All analyses 

were conducted at 15 kV with beam currents of 2 nÅ (Na, Mg, Al, Si, K, Ca, Fe) or 80 

nÅ (P, Ti, Mn). Secondary glass standards were analysed before and after EPMA runs 

of unknown glass shard analyses. Analyses for Malham Tarn Moss tephra and some of 

the Unst samples were conducted at the University of Leeds on a JEOL8230 electron 

microprobe using a 10 μm beam. Assignments to eruptive event were based on 

stratigraphy and comparison of tephra geochemistry with the European tephra 

geochemistry database ‘Tephrabase’ (Newton et al., 2007) and our own database 

constructed from published literature.   

6.2.2 Modelling cryptotephra fallout  

One of the major challenges in modelling tephra fallout from past volcanic eruptions is 

uncertainty in model input parameters. Basic model input parameters such as plume 

height and wind speed are often poorly constrained, or completely unknown for pre-

written record eruptions. In these instances a stochastic approach, whereby input 

parameters are sampled from probability density functions, allows for an assessment of 

various scenarios (Bonadonna et al., 2005). We developed a simple probabilistic model 

which calculates the terminal velocity and thus the distance travelled and fallout time 

for tephra shards released during a volcanic eruption. The model consists of two main 

parts, a physical sub-model which calculates the distance travelled by each particle 

based on input parameters including plume height, wind speed and particle size; and a 

stochastic sub-model which is used to sample input parameters for the physical model 

from probability density functions to forecast a variety of conceivable outcomes, full 

details of the model are given in supplementary file 1 (Fig. S2).  
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Probability density functions for plume height, sphericity and wind speed were 

constructed based on empirical observations and previous published literature (Alfano 

et al., 2011; Bonadonna and Phillips, 2003) (Table 2). Plume height is sampled from a 

log uniform distribution truncated at 4 km and 35 km. Although there is some evidence 

for the transport of fine tephra shards from plume heights < 4 km (Stevenson et al., 

2013b), shards released at such low altitudes are likely to represent a negligible 

proportion of the shards contained in northern European cryptotephra records. 

Explosive eruptions associated with plume heights exceeding 30 km do not occur 

frequently in Iceland. However, to account for eruptions such as that of Askja in 1875 

(VEI 5 plume height ~35 km) we set 35 km as the maximum plume height. The log 

distribution reflects the bias toward a higher frequency of low magnitude eruptions with 

lower plume heights (Simkin and Siebert, 1994). Wind speed is sampled from a normal 

distribution based on the average wind speed values between 0-48 km height as reported 

by Lacasse (2001) and maximum and minimum wind speed values of 10 – 30 ms-1. 

Examples of values sampled from each of the above PDFs are given in Fig. S3.  

Particle aggregation and precipitation can promote the early fallout of atmospheric 

particles (Durant et al., 2009; Mattsson and Vesanen, 1988). However, we do not 

account for aggregation or the impact of precipitation, as the processes controlling the 

aggregation of particles are not well parameterised (Brown et al., 2012). We also do not 

take into account the particle size distribution at source (Beckett et al., 2015), instead 

the model is run for a given tephra size. The model also does not include transport while 

suspended in the turbulent spreading plume.  
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Model parameter (units) Input value (or range) Reference 

Atmospheric properties  

 

Air viscosity (Pa s) 
Air density (kg m-3) 

 

 

 

1.78 x 10-5  
Varies with height  

 

 

Stevenson et al., (2015) 
Connor et al., (2013) 

Particle properties  

 

Size/diameter (µm) 
Density (kg m-3) 

Shape (sphericity, 

dimensionless) 
 

 
 

Specified by user (0-250 µm) 
Varies with particle size  

Sampled from probability density function. 

Normal distribution: mean = 0.8 Std Dev =0.1 
 

 
 

 
Bonadonna and Phillips, (2003) 

Alfano et al., (2011) 

Release properties 

 
Release height (km) 

 

 

 
Sampled from a probability density function. 

Log-uniform distribution: max = 35 km, min = 

4 km, smaller plume heights more likely.   
 

 

 
Connor et al., (2009) 

Meteorology 

 
Wind speed (m s-1) 

  

 

 
Sampled from a probability density function. 

Truncated Normal distribution mean = 17.4, Std 

Dev = 4, Min = 10, Max = 30 
 

 

 
Lacasse, (2001) 

Gravity (m s-2) 

 
 

9.81  

Table 2. Table outlining the model parameters and input values (or ranges) used in the simple tephra 

fallout model applied in this paper. 
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6.3 Results  

6.3.1 Maximum shard size  

The maximum length of the A and B axes of over 9500 shards from 19 different tephra 

layers was measured (Supplementary file 2). The geochemistry of the tephra layers 

ranged from basaltic to andesitic, dacitic, trachydacitic and rhyolitic (Fig. 3). The 

majority of tephra layers could be geochemically correlated to Icelandic eruptions. 

However, three tephra layers contain glass shards with a major element geochemistry 

which does not match the geochemistry of tephra from known Icelandic eruptions, for 

two of these tephras the source region remains unknown (Glen Garry- Dugmore et al. 

(1995) and QUB 384-G3-G4-Pilcher et al. (2005)). Glass shards from the third, match 

the major element geochemistry of glass shards from the AD 860 B tephra, correlated to 

the White River Ash (WRAe) from the Bona-Churchill massif, Alaska (Jensen et al., 

2014). Only the 15 tephras with a known or suggested source eruption in Iceland are 

included in subsequent analyses.  
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Figure 3. Total Alkali Silica (TAS) Diagram showing the geochemistry of tephras included in this study. 

Annotations follow standard terminology e.g. RHY = Rhyolite, D = Dacite, A = Andesite (Le Maitre et 

al., 1989). The geochemistry of the tephra layers identified ranged from basaltic to andesitic, dacitic, 

Trachydacitic and rhyolitic. O 1362 = Öræfajökull 1362. 

The median values of Max A for tephras varied between 35 and 75 µm (median = 51 

µm) (Fig. 4). The largest tephra shard had a Max A of 250 µm (identified 1878 km from 

Iceland) indicating that large shards can be transported long distances from their source 

volcano. However, large shards were relatively rare. Although 90% of particles were 30 

µm or larger and 40% were over 50 µm, only 3% of shards were over 100 µm, 

suggesting that the majority of shards with a Max A >100 µm fall out before reaching 

our sites (including the Shetland Islands, UK, Ireland and continental Europe). In 

agreement with Stevenson et al. (2015), in both lake and peatland records the majority 

of particle size distributions exhibit a log normal distribution, with a tail of larger 

shards. The only basaltic tephra included in this study (CLA-L1) does not display the 

same log normal shard size (Max A) distribution.  
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Figure 4. Histograms showing the distributions of shard size for tephras at sites in the study. Lake 

samples are dark grey, peatland samples are light grey. CLA-L1 is the only tephra of basaltic composition 

to be included in this study and is highlighted by a dashed box. Abbreviations are as follows, tephras: H = 

Hekla, HS = Hekla Selsund, OY = Öræfajökull, Unk = Unknown, Micro = Microlite/GB4-150, GG = 

Glen Garry, A = Askja, SN-1 = Snæfellsjökull SN-1 tephra, CLA-L1 basaltic tephra from an eruption of 

the Grímsvötn volcano (Watson et al., in review). Site names: Clara-B = Claraghmore peatland, Clara-L 
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= Claraghmore lake, Fal = Fallahogy, Mal-M = Malham Moss, Mal-T = Malham Tarn, Cors-F = Cors 

Fochno, Degerö = Degerö Stormyr, SV-L = Lake Svartkälsjärn, Sam-L = Lake Sammakovuoma, Sam-B 

= Sammakovuoma bog. Only tephras with over 20 shards are plotted. The number of shards counted in 

each sample is shown in italics. 

_____________________________________________________________________________________ 

6.3.2 Aspect ratio  

Aspect ratio is a simple descriptor for predicting the terminal velocity of volcanic ash 

(Riley et al., 2003). The cryptotephras in this study were predominantly non-spherical 

and measured aspect ratio ranged from 1.0 to 10.5 (1.0 being spherical). However, the 

majority of shards had a measured aspect ratio <3 (Fig. 5). Aspect ratio for all Icelandic 

eruptions had a mean of 1.5.  

 

Figure 5. Histogram showing the aspect ratios of the cryptotephras of Icelandic source a selected range of 

aspect ratio. Full range was 1.0 to 10.5 (1.0 being spherical), the majority of shards had an aspect ratio     

< 3. 
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6.3.3 Surface samples  

Figure 2 shows the locations where Grímsvötn 2011 and Eyjafjallajӧkull 2010 tephra 

were identified in rain gauge samples (Gudmundsson et al., 2012; Stevenson et al., 

2013b), alongside the locations of moss surface samples which were obtained and 

examined for the presence of Eyjafjallajӧkull 2010 and/or Grímsvötn 2011 tephra as 

part of this study. No tephra was identified in any of the moss surface samples. This 

suggests that events which are large enough to result in ash fallout into rain gauge 

samples might be missing from the geological record. 

6.4 Discussion 

6.4.1 Records of tephra shard size distributions in lakes and peatlands  

6.4.1.1 Hypothesis 1 

In one instance (Malham) the median shard size (Max A) is identical in the lake and 

peatland (Fig. 6). Where significant differences are identified in Max A between 

peatlands and lakes, median Max A is generally larger in the lake (Fig. 6, Table S1). 

The largest shards were always found in lakes, which generally also contain particle size 

distributions with a higher upper quartile shard size. The trend toward a higher amount 

of larger shards (Max A) in lakes might be due to the in-wash of shards from across the 

catchment, or within basin redistribution of glass shards. As lakes generally capture the 

largest shards to fall out over a region, tephra shard size data from small lakes may be 

more valuable to modellers, than that from peatlands. There was no significant 

difference in the aspect ratio for the tephras in lakes and peatlands, suggesting that 

fragmentation in the catchment has a negligible impact on tephra morphology.  
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Figure 6. Boxplots indicating shard size for the same tephra in peatland and lake sites which are in close 

proximity (<10 km apart). a) Hekla 1104 and 1158 tephra layer in Degerö Stormyr (peatland) and 

Svartkälsjärn lake, b) SN-1 tephra in Sammakovuoma lake and peatland, c) Hekla 1104 tephra layer in 

Sammakovuoma lake and peatland, d) Glen Garry tephra layer in Malham Moss and Malham Tarn. 

Boxplot convention is as follows: boxes indicate the interquartile range; the central line through each box 

indicates the median. The far extents of the upper and lower lines from each quartile indicate the 

maximum and minimum. 
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6.4.1.2 Hypothesis 2  

We examined the median Max A of shards from the Hekla 1510 tephra which were 

identified in 14 cores at Fallahogy peatland (Fig. 7). A minimum of 97 shards were 

examined in each core. There is a significant difference in the median Max A for 

different cores, with a range of values from 40-50 µm (Kruskal Wallis: H = 138.14, p = 

0.0001). Our results suggest that tephra shards are differentially deposited according to 

size, or reworked differentially according to size. The degree of within site variability in 

median Max A must be considered when making comparisons between sites (e.g. intra 

site differences must be smaller than between site differences). There are also 

differences in the 95th percentile values (Max A) which range from 62-100 µm.  

 

Figure 7. Max A measurements for the Hekla 1510 tephra taken from 14 cores from Fallahogy peatland 

(Watson et al., 2015), n as follows: A = 199, B = 101, D = 176, E = 508, F = 163, G = 123, H = 96, I = 

147, J = 145, K = 141, L = 119, M = 114, M = 204, O = 393.  
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6.4.2 Vertical movement of cryptotephra shards   

6.4.2.1 Hypothesis 3 

It has been suggested, that tephra shards might be subject to differential vertical 

movement through peat profiles according to size, with smaller shards penetrating 

further through the peat profile (Payne and Gehrels, 2010). However, we identify no 

significant difference between the median tephra size (Max A) in the sample of peak 

tephra concentration, and the overall median tephra size (Max A) of a tephra layer, in 

either peatlands or lakes, suggesting that substantial vertical sorting of cryptotephra by 

size in lake sediments or peats is not occurring (Table S2). Therefore conducting shard 

size analysis on at least 100 shards in the sample of peak shard concentration should be 

sufficient to identify the median shard size (Max A) for a given location.  

6.4.3 Information from particle size analysis  

6.4.3.1 Hypothesis 4 Maximum shard size  

The intra-site differences in Max A identified at Fallahogy (which ranged from 40-50 

µm) (Hypothesis 2) must be considered when using Max A values from multiple sites to 

examine possible differences in shard size with distance from Iceland. However, the 

range of median Max A shard size across all tephras at all sites in this study was 35-70 

µm, much greater than the intra-site differences identified at Fallahogy. Median shard 

size (Max A) might be expected to decrease with increased distance from Iceland as 

larger, heavier, shards reach terminal velocity sooner and fall out closer to the source. 

However, there was only a weak correlation between median shard size (Max A) and 

the distance from Iceland (Spearman’s rank correlation: r = -0.127, p < 0.0001) (Fig. 8) 

over the range of distances covered by our sites (1075 – 2457 km). A trend toward a 

lower amount of larger shards (lower 95th percentile values) is apparent with increased 

distance from Iceland. However, there are still outliers, such as the Askja 1875 tephra 

which was identified in Poland.   
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 Figure 8. Maximum shard size (Max A) for all tephra layers identified in this study, a) all data, b) median 

values for each distance, c) 95th percentile values for each distance 

Owing to the patchy nature of cryptotephra fallout, even cryptotephras which form the 

most widespread isochrons, for example the Hekla 4 tephra (2395-2279 BC; (Lawson et 

al., 2012)), are not present at every site. Therefore, sample sizes for analysis of shard 

size (Max A) with distance are reduced when focussing on tephra produced during one 

eruption. Two tephras, geochemically and stratigraphically correlated to the Hekla 4 and 

Hekla 1104 eruptions were identified at six sites and five sites, respectively. Despite the 

range of distances where Hekla 4 tephra was identified (~1000 – 1900 km) the median 

shard size (Max A) varied across a relatively small range (35-55 µm) (although still 

larger than the intra-site differences identified at Fallahogy). There is a significant 

positive correlation between shard size and distance from Iceland for the Hekla 4 tephra 

(SRC: r = 0.189, p = <0.0001). This is contrary to the expectation that shard size would 

decrease with increasing distance from the volcano. This correlation is weak and is 
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screwed by the most distal site (Sammakovuoma Lake) which has a relatively large 

median shard size of 50 µm (Fig. 9). The 95th percentile for the Max A size of the Hekla 

4 tephra is considerably higher (99 µm) at the site closest to Iceland (Unst, ~1000 km) 

than at sites in Ireland (57 µm, ~1200 km), England (75 µm, ~1500 km) and Sweden 

(70 µm, ~ 1900 km). Although there still appears to be no simple relationship between 

shard size and distance from source (Fig. 9).  

There is a significant difference between shard size values for the Hekla 1104 tephra 

from a site in Shetland (n = 102) and two sites in Sweden (Sammakovuoma lake and 

peatland combined (n = 422), Lake Svartkälsjärn and Dëgro Stormyr combined (n = 

290)), supporting the hypothesis that shard size decreases with increasing distance 

(Kruskal Wallis: H = 36.7, p = <0.0001, median Max A for Shetland and Swedish sites 

= 50 µm and 40 µm, respectively) (Fig. 10). The 95th percentile of Max A for Hekla 

1104 is considerably larger (110 µm) in Unst, Shetland (~1000 km from Iceland) than at 

sites in Sweden, 1900 km from Iceland (60-70 µm). Differences in the 95th percentile 

shard size with distance for both the Hekla 4 and Hekla 1104 eruptions indicate that 

larger shards are being lost as distance increases. Although this is not significantly 

impacting the median Max A size, it is evident when the very largest shards are 

considered.  
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Figure 9. Maximum shard size (Max A) of the Hekla 4 tephra identified at 5 sites across northern Europe, 

a) all data, b) median values for each distance, c) 95th percentile values for each distance 
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Figure 10. Boxplots (with overlain jitter plot) of Maximum shard size (Max A) of the Hekla 1104 tephra 

identified at sites in Sweden (1878 and 1891 km from the Hekla volcano) and Shetland (1075 km from 

the Hekla volcano). Please note: Unst samples were sieved at 20 µm. Boxplot convention is as follows: 

boxes indicate the interquartile range; the central line through each box indicates the median. The far 

extent of the upper and lower lines from each quartile indicate the maximum and minimum. Hollow 

circles indicate raw data values.  

There are a number of possible reasons for the strength and variety of correlations of 

median Max A observed in changes in shard size with distance, even in tephra from a 

single eruption. Firstly, the major controls on transport distance such as weather 

conditions, the height of the eruption column, mass eruption rate and degree of tephra 

fragmentation vary even during a single eruption (Carey et al., 2010; Gudmundsson et 

al., 2012), and in this instance the only true comparison would be between tephra shards 

released during the same phase of an eruption. The hypothesis that tephra at different 

sites may have been deposited during different phases of an eruption is supported by 

geochemical data. The geochemistry of the Hekla 4 tephra varies at different sites in this 

study, reflecting geochemical variation which has been identified in the proximal 

geological record where products of the Hekla 4 eruption show a range of geochemistry 

as the eruption progresses with SiO2 content decreasing from c. 74 % to 57% (Langdon 
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and Barber, 2004; Larsen and Thorarinsson, 1977) (Fig. S5). Some sites in this study 

(e.g. Sammakovuoma Lake) show two distinct groups of tephra geochemistry and may 

have received fallout on more than one occasion during the Hekla 4 eruption.  

Another possible reason for the lack of strong correlation between shard size and 

distance is that tephra shards may have aggregated and fallen out earlier than would be 

predicted based on their individual size (Durant et al., 2009). Aggregate grains close to 

the volcano can be relatively large and composed of component shards with shard 

lengths in the range of those examined in this study (63-250 µm) (Taddeucci et al., 

2011). However, the examination of aggregate grains which travelled further and fell 

over the UK during the eruption of Eyjafjallajӧkull 2010 shows they are smaller (mean 

size 85 µm) and made up predominantly of tephra shards <5 µm in diameter (Stevenson 

et al., 2012). Such aggregate grains would have most likely broken up (upon burial) in 

the geological record into constituent shards below the minimum sample size examined 

here (10 µm). Therefore premature fallout of tephra shards by aggregation would appear 

unlikely to be the primary reason for our observations.  

Finally, the ‘great circle distance’ used in this study represents a minimum travel 

distance between the source and site where the tephra was deposited. Detailed weather 

data is not available for many Holocene tephras. However, based on observations of 

recent Icelandic eruptions, it is likely that tephra was transported over longer distances 

than the great circle distance between source and fallout site (Cooke et al., 2014; 

Stevenson et al., 2013c; Thorarinsson, 1981).  

6.4.3.2 Aspect ratio  

There is a significant correlation between increasing shard size and increasing aspect 

ratio (Spearman’s rank correlation p = <0.0001, r = 0.293). This is in agreement with 

the principle that non-spherical objects travel further in the atmosphere before 

deposition than spherical objects of the same size (Rose et al., 2003).  

The distal cryptotephra record is dominated by events of a rhyolitic or intermediate 

composition (Lawson et al., 2012). We grouped tephras according to geochemistry into 

3 groups: basaltic (n shards = 126), rhyolitic (n shards = 2336), and intermediate 

(dacitic/andesitic n shards = 1627). The median aspect ratio of basaltic and rhyolitic 
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shards (1.22, 1.25 respectively) was slightly lower than that of intermediate shards 

(1.33). There was a significant difference between the aspect ratios for basaltic and 

intermediate tephra shards (Mann-Whitney test, p = 0.02), but no significant difference 

in aspect ratios of rhyolitic and basaltic shards (Mann-Whitney test, p = 0.42).  

Intermediate shards in our dataset are dominantly from the Hekla 1510, 1845 and 1947 

eruptions, which formed highly vesicular dacitic-andesitic shards (Watson et al., 2015). 

6.4.4 Comparing modelling output with the geological record  

Fig. 11 shows a summary of the model outputs for the set up detailed in Table 2. Data 

on shard size from geological records lies within the fallout transport range of our 

modelled eruption parameters for Iceland. As our model does not account for 

aggregation the fallout of individual small tephra shards could be expected at these sites 

without the need to invoke aggregation. The majority of the median Max A values from 

the geological record lie between the upper and lower quartile of the range of possible 

transport distances based on the range of model parameters outlined in Table 2.  
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Figure 11. Diagram showing model outputs for the set up detailed in Table 2 in comparison to 

cryptotephra in the geological record. Curved lines indicate a summary of model output (Dotted lines = 

minimum and maximum, dashed lines = lower and upper quartiles, solid line = median value). Points 

show cryptotephra layers (median shard length), horizontal bars on all plots indicate the upper quartile 

and lower quartile values for shard size at each site. a) range of possible travel distances plotted against 

those travelled by all cryptotephras identified at ≥2 sites in the geological record at sites in this study 

(excluding Hekla 4) key indicates tephra layer, b) limited range of possible travel distances plotted 

against those travelled by cryptotephra from the Hekla 4 eruption which was identified in the geological 

record at 6 sites in this study, c) limited range of possible travel distances plotted against those travelled 

by all cryptotephras collected from rain gauge samples by (Stevenson et al., 2013a; Stevenson et al., 

2012).  
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According to our model, the most likely range of wind speeds and plume height 

combinations which resulted in the deposition of the tephra shards in the geological 

record is a plume height of c.10 km and a wind speed of c.17 ms-1. However it is also 

possible (although less likely) that tephras in the geological record were deposited 

during an eruption with a plume height as low as 4 km but where wind speeds were high 

(>20 ms-1) (Fig. S6). This combination of input parameters is less likely to occur, as 

faster wind speeds are less common. Sphericity has less of an impact on modelled 

transport distance than plume height and wind speed. However, less spherical particles 

travel further, for example a 30 µm non-spherical particle (sphericity of 0.45) will travel 

35% further than a spherical particle of the same size.  

Tephra fallout from rain gauge samples (Eyjafjallajӧkull 2010 and Grímsvötn 2011) 

display smaller shard sizes than cryptotephras found in geological records (Stevenson et 

al., 2013a; Stevenson et al., 2012) (Fig.11). According to the model output, tephra of 

the shard size identified in rain gauge samples are likely to have come from eruptions 

with lower plume heights and slower wind speeds when compared to tephras we 

identify in the geological record. In accordance with our model output, air mass 

trajectories indicate that although plume heights during Grímsvötn 2011 reached 20 km, 

only tephra from the lowest 4 km of the plume was transported toward the UK 

(Stevenson et al., 2013b). No tephra was identified in the moss surface samples 

obtained during this study, suggesting that ash clouds produced during smaller eruptions 

may be missing from the geological record, suggesting that estimates of volcanic ash 

cloud reoccurrence based on the geological record e.g. Swindles et al. (2011) provide a 

minimum estimate. However, it cannot be completely disregarded that our failure to 

identify tephra shards in moss surface samples was due to sampling bias. The addition 

of more sites would improve spatial coverage and increase the probability of finding 

evidence for the Eyjafjallajӧkull 2010 or Grímsvötn 2011 tephras in the geological 

record. 

Although our model can account for the median shard size in geological records, in 

some instances it cannot account for the transport of the very largest shards over long 

distances. Below, we examine two examples.  
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6.4.5.1 Askja 1875 and the AD 860 B tephra  

Askja 1875 is of special interest as tephra shards identified in the geological record 

from this eruption are anomalously large when compared to tephra shards from other 

eruptions. In Linje mire, northern Poland, 2500 km from the Askja crater, the median 

Max A for this tephra is 75 µm (maximum 190 µm, n = 28). Under the set of eruption 

parameters in Table 2, our model does not predict the transport of tephra shards of 190 

µm beyond ~1074 km. However, the eruption parameters in Table 2 may not be suitable 

for the eruption of Askja 1875 which is estimated to have had a combination of high 

plume heights (26-37 km) and fast wind speeds (up to 43 ms-1) (Carey et al., 2010; 

Carey and Sparks, 1986). Using these input parameters, the maximum predicted travel 

distance for a shard of 190 µm is 1409 km, still much shorter than the 2500 km distance 

recorded in the geological record. In order to simulate the transport of particle of 190 

µm over 2500 km a plume height of >50 km would need to be combined with a wind 

speed of 43 ms-1. These eruption parameters would appear to be highly unlikely and are 

not supported by tephrostratigraphic data in Iceland.  

Increasingly cryptotephras are being linked to volcanoes further afield (Ponomareva et 

al., 2015). An example is the ‘AD 860 B’ tephra correlated to the White River Ash from 

the Bona-Churchill massif, Alaska (61.38ºN, 141.75ºW) (Jensen et al., 2014). The 

median Max A for ‘AD 860 B’ at Claraghmore peatland (6500 km distant) is 45 µm, 

similar to the overall median Max A for all eruptions of an Icelandic source (50 µm), 

despite the difference in transport distance of 5200 km. The Bona-Churchill massif 

eruption had a magnitude of VEI 6 based on an estimated eruptive volume of ~50 km3 

(Lerbekmo, 2008). The maximum distance travelled by a 75 µm shard (maximum shard 

size for AD 860 B, n = 51) based on a plume height of 40 km and a wind speed of 30 

ms-1 in our simple model is 4600 km. It is possible that tephra shards were transported 

in the Polar jet stream (10-15 km height) which can reach speeds in excess of 50 ms-1 

(Ahrens, 2012). However, a particle released from 40 km which travels at a wind speed 

of 30 ms-1 and enters the jet stream from 10-15 km at a wind speed of 50 ms-1 is still 

transported only 5200 km. In these instances our model does not reproduce the evidence 

(maximum Max A) from the geological record. This is most likely because larger shards 

are affected greatly by turbulence and buoyancy in the spreading plume, which are not 

represented in our model. 
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6.5 Conclusions  

We report the geochemistry and examine shard size distributions for distal cryptotephra 

layers at 14 sites across northern Europe, and confirm the lognormal distribution of 

particle size identified in a small number of cryptotephra records by Stevenson et al. 

(2015). Surprisingly, there is only a weak, but significant negative correlation between 

median tephra shard size and distance of the fallout site from Iceland. For the Hekla 4 

tephra shard size appears to increase with distance from Iceland, most likely due to the 

deposition of tephra over different regions during different eruptive phases.  

We examined the replicability of shard size measurements within one core and within 

different cores from the same peatland. Our results indicate that median (Max A) shard 

size can vary within a site. In one instance (Malham) the shard size distributions from 

peatlands and lakes (in close proximity) displayed identical median sizes. However, 

lakes generally contained a higher number of larger shards than peatlands.  

Given the range of distances between Iceland and our fallout sites, the range of median 

shard sizes identified in this study is relatively low (35-75 µm). Furthermore, the shard 

size of tephra layers from eruptions further afield (e.g. Alaska, 45 µm) is not dissimilar 

to those from Icelandic tephras (50 µm), despite a difference of ~5200 km in transport 

distance. When combined with uncertainties about wind speed during ancient eruptions, 

this makes refining possible source regions based on shard size alone challenging.  

A lack of evidence of tephra from the eruptions of Eyjafjallajӧkull 2010 and Grímsvötn 

2011 in moss surface samples supports the argument that the calculation of reoccurrence 

intervals based on geological records provides an underestimate of ash cloud frequency.  

The particle size dataset presented here provides an important resource for testing more 

complex models of ash dispersal over northern Europe.  However, detailed analysis of 

shard size relies on identifying and measuring the same tephra at multiple sites across a 

range of distances. The current 'database' of shard sizes is limited to a small number of 

sites, an even smaller number contain the same tephras and therefore it is difficult to 

form well-founded conclusions on the utility of these records for palaeo-hazard 

research. Routine analysis of shard sizes is required, certainly for the most widespread 

tephras.   
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Abstract 

Glacial unloading can affect volcanic eruption rates on glacial-interglacial timescales1. 

Numerical models suggest that smaller changes in ice volume over shorter timescales 

may also influence rates of mantle melt generation2, but this effect has not been 

empirically demonstrated. Furthermore, the time between climatic forcing and a 

resulting change in the frequency of volcanic eruptions is unknown. We present the first 

empirical evidence that the frequency of volcanic eruptions in Iceland was affected by 

climate, modulated by glacial extent, on ~1000 year timescales during the Holocene.  

We compare the frequency of Icelandic eruptions with the frequency of volcanic ash 

clouds over Northern Europe and identify two periods of reduced volcanic activity (5.5-

4.5 and 2.6-1.6 ka BP). Both periods are preceded by global changes in circulation 

patterns and climate, expressed in the North Atlantic as a deepening of the Icelandic 

Low, favouring glacier advances on Iceland.  We identify a significant cross-correlation 

between ice core proxy data for a deepening of the Icelandic Low and a decreased 

frequency of Icelandic eruptions. There is a lag of 400-1500 years between a shift in 

climate and the resulting change in volcanic frequency. We conclude that the advance of 

glaciers on Iceland has reduced eruption frequency at least twice during the last 7000 

years. Given the time lags involved any increase in eruption rate due to ongoing 

deglaciation since the end of the Little Ice Age may not become apparent for hundreds 

of years. 

  



~ 198 ~ 

 

Significance statement 

Human-induced climate change is causing the melting of ice in many volcanic regions. 

On glacial-interglacial timescales changes in surface loading exerted by large variations 

in glacier size affect mantle melt rates and thus the rate of volcanic activity. We provide 

empirical evidence for variations in the rate of Icelandic eruptions caused by much 

smaller ice volume changes, over shorter (Holocene) timescales. Reduced volcanic 

activity is preceded by a deepening of the Icelandic Low (a control on glacier extent). 

For the first time, we are able to estimate a lag time of 400-1500 years between climate 

forcing (deeper Icelandic Low) and a change in eruption frequency. The impact of 

current deglaciation on volcanism may not become apparent for hundreds of years. 

7.1 Main text 

The link between large-scale glacier ice mass decline and an increase in average 

volcanic eruption rates at the end of the last glacial period, ~ 12 ka BP, is well 

established1. However, a number of questions remain regarding the sensitivity and 

response time of volcanoes to smaller changes in ice mass, such as those which occur 

over shorter timescales (e.g. during the Holocene)3. The loading and unloading of 

glaciers changes surface pressure and stress relationships in the crust and upper mantle. 

Numerical models suggest that glacial unloading increases mantle melt generation at 

depth and alters storage capacity in the crust4. Even small changes in surface loading 

can alter the stress field around shallow magma chambers, increasing or decreasing the 

likelihood of eruptions at ice-covered volcanoes5.  

For the first time we examine records of Icelandic eruptions alongside records of distal 

ash cloud events from Northern Europe. Examining past trends in the frequency of 

eruptions using proximal records (e.g. tephra layers and lava flows) is often complicated 

by reworking or burial of evidence by more recent eruptions. However, evidence of past 

volcanic eruptions can also be recorded by small, far-travelled ‘cryptotephra’ shards, 

which eventually fall out from ash clouds, forming invisible layers in peatlands and 

lakes6. Cryptotephra layers provide a record of explosive volcanism unaffected by many 

of the reworking issues that can confound proximal records of volcanic activity.    
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Over the last 7000 years, the frequency of Icelandic eruptions and Northern European 

ash clouds generally display a positive correlation through time (Fig. S1). An apparent 

increase in the frequency of Icelandic eruptions over the last 1000-1500 years is most 

likely an artefact of increased observations, and preferential geological preservation of 

more recent events (Fig.1). Another feature of both proximal and distal records is the 

apparent decrease in the frequency of volcanic eruptions during the mid-Holocene (~5-2 

ka BP). Possible reasons for a low frequency of Icelandic eruptions during the mid-

Holocene at some volcanic systems have been discussed elsewhere7.  

We identify two marked ~1000 year periods of volcanic quiescence apparent in records 

of Icelandic eruptions during the Holocene (Fig. 1). The longest period without any 

evidence of ash clouds is between 5.5-4.5 ka BP. During this time period, there is a 

corresponding decrease in the frequency of Icelandic eruptions, in particular explosive 

eruptions (Volcanic explosivity index (VEI) ≥ 4). The repose interval for eruptions with 

a VEI ≥ 4 during this period (1800 years: 6.1-4.3 ka BP) represents a significant 

departure from the average return interval over the last 7000 years (149 years, 507 years 

if last 1000 years are excluded). Although less pronounced, a second period of 

quiescence is apparent, particularly in records of explosive (≥ VEI 4) Icelandic 

eruptions between 2.6-1.6 ka BP. This second time period corresponds with the second 

longest repose interval for Icelandic eruptions ≥ VEI 4 (2.7-1.1 ka BP, a period of 1520 

years). There is also a reduction in the volume of lava erupted between 5.5-4.5 and 2.6-

1.6 ka BP indicating a change in the rate of effusive volcanism. Identification of 

corresponding periods of quiescence in both Icelandic and Northern European records 

suggests that these periods reflect changes in the frequency of eruptions in Iceland 

rather than periods of poor preservation in the geological record. 
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Figure 1. The cumulative frequency of explosive (a, b) and effusive volcanic activity (c), a) Northern 

European ash clouds, b) Icelandic eruptions with a VEI ≥48, c) lava volume (km3) (lava flows with an 

area ≥1km29), d) Icelandic eruptions8. The Kolmogorov-Smirnov test indicates that all of these series 

deviate significantly from the steady state model over the last 7000 years (p < 0.05). The dense dashed 

line indicates a steady state model; loosely dashed lines indicate 95% confidence interval. Shaded areas 

indicate periods of quiescence (5.5-4.5 ka BP and 2.6-1.6 ka BP). Grey dashed lines indicate improved 

geological preservation and historical records over the last 1000 years.  

Icelandic volcanism is controlled by complex interactions between rifting, mantle plume 

activity and environmental factors such as ice loading. Plate boundary rifting in Iceland 

is not constant and previous work has attributed short-term (centennial) changes in 

eruption frequency to changes in the rate of rifting, although the underlying cause of 

periodic activity over these timescales remains unknown10. Pulses in mantle plume 

activity may be the cause of longer term (multi-millennial) decreases in eruption 

frequency at the Grímsvötn, Bárdarbunga and Kverkfjöll subglacial volcanic centres7. 

Although changes in the magma supply rate due to this effect cannot be completely 

discounted as a reason for the periods of reduced volcanic output we identify, it appears 
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highly unlikely that such pulses would result in simultaneous periods of quiescence of 

~1000 years across multiple volcanic systems in Iceland. A more plausible scenario is 

that an external driver, for example, changing ice load, might have impacted on eruption 

frequency during the two periods of quiescence we identify.  

 

Figure 2. a) Northern European ash clouds, white indicates eruptions where Iceland is the most probable 

source region; dark grey indicates ash clouds directly assigned to an Icelandic source, b) the frequency 
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Icelandic eruptions8, c) the frequency of Icelandic eruptions VEI ≥ 3, eruptions of the Hekla volcano from 

the time period >1000 BP are highlighted with numbers corresponding to their VEI d) GISP2 (K+ ppb) 

200 year Gaussian smoothed11, e) GISP2 (Na+ ppb) 200 year Gaussian smoothed 11, f) ) Icelandic lake 

composite record12, g) Folgefonna glacier (Norway) reconstructed equilibrium line altitude (ELA)13, h) 

Glacial advances in Southern Iceland Kvíárjökull (grey)14, Sólheimajökull (outline)15, i) Glacial advances 

in Northern Iceland Tröllaskagi16 (blue), Tröllaskagi (black)17, j) Glacial advances central Iceland18. Light 

blue shading indicates global-scale rapid climate change events19. Dashed orange lines indicate periods of 

quiescence. 

_____________________________________________________________________________________ 

Icelandic glaciers are known to respond actively to climatic fluctuations20,21. During the 

Holocene Thermal Maximum (HTM ~ 8 to 5.5 ka BP12) Iceland was largely ice free. 

Although some ice caps may have persisted, albeit greatly reduced in volume when 

compared to their present state. Multiple paleoclimate records indicate changing 

conditions in Iceland and in the surrounding oceans prior to both periods of volcanic 

quiescence. Records from both the Icelandic shelf (c.7.4-6.2 ka BP22) and North Atlantic 

(post 6 ka BP; c. 3 ka BP23) indicate oceanic cooling. Furthermore, decreased 

productivity in lake records from Iceland suggests a cooling event ~6.4 ka BP, with the 

onset of long-term summer cooling from 5.7-5.5 ka BP12,24. Further cold perturbations 

occurred between 3.1 and 2.8 ka BP12 and in Northern Iceland at ~3.3 ka BP25. The 

concentration of Sodium (Na+) in the Greenland ice core, shows a major deviation in the 

periods 6-5 ka BP and 3.5-2.5 ka BP11 indicating a deeper Icelandic Low. The Icelandic 

Low influences both temperature and precipitation in the North Atlantic, two of the 

dominant controls on the size of glaciers in Iceland20,21. These climatic changes in 

Iceland correspond to the timing of two global-scale rapid climate change events at 6-5 

ka BP and 3.5-2.5 ka BP19.  

Coinciding with climatic changes, there is evidence of glacial advances in the south (7-

4.5 ka BP), centre (4.5-5 ka BP) and north (before 5 ka BP) of Iceland14,15,17,18. Some 

glaciers may have advanced to their maximum Holocene extent (exceeding LIA 

limits)14. Evidence for substantial expansion of the Langjökull ice cap prior to 5.5 ka is 

lacking26. It is likely that smaller glaciers, which respond rapidly to climate forcing 

accounted for the majority of glacial expansion following the HTM18. There is evidence 

for subsequent glacial advances c. 3.5-2.5 ka BP in the north (Vatnsdalur II, 3.2-3.0 ka 

BP); centre (3.5-3.0 ka BP); and south (Hólsárgil >3.1 ka BP) of Iceland14,16-18. There are 
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no estimates for the relative magnitude of glacial advances, but those during the 

Drangagil/Vatnsdalur I period (6-4.5 ka BP) and Vatnsdalur II/ Hólsárgil period (3.5-

2.8 ka BP) are spatially widespread14. 

Although there is evidence for the advance of glaciers in the periods preceding 

reductions in eruption frequency, there are no quantitative reconstructions of glacier 

volume that we can compare to volcanic frequency data. Therefore, we conducted cross 

correlation analysis on the GISP2 Na+ record (depth of Icelandic Low) and both the 

European ash cloud record and Icelandic eruption frequency over the last 7000 years. In 

both instances an increase in Na+ was followed by a significant (p < 0.05) decrease in 

volcanic eruptions (Icelandic eruptions strongest correlation -0.33 at a lag of 600 years; 

European ash clouds strongest correlation -0.35 at a lag of 700 years) (Fig. S2). Given 

the range of response times exhibited by Icelandic glaciers to changing climate (10-

1000 years27), and uncertainties involved in the time taken for new melt produced in the 

mantle to reach the surface1, a lag time of ~600-700 years between climate forcing and a 

reduction in the frequency of volcanic activity would support the argument for the 

modulation of climatic forcing by glacial expansion. The range of lag times most likely 

reflects differences in the magnitude and duration of climatic forcing (deviations the 

Icelandic Low) and the modulation of climate signal due to the differing response times 

of mountain glaciers and large ice caps (Fig. 3). 
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Figure 3. Conceptual diagram showing the impact of climatic forcing on the frequency of volcanic eruptions during interglacial periods and how this is modulated by changes in ice 

volume. Columns indicate how differences in the magnitude and duration of forcing impact on the lag time between the onset of climatic forcing and a change in the frequency of 

volcanic eruptions. 
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Schmidt, et al. 2 modelled a significant increase in mantle melt production (100-135 %) 

due to deglaciation between AD1890 and 2010. It is likely that the rate of ice 

accumulation between the HTM and 5 ka BP was of a similar magnitude to the current 

rate of ice loss since the LIA. If this was the case, the same model would predict 

extremely reduced, or even a complete shutdown of melting between the HTM and 5 ka 

BP, assuming that the spatial distribution of changes in ice mass between the HTM and 

5 ka BP was not significantly different to that between AD1890 and 2010. The 

reduction in volcanic frequency between 5.5-4.5 ka BP was greater in the geological 

record when compared to the period 2.6-1.6 ka BP. This is attributed to the larger 

magnitude of changes in ice volume between 6-5 ka BP when compared to 3.5-2.5 ka 

BP. The resumption of volcanic activity was most likely driven by a change in climate 

and subsequent glacier retreat. There is evidence for a weakening of the Icelandic Low 

and a reduction in ice rafting events in the North Atlantic preceding the resumption of 

greater volcanic activity following both periods of quiescence28.  

The most recent glacial advances in Iceland occurred during the LIA ~AD 1600 to AD 

1880. Although some glaciers reach their maximum Holocene extent during the LIA21, 

the magnitude of changes in the Icelandic Low is smaller than at 6-5 ka BP. Climate 

warming driven by human activity may also have curtailed ice expansion in the 20th 

century. Given the lag time between climate forcing and changes in eruption frequency 

(600-700 years) and the short duration of the LIA glacier expansions, any reduction in 

melt generation may not become apparent for hundreds of years.    

We conclude that climate forcing, modulated by the advance of glaciers on Iceland, 

reduced the frequency of volcanic eruptions at least twice over the last 7000 years. Our 

results support modelling efforts that suggest that moderate to small changes in ice 

volume, such as those that have occurred, and continue to occur during the Holocene, 

can affect the frequency of volcanic eruptions. Given the lag times we identify between 

climate forcing and changes in eruption frequency, the impact of anthropogenically-

induced deglaciation on volcanic eruption frequency may not be felt for hundreds of 

years.    



~ 206 ~ 

 

 

 

7.2 Methods  

The Northern European ash cloud record originally compiled by Swindles, et al. 6 was 

updated as of autumn 2015. Data are based on historical records of observed ash clouds 

(which span only the last ~1000 years) and cryptotephra layers from sites in northern 

Europe, which have been geochemically analysed. Not all tephra layers recorded in 

Northern Europe are from an Icelandic source. Tephra layers with a known source 

eruption outside of Iceland such as those from: Alaska (AD 860 B c.f.29), potentially the 

Azores, and Jan Mayen were removed from the database (DCSH-2, MOR-T7, MOR-

T8, MOR-T9, PMG-5, MOR-T230,31). The glass major element geochemistry of shards 

from cryptotephra layers which have not been linked to a known source eruption was 

plotted against the glass major element geochemistry of shards from other distal tephra 

layers known to have originated from Icelandic volcanoes. All tephra layers with a 

major element geochemistry matching the geochemical envelope for tephra produced 

during eruptions of Icelandic volcanoes were retained. Data for Icelandic eruptions was 

taken from the Smithsonian Volcanoes of the World Database8. The database contains 

evidence of volcanic eruptions from both the proximal geological record and historical 

observations. In all instances the age of cryptotephra layers or Icelandic eruptions was 

the midpoint age. Unless otherwise stated all ages are reported as cal years BP 2000. 

The Kolmogorov-Smirnov test was used to determine whether the rate of eruptions or 

lava flows has been steady over the last 7000 years. A two sample test was conducted to 

compare a cumulative steady state model to the cumulative observed values. 95% 

confidence bounds were calculated for each series as follows: 
1.36

√𝑁𝑆,𝑇
  where S and T were 

the first and last event in the sequence32. Cross correlation analysis was conducted on Na+ 

data from the GISP2 ice core, a proxy for the depth of the Icelandic Low11. Both 

eruption frequency data and ash cloud data were split into 100 year bins. Na+ data was 

averaged into 100 year bins. Cross correlation was conducted using the ‘astsa’ package 

in R version 3.1.1.     
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Abstract  

Fine ash produced during explosive volcanic eruptions can be dispersed far from the 

volcanic source, where it poses a threat to aviation, human health and infrastructure. 

Here, we focus on northern Europe, which lies in the predominant transport direction 

for volcanic ash from Iceland, one of the most active volcanic regions in the world. We 

interrogate existing and newly produced geological and written records of past ash 

fallout over northern Europe in the last 1000 years and estimate the mean return 

(repose) interval of a volcanic ash cloud over the region to be 44 ± 7 years. Our results 

suggest that ash clouds are more common over northern Europe than previously 

proposed (56 ± 9 years; Swindles et al., 2011). We compare northern European tephra 

records with records of proximal Icelandic volcanism and suggest that an Icelandic 

eruption with a Volcanic explosivity index rating (VEI; Newhall and Self, 1982) ≥ 4 

and a silicic magma composition presents the greatest risk of producing volcanic ash 

that can reach northern Europe. None of the ash clouds in the European record which 

have a known source eruption are linked to a source eruption with VEI < 4. Our 

estimate for the reoccurrence of volcanic ash cloud events from distal tephra records is 
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concurrent with our understanding of the type of eruptions which have deposited ash 

over northern Europe in the past as it lies between the of return interval for all VEI ≥ 4 

eruptions (25 years) (maximum estimate) and all VEI ≥ 4 eruptions of silicic 

geochemistry (90 years) (minimum estimate).  

8.1 Introduction  

Explosive volcanic eruptions can release large volumes of fine ash into the atmosphere. 

Fine ash particles may be transported long distances (1000s of kilometres) downwind of 

the volcano. Volcanic ash is a hazard for human health and even in moderate 

concentrations can cause engine failure in modern jet aircraft (Casadevall, 1994). The 

impact of volcanic ash clouds on aviation can be geographically extensive and air traffic 

can be affected even far from the volcano. For example, the eruption of the Cordón 

Caulle volcano in Chile (2011) led to the disruption of air traffic in Australia (Pistolesi 

et al., 2015). Reliable estimates of the frequency of such events would help society, 

governments and business to mitigate for the social and economic losses incurred 

during future ash clouds. One approach to understanding the frequency of future 

volcanic ash fallout in Europe is to examine the frequency of ash clouds in the past and 

use this information to forecast future hazard (Connor et al., 2015).  

Iceland is one of the most volcanically active regions of the planet, and lies in the North 

Atlantic close to the path of trans-Atlantic air traffic (Thordarson and Hoskuldsson, 

2008). The principal transport direction for volcanic ash from Iceland is easterly to 

south-easterly toward northern Europe, directly towards some of the busiest airports in 

the world (Wastegård and Davies, 2009). Over the last few centuries a number of ash 

clouds have been witnessed over northern Europe, such as those during the eruptions of 

Askja in 1875 and Hekla in 1947 (Mohn, 1878; Thorarinsson, 1954). The eruption of 

the Icelandic volcano Eyjafjallajӧkull in 2010 caused widespread disruption to travel 

and major financial losses. The eruption, which lasted 39 days led to the diversion and 

grounding of aircraft across northern Europe (Gudmundsson et al., 2012). In May 2011, 

another Icelandic volcano Grímsvötn, erupted and produced an ash cloud which led to 

minor travel disruption in Scotland (Stevenson et al., 2013a). Successful efforts have 
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been made to monitor ash fallout from these two most recent ash clouds using rain 

gauge samples and PM10 measurements (from air quality sampling equipment) 

(Stevenson et al., 2012; Stevenson et al., 2013b).   

However, observed events and historical records only extend over a short period of time 

(none before 1600) (Swindles et al., 2013). The only evidence of pre-historic ash clouds 

are traces of ash (‘tephra’) which are eventually deposited and incorporated into ice 

sheets, peatlands, marine and lake sediments (Lowe, 2011; Watson et al., 2016). In 

locations far from the volcano, tephra shards form horizons so sparse in concentration 

they are not visible to the human eye (‘cryptotephra’). The examination of peatlands and 

lake sediments spanning the last 7000 years across northern Europe has led to the 

identification of multiple cryptotephra layers, each representing ash fall from a different 

eruption (Lawson et al., 2012). The first estimate for the average return interval of 

volcanic ash fallout over northern Europe was made by Swindles et al. (2011). They 

combined data on the ages of cryptotephra layers with the ages of observed ash clouds 

recorded in historical documents and calculated an average return interval for volcanic 

ash clouds over northern Europe of 56 ± 9 years, which equates to a 16% chance of an 

ash cloud over northern Europe in any 10 year period.  

A forecast of reoccurrence based on geological records, such as cryptotephra layers, will 

always represent a minimum estimate because there is the possibility that some events 

have not been preserved (or yet identified) in the geological record. Satellite images of 

the ash clouds produced during recent Icelandic eruptions indicate that volcanic ash 

distribution in the atmosphere is patchy, and transport trajectories are dependent on 

wind direction (Folch et al., 2012). Cryptotephra deposits are equally patchy, with 

different cryptotephra layers displaying different spatial distributions throughout 

northern Europe (Lawson et al., 2012). The cryptotephra data utilised by Swindles et al. 

(2011) was not collected for the purpose of calculating the frequency of past ash clouds 

and contained temporal, and spatial gaps. Spatial gaps in European cryptotephra 

distribution may represent the true margins of the distribution of Icelandic tephra, or 

they may be an artefact of sampling density. Should they be the latter, these ‘gap’ 

regions offer the most promise for identifying new, previously undiscovered tephra 
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layers. As more research is conducted to address spatial and temporal gaps in 

cryptotephra records, there is a probability that evidence for more volcanic eruptions 

will be identified, directly affecting the model of Icelandic ash cloud frequency over 

northern Europe.  

The majority of cryptotephra layers in northern Europe are of Icelandic origin. 

However, there has been no detailed comparison of Icelandic eruption records and 

cryptotephra records of ash clouds in northern Europe. Understanding the characteristics 

of the Icelandic eruptions which have resulted in ash fall events over northern Europe 

during the last 7000 years may allow for the estimation of a range of estimates 

(minimum and maximum) for the frequency of ash clouds reaching northern Europe.  

In this paper we:  

 Report new data on tephra layers extending the coverage of cryptotephra layers 

across northern Europe and utilising these new data to present a new reoccurrence 

model for volcanic ash clouds over northern Europe. 

 Compare data from the European geological record and historical observations with 

data on Icelandic volcanism in order to refine our understanding of the type of 

Icelandic eruption which poses the greatest risk of producing an ash cloud reaching 

northern Europe.   

 Model the frequency of Icelandic eruptions with various geochemical compositions 

and explosivity. Using these models, and information on which Icelandic eruptions 

are most likely to produce ash clouds over northern Europe, we suggest a range of 

estimates for the return interval of volcanic ash clouds over northern Europe.  
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8.2 Methods  

8.2.1 Addressing spatial gaps in existing cryptotephra records  

We focussed our research on the spatial gaps in northern European tephra records which 

offered the most promise for identifying previously undiscovered cryptotephras: 

northern Sweden, Poland, Wales and southern England. These regions are far from 

existing cryptotephra finds, and contain peatlands and/or lakes with the potential to 

record cryptotephra fallout over the last 7000 years. We curtail our analysis at 7000 

years as there is evidence for an increase in the frequency of Icelandic volcanism 

following glacial unloading at the end of the last glacial (Jull and McKenzie, 1996). 

Therefore, records of ash cloud frequency from before 7000 yr BP may not reflect the 

frequency of ash clouds under current and future conditions.   

Details of sampling strategy and tephra identification for sites in northern Sweden have 

been published in detail elsewhere (Watson et al., 2016). Peatland sites in Poland, 

Wales and Southern England were sampled using a Russian-type peat corer (De 

Vleeschouwer et al., 2011). Samples were combusted to remove organic material and 

the residue rinsed in 10% HCl before mounting onto slides (Hall and Pilcher, 2002). 

Tephra shards were identified under a high power microscope. Samples which 

contained tephra were re-extracted for geochemical analysis following either the acid 

digestion method of Dugmore and Newton (1992) (excluding NaOH treatment) or, 

where large quantities of biogenic silica or minerals were present, following the density 

separation technique of Blockley et al. (2005). Tephra shards were mounted onto glass 

slides (Dugmore et al., 1992) or into blocks (Hall and Hayward, 2014). All samples 

were polished to a 0.25 µm finish. Major element geochemistry was analysed using an 

electron probe micro analyser (EPMA) at the University of Edinburgh (Hayward, 2012). 

Analyses were conducted at 15 kV. Secondary glass standards (Lipari obsidian and 

BCR-2G: Jochum et al. (2005)) were analysed before and after EPMA runs of unknown 

glass shard analyses. Assignments to specific eruptions were based on stratigraphy and 
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comparison of tephra geochemistry with the Tephrabase database (Newton et al., 2007) 

and published literature.  

8.2.2 Calculating reoccurrence rates  

The new northern European cryptotephra database includes new tephra layers from 

geological records and observations. Data on Icelandic eruptions, VEI and geochemistry 

were drawn from the Smithsonian Holocene Volcano Database (Global Volcanism 

Program, 2013). Eruptions were grouped according to geochemistry into mafic and 

silicic eruptions (silicic > 63% SiO2). Return intervals were calculated using the 

methods described by Connor et al. (2006). The empirical survivor function (in 

uncensored data as here = Kaplan-Meier estimate (Dzierma and Wehrmann, 2012)) was 

calculated using the repose intervals (taken as the time between the onset of two 

successive eruptions). In cases where the start time for an eruption had not been 

historically recorded, start time was assumed to be the mid-age. In this instance the 

survivor function S(t) gives the probability that T (repose interval) exceeds a given time 

interval (t) (Cox and Oakes, 1984):  

𝑆𝑇(𝑡) = 𝑃[𝑇 > 𝑡] 

The Kaplan-Meier survival function for each repose interval was calculated as below 

(where ti is a given repose interval from 1…N and N is the total number of events): 

𝑆(𝑡𝑖) =  
𝑁−𝑖 

𝑁
    𝑖 = 1, … . , 𝑁. 

In order to forecast survival with precision, a parametric model of survival function was 

fit to the empirical survival time data. We applied the Kolmogorov-Smirnov (KS) 

goodness-of-fit test to aid in the selection of the parametric model of best fit. Examples 

of commonly used parametric models of survival function for natural hazard modelling 

include the Exponential (Swindles et al., 2011); Weibull (Dzierma and Wehrmann, 

2012) and Log Logistic distributions (Connor et al., 2006). We fitted each of the above 

parametric models to our dataset using maximum likelihood (using package Flexsurv in 
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R version 3.1.0). For each dataset, the model which offered the best fit to the Kaplan-

Meier estimate was used to forecast the return interval of events.  

To examine the reoccurrence rate of both Icelandic eruptions and ash clouds over the 

last 7000 years, during which time the frequency of volcanic eruptions has not been 

stationary we apply the Volcanic Event Reoccurence Rate Model (VERRM) (Wilson, 

2016). Unlike the methods outlined above (e.g. Poisson distributions), VERRM can 

estimate the uncertainty in the reoccurrence rate over time.  

8.3 Results  

8.3.1 The new distal tephra record  

We identified evidence for volcanic ash fallout, in the form of at least one cryptotephra 

layer, at every new site studied, suggesting that spatial gaps in cryptotephra records are 

an artefact of research intensity and do not represent the margins of volcanic ash 

distribution in northern Europe (Figure 1). Additional cryptotephra layers and observed 

eruptions added to the database from this study and other research are listed in 

Supplementary file 1, and geochemical plots indicating assignments are provided in 

Supplementary file 2.  
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Figure 1. A) map indicating the location of sites in northern Europe where cryptotephra layers have been 

identified, grey circles indicate sites included in the original database compiled by Swindles et al. (2011), 

black circles indicate new sites added to the database, from this and other studies, see Supplementary 

Table 1 for references. Aeroplane symbols indicate the locations of airports which are included in a list of 

the thirty busiest European airports (2006), data from the Eurostat geographic databases GISCO 

(Eurostat, 2006). B) Map of Iceland indicating Holocene volcanoes and the location of large ice sheets 

(blue shading). Data on Holocene volcanoes from the Smithsonian Database (Global Volcanism Program, 

2013). Volcanoes are indicated as follows: white triangle = caldera, white circle = fissure vent, white 

circle with point = pyroclastic cone, black circle = shield volcano, black triangle = stratovolcano, grey 

triangle = sub-glacial, grey circle = crater. 

Cryptotephra layers identified at sites in northern Sweden, Poland, southern England 

and Wales have extended the known spatial distribution patterns of widely dispersed 

cryptotephra layers such as Hekla 4 and Hekla 1104 and less well established isochrons 

such as Hekla 1158 (previously identified at only one distal site (Pilcher et al., 2005)). 

Updated spatial maps of cryptotephra distributions in northern Europe are provided in 

Supplementary file 3.  

Six new cryptotephras, previously not identified in northern Europe, have been added to 

the database. Two new basaltic cryptotephra layers have been identified in Ireland 

(Reilly and Mitchell, 2015; Watson, 2016 in Press) and one in Germany (Wulf et al., 

2016). Glass tephra shards from all of these basaltic tephra layers show geochemical 
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similarity to glass from eruptions of the Grímsvötn volcano which is a subglacial 

volcano and is prone to phreatomagmatic eruptions, such as those during its most recent 

eruption in 2011. Historically (AD 1200-2004) Grímsvötn has been the most active 

volcano on Iceland (Thordarson and Hoskuldsson, 2008). The recent identification of 

more basaltic cryptotephra layers may reflect an increased focus on the analysis of 

sparse tephra layers (Lake Tiefer See, Unknown Grímsvötn tephra, contained just two 

shards (Wulf et al., 2016)), which has, in part been facilitated by new techniques for the 

mounting and EPMA analysis of fewer and smaller shards (Hall and Hayward, 2014; 

Hayward, 2012).  

8.3.2 Repose time distribution fits  

On the basis of KS tests, log likelihood and Akaike Information Criterion (Akaike, 

1998) we conclude that the majority of proximal Icelandic and distal European eruption 

frequency data over the last 1000 years are best described by Exponential and Weibull 

distributions (Table 1, Figure 2, Supplementary file 4). The Exponential model 

describes a simple stochastic point process (Poisson process), suggesting that the rate of 

eruptions is constant over time. The Weibull model also describes a model of simple 

failure, but allows for an increase or decrease in hazard over time. In datasets for which 

the Weibull model was the best fit, the data indicated an increasing hazard rate, perhaps 

indicating increased volcanic activity in recent times. Future eruption probabilities were 

calculated using the model of best fit for each dataset (Table 1).      

Dataset Model  
Average 

Repose 

% chance of 

event in any 

10 year 

period 

n of 

repose 

intervals 

Range of 

repose 

intervals 

(years) 

All Icelandic eruptions  Exponential  4.53 89 213 0-46 

European ash clouds Exponential  43.96 20 23 0-111 

All Icelandic Eruptions VEI ≥4 Weibull  25.91 21 35 0-63 

Silicic Icelandic Eruptions VEI ≥4  Weibull  90.63 <1 10 54-148 

Silicic Icelandic Eruptions VEI ≥3  Weibull  50.33 8 18 9-121 

Table 1. Table indicating the model used to predict reoccurrence, average repose interval and % chance of 

an event in any 10 year period. 
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Figure 2. Kaplan-Meier estimate of the survivor function (last 1000 years) with fits for the Exponential 

(red), Log logistic (blue) and Weibull (orange) distribution functions. Broken lines indicate 95% 

confidence interval on the Kaplan-Meier estimate. 
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8.4 Discussion  

The recurrence rate of both Icelandic volcanism and European ash clouds has varied 

over the last 7000 years (Figure 3). Variation in the frequency of Icelandic volcanism 

over time can be explained by periodic changes in rifting activity in Iceland and the 

influence of surface loading (glacier extent) on rates of volcanism (Larsen et al., 1998; 

Schmidt et al., 2013). The recurrence rate of European ash clouds and all Icelandic 

eruptions shows a general increase in the last 1500 years. This is due to the preferential 

preservation of more recent deposits over older deposits in the geological record, and 

the increased recording of observed historical events. 

The recurrence rate of northern European ash clouds is lower than that of Icelandic 

eruptions as recorded by tephra layers and historical records. A peak in European ash 

records is evident ~1000 BP, corresponding to a small increase in Icelandic eruption 

frequency around this time. However, the median recurrence rate for ash fallout does 

not exceed 0.11 eruptions year-1 (1150 BP), much lower than the recurrence rate for 

Icelandic eruptions (proximal record) which peaks at 2.2 (659 BP). Not every Icelandic 

eruption will result in an ash cloud over northern Europe. This is partly a reflection of 

the nature of Icelandic volcanism which is dominated by mafic magma compositions 

(91% of post-glacial eruptions) associated primarily with effusive eruptions which 

produce little or no fine ash, although phreatomagmatic mafic eruptions can produce 

large quantities of fine ash (Thordarson and Hoskuldsson, 2008). In addition to being 

sensitive to changes in the rate of Icelandic volcanism, the frequency of distal ash 

clouds reaching northern Europe is affected by wind direction, wind speed and rainfall, 

all of which affect the probability and trajectory of long range ash transport (Davies et 

al., 2010). 
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Figure 3. The Recurrence Rate of European ash clouds and all Icelandic eruptions for the last 7000 years. 

Black line indicates the median recurrence rate calculated using a moving average recurrence rate 

window size 4 (n = 2). Grey shading indicates 90% confidence interval. Output from the Volcanic Event 

Recurrence Rate Model (VERRM) (Wilson, 2016 personal comm.). 

Figure 4 indicates the volcanic source for ash as recorded in northern Europe over the 

last 7000 years. A total of 84 ash clouds have been either observed over northern 

Europe or identified as cryptotephra layers in the last 7000 years. The majority of the 

ash clouds for which a source volcano or region has been identified (n = 46) have an 

origin in the Eastern Volcanic Zone of Iceland (n = 35), which is also the source region 

for the majority of proximal Icelandic tephra deposits (Larsen et al., 1999). The Hekla 

volcano has been the most prolific volcano for the production of ash fallout over 

northern Europe during the Holocene (cryptotephra layers and observations, n = 9 and n 

= 6 respectively). Over half of the cryptotephra layers identified in northern Europe 

have not been assigned to a source volcano (n = 38), but contain glass shards with a 

major element geochemistry consistent with an Icelandic origin. A minority of 

cryptotephra layers (n = 6) contain glass shards which do not have a geochemical 

composition affinity toward glasses produced by Icelandic volcanoes and have been 

linked to eruptions of volcanoes further from northern Europe, in: Jan Mayen (71.0°N, 

8.5°W, n = 4) (Chambers et al., 2004), Alaska (61.4°N, 141.7°W, n = 1) (Jensen et al., 

2014) and perhaps even the Azores (39.0°N, 28.0°W, n = 1) (Reilly and Mitchell, 

2015). Although cryptotephra layers demonstrate that ash from distant eruptive centres 
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such as Alaska can reach northern Europe, based on past records, the greatest future risk 

of ash clouds is posed by eruptions of Icelandic volcanoes. In particular by eruptions of 

the volcanoes in the Eastern Volcanic Zone, the source region for >80% of Icelandic 

eruptions during the Holocene (Thordarson and Hoskuldsson, 2008).  

 

Figure 4. Diagram illustrating the frequency, source region and source volcano of cryptotephra layers 

identified in northern Europe over the last 7000 years based on the database of Swindles et al. (2011) 

which has been updated to include tephras mentioned in Supplementary file 1. The majority of ash clouds 

are from volcanoes in the Eastern Volcanic zone of Iceland. A small number of tephra layers have been 

linked to source regions in Jan Mayen (Chambers et al., 2004), Alaska (Jensen et al., 2014) and 

tentatively to volcanoes in the Azores (Reilly and Mitchell, 2015). 

Given the changes in the frequency of Icelandic volcanism over the last 7000 years, we 

focus the majority of our analysis on the last 1000 years, the period for which the most 

complete records of volcanic activity and ash clouds exist and for which the frequency 

of volcanism and ash clouds are most stationary (Supplementary file 5). All but one of 

the northern European ash clouds in the last 1000 years can be linked to a source in 

Iceland, or have a major element glass geochemistry in line with the known major 

element glass geochemistry of the products of Icelandic volcanoes (n = 22). The 

exception is the MOR-T2 (=PMG-5 (Hall and Mauquoy, 2005)) tephra identified at 
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three sites in Ireland and attributed, based on glass geochemistry, to an eruption on Jan 

Mayen (Chambers et al., 2004).  

The average repose interval for Icelandic eruptions over the past 1000 years is 4.5 years 

(Table 1). However, not all Icelandic eruptions result in ash fallout which reaches 

northern Europe. The magnitude of volcanic eruptions is commonly described 

according to a rating on the Volcanic Explosivity Index (VEI), a logarithmic scale with 

a higher rating indicating a more explosive eruption (Newhall and Self, 1982). We aim 

to identify the minimum VEI of an eruption which has resulted in an ash cloud over 

northern Europe in the last 1000 years. We identify ten cryptotephra layers and ten 

observed tephra fall-out events with known source eruptions (some eruptions e.g. Askja 

1875 were both observed and identified in the geological record). All of the observed 

and cryptotephra layers which can be linked to Icelandic eruptions with a known VEI 

over the last 1000 years have been from eruptions with a VEI ≥ 4 (Figure 5). This 

corresponds to a Plinian eruption style, with an estimated plume height ≥ 10 km, 

‘definite’ stratospheric injection, and a volume of ejected tephra ≥ 0.1 km3 (Newhall 

and Self, 1982). The average repose interval for Icelandic eruptions with a VEI ≥ 4 is 26 

± 3 years (standard error of the mean, range of repose intervals = 0-63 years) (Table 1, 

Supplementary File 6). The data best fit a Weibull model, suggesting that the 

probability of an eruption occurring increases exponentially as the time since the last 

eruption increases (Connor et al., 2003). Applying this model, in any 10 year period we 

calculate a 23% chance of an eruption VEI ≥ 4 occurring in Iceland. 



~ 225 ~ 

 

 

 

 

 

Figure 5. Diagram showing data on Icelandic eruptions and European ash (cryptotephra layers) for the 

last 1000 years (Global Volcanism Program, 2013) and the European cryptotephra database of Swindles 

et al. (2011) updated as of March 2016. All eruptions and cryptotephra layers are grouped by 

geochemistry. Icelandic eruption data is grouped by VEI. European cryptotephra records are grouped by 

the number of sites at which they are found. Cryptotephras which have been linked to a source eruption 

have been indicated and the connections based on geochemistry, VEI and number of sites where a tephra 

is identified are highlighted. Pattern of connecting lines reflects VEI of the eruption. Note Y axes are 

different scales.  

The new model for northern European ash clouds indicates an average repose interval of 

43.9 years with a standard error of the mean of 7.2 years (range of repose intervals = 0-

111 years) (Table 1, Supplementary file 6). Applying an exponential model to ash cloud 

data results in a 20% chance of an ash cloud in any 10 year period. There have been a 

total of 36 eruptions with a VEI ≥ 4 recorded in Iceland during the last 1000 years, of 

which 26 have not produced cryptotephra layers which have been identified in the 

geological record and 21 have been neither observed nor identified in the geological 
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record. From this we conclude that only ~ 42% of Icelandic eruptions with a VEI ≥ 4 

resulted in the transport of ash over northern Europe in the last 1000 years.  

The majority (n = 18) of the VEI ≥ 4 eruptions which have not been identified in 

northern European records have been eruptions of mafic magma (SiO2 < 63 wt %). 

Despite the dominance of mafic volcanism on Iceland, the majority of cryptotephras are 

silicic. The dominance of silicic tephras in distal records in northern Europe has been 

well documented and possible reasons for the relative lack of mafic cryptotephra layers 

when compared to silicic cryptotephra layers in northern Europe are still debated 

(Davies et al., 2010; Lawson et al., 2012; Wastegård and Davies, 2009). Our analysis 

suggests that even explosive (VEI ≥ 4) mafic eruptions that are favourable to having 

developed high plume heights are actually rare in European records. There is no 

relationship between the eruption VEI and the total number of sites at which a 

cryptotephra is found in northern Europe (p = 0.965). The eruption with the highest VEI 

rating in the last 1000 years is the Veiðivötn 1477 eruption which has a VEI = 6, 

indicating an ‘ultra Plinian’ type (Newhall and Self, 1982). However, cryptotephra from 

the basaltic Veiðivötn 1477 eruption has been identified at only two sites in northern 

Europe, in Ireland (Chambers et al., 2004) and in central Sweden (Davies et al., 2007). 

Conversely, silicic cryptotephra from the less explosive Hekla 1104 eruption (VEI = 5) 

has been recorded at 27 sites. The mafic composition of the Veiðivötn 1477 eruption 

might explain its identification at only two sites when compared to tephras of less 

explosive silicic compositions. Tephra shards of mafic composition are generally less 

vesicular and more dense than tephras of silicic composition, therefore basaltic tephra 

shards may be transported over shorter distances. However, differences in distribution 

by wind and spatial sampling bias cannot be discounted as reasons for the small number 

of distal tephra records identified.   

Icelandic eruptions with a silicic geochemistry and a VEI ≥ 4 occur less frequently than 

all Icelandic eruptions of a mafic geochemistry. However, given an Icelandic eruption 

VEI ≥ 4 of silicic composition there is a 73% chance that ash will be deposited over 

northern Europe. In the last 1000 years only three Icelandic eruptions of silicic 
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composition have not been identified as cryptotephra layers in northern Europe, the 

eruptions of Hekla in 1766, 1597 and 1300.  

There are many reasons for the apparent absence of these events in the European 

geological record. For instance, the wind direction may have transported volcanic ash 

away from northern Europe, or toward a part of northern Europe which has not been 

sampled for cryptotephra layers. Larsen et al. (1999) present maps of the main axis of 

distribution of tephra from historical age silicic eruptions, based on isopach mapping of 

tephra layers on Iceland. During the eruptions of Hekla 1300 and 1766 the main axis of 

transport was toward the Northern Iceland, i.e. ash from these eruptions may have been 

carried away from northern Europe. However, predicting the transport direction of distal 

ash based on isopach maps can be misleading due to differences in wind direction with 

height. Wind shear can result in tephra from higher in the plume being transported in a 

different direction to tephra released lower in the plume. Tephra released higher in the 

plume is more likely to be transported over long distances and therefore proximal 

isopachs and distal cryptotephra deposition may appear contradictory.  

Another important consideration is erupted volume. There is a significant difference in 

the median erupted volumes of historical silicic eruptions of Icelandic volcanoes 

(Larsen et al., 1999) which have, and have not reached sites in northern Europe (Mann 

Whitney test, p = 0.039). Median erupted volume values for eruptions which have and 

have not been identified in northern Europe are 0.33 km3 and 0.18 km3 respectively 

(Figure 6). The eruption of Hekla 1104 had a larger erupted volume (~2.0 km3) when 

compared to the events of Hekla 1300 and 1766 (0.5 and 0.4 km3 respectively). The 

identification of cryptotephra from the Hekla 1104 eruption in Ireland suggests that, 

contrary to Icelandic tephra records which suggest a dominant transport direction to the 

north, southerly transport of ash occurred. The transport of ash toward the south was 

perhaps favoured by the large volume of tephra erupted increasing the chances of a 

small amount of tephra being transported toward northern Europe. Conversely, 

eruptions with low tephra volumes, but favourable wind conditions can also be 

identified in northern Europe. For example, cryptotephra from the eruption of Hekla in 

1947 which had relatively small erupted volume (0.18 km3), but during which the 
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dominant transport direction was toward the south, has been identified at 22 sites in 

northern Europe, albeit in a constrained spatial region (Dugmore et al., 1996; Lawson et 

al., 2012). 

Indeed, where available, Icelandic isopach maps of the majority of tephra layers 

identified in northern European records over the last 1000 years suggest a dominant 

wind direction toward the south or east rather than the north or west (n = 5 and 3 

respectively). We suggest that wind direction, combined with a low erupted volume < 1 

km3 (Hekla 1300 = 0.50 km3, Hekla 1766 = 0.40 km3: (Larsen et al., 1999)) may 

explain the apparent absence of cryptotephra from the silicic eruptions of Hekla in 1300 

and 1766 in northern Europe.  

 

Figure 6. Boxplots (with overlain jitter plot) showing the total erupted volumes (km3) for the historic 

silicic eruptions of Icelandic volcanoes (Hekla (light blue), Askja (red), Öræfajökull (orange), 

Eyjafjallajökull (green) and Torfajökull (dark blue)) n = 21, volume data compiled by Larsen et al. 

(1999). Data are grouped into eruptions which resulted in evidence for the distribution of ash over 

northern Europe, and those for which there is no evidence of ash distribution over northern Europe. 

Boxplot convention is as follows: boxes indicate the interquartile range; the central line through each box 

indicates the median. The far extent of the upper and lower lines from each quartile indicate the 

maximum and minimum.  
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However, neither wind direction nor eruptive volume can easily explain the lack of 

1597 tephra in northern European records as isopach maps suggest the dominant axis of 

distribution was South east, toward northern Europe, and the erupted volume (0.3 km3) 

exceeded that of the Hekla 1947 eruption, which has been identified in Europe. Despite 

the (geologically) short interval between the eruptions of Hekla 1510 and 1597 eruption, 

which resulted in the deposition of tephra at multiple sites in Ireland, it is unlikely that 

the Hekla 1597 tephra has been miss-correlated to the eruption of Hekla 1510, as the 

geochemistry of Hekla 1597 is distinct (Dugmore and Newton, 2012). Therefore, it 

remains unclear why the Hekla 1597 tephra has not been identified in any European 

sites.  

Given that the majority of Icelandic eruptions with a VEI ≥ 4 and a silicic composition 

have resulted in deposition of ash over northern Europe, we calculated the probability of 

an eruption satisfying these criteria. According to available data, the average repose 

interval of a VEI ≥ 4 Icelandic eruption with a silicic composition is 91 years; applying 

the Weibull model, this equates to <1% chance of this type of eruption in any 10 year 

interval. Given that the newly computed average return interval for ash clouds in 

northern Europe is 44 years, it stands to reason that silicic eruptions VEI ≥ 4 have not 

been the only source of ash clouds over northern Europe. However, from geological and 

observational records it would appear that the biggest risk of widespread ash clouds 

over northern Europe is posed by eruptions with a VEI ≥ 4 and a silicic magma 

composition.  

Alongside the distal European tephra layers which have been assigned to a specific 

Icelandic eruption there are nine cryptotephra layers which contain glass shards with a 

geochemistry consistent with an Icelandic origin but which have not been assigned to an 

eruption and therefore could not be traced to an eruptive source and VEI rating (Figure 

7). All of these unassigned tephra layers have been identified at fewer than four sites; 

five have been identified at only one site. By comparison, the majority (seven out of 

ten) of the tephras which have been assigned to an eruption have been identified at four 

or more sites. Furthermore, many of the unassigned tephra layers have been identified 

only in one region; for example the Loch Portain B tephra has not been identified 
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outside of Scotland and the Outer Hebrides (Dugmore et al., 1995), and the MOR-T4 

tephra, although identified at four sites, appears to have a fallout region confined to 

Ireland and Wales (Chambers et al., 2004; Watson et al., 2016). The limited spatial 

distribution of many of these unassigned tephra layers, and the lack of assignment to a 

major eruptive event, might suggest they were deposited during smaller eruptions 

producing distal ash over a smaller area during short explosive phases. The proximal 

geochemistry for smaller magnitude, less explosive eruptions may not have been so well 

characterised, making correlations between European and Icelandic tephra layers more 

difficult. The geochemistry of eruptives from some rhyolite Icelandic volcanoes, such as 

Torfajøkull and Snaefellsnes, has not been well characterised and therefore there is lack 

of proximal Icelandic data for comparison with the geochemistry of European 

cryptotephra layers (Haflidason et al., 2000). Cryptotephra layers in northern Europe 

may even represent a record of Icelandic volcanism which has been eroded from the 

Icelandic record by subsequent eruptions. It is possible that some eruptions with a VEI 

= 3 did produce ash over Europe, with only limited spatial distribution. The average 

recurrence rate of VEI ≥ 3 eruptions of silicic composition is 50 years, which equates to 

a chance of 8% of an eruption of this type in a 10 year period (Table 1).  

Although stochastic estimates of reoccurence can provide a basis for estimating future 

hazard posed by volcanoes and volanic ash clouds they must be interpreted with 

caution. According to the exponential model applied to records of past northern 

European ash clouds the probability of two ash clouds over northern Europe in a 10 year 

period is <1%. However, the eruption of Eyjafjallajӧkull in 2010, was followed the next 

year, by the eruption of Grímsvötn, both eruptions produced ash clouds over northern 

Europe, highlighting the fact that statistical models of reoccurrence based on past 

records must be interpreted with caution.  
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Figure 7. Tephras not linked to a source volcano, but which have a major element glass geochemistry 

consistent with possible Icelandic origin (grey shaded region). Icelandic geochemical envelope based on 

tephra data from Tephrabase (Newton et al., 2007). The QUB 384 tephra contains glass shards in three 

distinct geochemical groups (G1, G3 and G4). Tephra data from Chambers et al. (2004); Dugmore et al. 

(1995); Hall and Pilcher (2002); Langdon and Barber (2001); Pilcher et al. (2005).  

8.5 Conclusions 

In this paper we have examined spatial gaps identified in cryptotephra records across 

northern Europe. The discovery of Icelandic cryptotephras in these regions and others 

with few cryptotephra studies (e.g. Germany), by this study and other recent work 

(Wulf et al., 2016) suggests that spatial gaps in northern European cryptotephra layers 
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are an artefact of research intensity and do not represent the margins of ash clouds over 

northern Europe. However, sparse numbers of shards indicate that glass shards from 

some eruptions are approaching the margins of their detectable range. Future research 

focused on identifying new cryptotephras in northern Europe should focus on regions 

which appear to represent gaps in current records. 

We have utilised new data, alongside newly published data, to recalculate an up to date 

version of the return interval for European ash cloud events. Our new estimate decreases 

the return interval from 56 ± 9 years to 44 ± 7 years, suggesting that ash clouds are 

indeed more common over northern Europe than previously proposed (Swindles et al., 

2011). Applying an exponential model, our new database suggests a 20% chance of an 

ash cloud over northern Europe in a 10 year period. Our model still represents a 

minimum estimate for the reoccurrence rate of European ash clouds, but increased 

spatial coverage of sites within Europe means the new estimate is less likely to be 

confounded by sampling bias than previous modelling efforts.  

We conduct a comprehensive examination of the erupted volumes, VEI rating and the 

dominant tephra transport pathways of Icelandic volcanoes which have resulted in distal 

ash deposition in northern Europe over the last 1000 years. All cryptotephras and 

observed tephras which can be linked to a source eruption in Iceland are from eruptions 

with a VEI ≥ 4, corresponding to Plinian eruptions. A ‘maximum’ estimate for the 

frequency of recurrence of ash clouds over northern Europe is provided by the average 

return interval of VEI ≥ 4 events (26 years). However, not all VEI ≥ 4 eruptions result 

in distal ash deposition and mafic compositions are under-represented in the distal 

record. 73% of Icelandic eruptions VEI ≥ 4 of silicic composition have deposited ash 

over northern Europe. The average return interval for eruptions of this type is 91 years. 

It is possible that some events with a VEI = 3 produced ash fall over Europe, with only 

limited spatial distribution, perhaps corresponding to tephra layers identified in northern 

Europe at few sites which are of an “unknown source”, but which contain glass shards 

which fit well the geochemical envelope for Icelandic volcanoes.  
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Chapter 9: Discussion and conclusion  

In this chapter I aim to summarise and critically examine the results and discussions 

previously reported in Chapters 3 to 8. I outline the main findings of the research 

presented in this thesis with reference to the overall aim and objectives outlined in 

Chapter 1; explain the significance to the wider scientific community; and describe 

directions for future work. The aim of this thesis was: to evaluate the use of 

cryptotephra layers for providing information on the timing, characteristics and spatial 

extent of past volcanic ash clouds. In order to achieve this aim two research 

compartments were identified, these are briefly discussed in Section 9.1.  

In addition to the objectives which fit into the two research compartments, two 

overarching objectives were outlined. These objectives focussed on conducting new 

field campaigns in order to fill spatial gaps in existing cryptotephra records through the 

development of new, high quality tephrostratigraphies (Thesis Objective 8 and Thesis 

Objective 9). These objectives have been achieved through the addition of new sites to 

the existing cryptotephra database compiled by Swindles et al. (2011). I examined 

tephra layers from 13 new sites and contributed toward filling spatial gaps in northern 

European tephra records in northern Sweden, Poland, Wales and Southern England. At 

least one tephra layer was identified at every site, suggesting that the spatial gaps in the 

distribution of northern European cryptotephra layers are an artefact of research 

intensity and do not represent the margins of Icelandic volcanic ash distribution over 

northern Europe. Future research with a focus on identifying new cryptotephra in 

northern Europe should concentrate on regions which appear to represent remaining 

large gaps in current the records. 

My research has extended the known spatial distribution patterns of well-established 

cryptotephra layers such as Hekla 4 and Hekla 1104, which have each been identified at 

five additional sites. Furthermore, the identification of less well established 

cryptotephras, such as Hekla 1158 (previously identified at only one distal site (Pilcher 

et al., 2005)), at three new sites, indicates that these cryptotephra layers may form 

important regional isochrones. Two new northern European tephra layers have been 
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identified as part of this study: a basaltic tephra, CLA-L1 which, based on geochemistry 

and stratigraphy, is most likely derived from an eruption of the Iceland’s Grímsvötn 

volcano after AD 1000 and SN-1, a cryptotephra from the Icelandic Snæfellsjökull 

volcano, which contains glass shards of a trachydacitic composition - identified for the 

first time in mainland Europe (Chapter 5). The age for SN-1 is further constrained to 

1183-1147 cal yr BP based on new radiocarbon dates (Chapter 5). The SN-1 tephra, 

which is identified at three sites in northern Sweden, may provide an important regional 

isochron for dating palaeoclimatological research in the Arctic region. Finally, the 

discovery of the Hekla 1845 tephra in 14 cores from Fallahogy peatland, Northern 

Ireland (Chapter 3) indicates that even in regions which have previously been subject to 

intensive cryptotephra research at multiple sites, sparse tephra layers may remain 

undetected.  

Beyond northern Europe, the identification of two tephra layers in Aucayacu peatland, 

Peru (Chapter 4) indicates that tephra shards can be successfully geochemically 

analysed by electron microprobe (EPMA), even after being exposed to the aggressive 

environment of a tropical peatland. The AUC-1 cryptotephra, tentatively attributed to a 

segment of the Andean volcanic arc chain in Ecuador, is the first cryptotephra to be 

identified inside the Amazon basin. These exciting results highlight the opportunities 

for extending tephrochronology into tropical regions elsewhere in the world. However, 

the sparse number of proximal as well as distal tephra samples which have been 

analysed by EPMA from volcanic systems in Peru and Ecuador present challenges as 

well as opportunities for future cryptotephra research in this region.  

9.1 Research synthesis 

9.1.1 Research compartment 1: The limits of tephrochronology  

This research compartment focused on assessing the ‘robustness’ of tephrochronology, 

specifically cryptotephra layers in lakes and peatlands and how this might impact on 

their utility for understanding past volcanic ash distribution. This study critically 
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examines the influence of deposition, redistribution and reworking processes on tephra 

records in peatlands and lakes.  

A multiple core study was conducted at Fallahogy bog, an ombrotrophic peatland in 

northern Ireland. Fifteen replicate cores were taken at distances of tens to hundreds of 

metres from each other across the peatland surface. Contrary to previous research, 

which has suggested that tephra layers can be discontinuous even within one peatland 

(Bergman et al., 2004), three tephra layers (Hekla 1947, Hekla 1845 and Hekla 1510) 

were identified in 14 out of 15 cores from Fallahogy peatland (Chapter 3, Thesis 

Objective 1). Where three district tephra layers were not identified (n = 1) there is 

evidence that the core location had been subject to anthropogenic disturbance. The 

replicability of the tephrostratigraphy in the top 50 cm of peat across Fallahogy peatland 

suggests that in mid-latitude peatlands the extraction of one core is sufficient to 

determine the presence or absence of a given tephra layer. However, differences were 

identified in tephra shard counts (per unit area) which vary by an order of magnitude 

between cores. Several cores are required to reliably estimate the median shard 

concentrations at a given site. The differences in total shard concentrations that were 

identified within different cores from the same peatland indicate that studies which infer 

differences in regional ash cloud fallout based on the concentration of shards in one core 

from a site may be misleading due to the choice of coring location within each site (cf. 

Rea et al., 2012).  

A multiple core study of this type is unprecedented in tephrochronological research and 

the results will have a major impact on future palaeo-environmental studies involving 

tephra horizons. Variations in the total number of tephra shards and spheroidal 

carbonaceous particles (SCPs) in different cores from the same peatland provide 

evidence that particles, in this instance tephra and SCPs, but most likely also other 

proxies (e.g. pollen) move around on the peatland surface prior to incorporation into the 

peat profile. Unlike other paleo-environmental proxies, tephra shards are deposited 

during one event and provide an ideal natural ‘tracer’ with which to conduct research 

into the impact of microtopography on particle distribution on peatlands. In this project, 

for the first time, tephra layers are used successfully to provide a robust chronological 
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framework, within which to evaluate peat accumulation rates at an intra-site (fine/small) 

scale (Chapter 3).  

Tephra deposited on to peatlands and into lakes is subject to different conditions for 

preservation and processes of reworking. This could result in a bias in European 

records, which are based predominantly on tephra layers identified in peatlands 

(Swindles et al., 2011). This thesis included the first study of the tephrostratigraphies 

recorded by peatland and lake sites in close proximity to one another (<10 km distant). 

Given the results reported in Chapter 3, which indicate that one core from a peatland is 

sufficient to identify all ash fallout events over that site, this study was based on one 

core from each peatland and one from each lake. The study, which includes four lake 

and peatland pairs, indicates that neither lakes nor peatlands provide complete records 

of volcanic ash deposition (Chapter 5, Thesis Objective 3). Generally more tephra layers 

were present in peatlands than in lakes, which is contrary to suggestions that lakes 

would be expected to contain more tephra layers due to the delivery of tephra from the 

wider catchment (Bertrand et al., 2014; Bramham-Law et al., 2013). One possible 

explanation for the absence of some tephra layers which are present in adjacent 

peatlands, from lake sediment records, is the impact of within-basin redistribution and 

the preferential deposition of tephra shards near to inlets which can act to concentrate 

tephra shards into certain areas of the lake basin (Pyne-O'Donnell, 2011). One limitation 

of this research is the retrieval of only one core from each lake which was necessary due 

to time constraints and financial restrictions on laboratory analysis and EPMA time. 

Future studies should examine multiple cores in a lake and compare the 

tephrostratigraphy to nearby peatland sites.  

In addition to examining the number of tephra layers identified in peatland and lake 

sites in close proximity, this thesis evaluated the hypothesis that tephra layers 

containing glass shards of different geochemical compositions are preserved differently 

in lakes and peatlands (Chapter 5, Thesis Objective 3). Basaltic tephra layers are rare in 

the Holocene cryptotephra record of northern Europe and the majority have been 

identified in lakes rather than in peatlands, leading to speculations that acidic peatlands 

provide poor environments for the preservation of glass shards of basaltic composition 
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(Lawson et al., 2012). The results presented in this thesis show no evidence for the 

chemical alteration of tephra shards which were analysed by EPMA in either lakes or 

peatlands, over the timescale of this study (mid- to late- Holocene). Instead, the reason 

for the identification of more basaltic tephra layers in lakes, as opposed to peatlands, is 

most likely due the concentration of basaltic tephra shards from the catchment and 

within the lake basin itself. Sparse glass shard concentrations which fell onto the 

catchment, might be concentrated into the lake and brought above the level of detection 

in the lake sediments.  

Only one basaltic cryptotephra layer (CLA-L1) is identified in this study. CLA-L1 was 

present in Claraghmore lake, whilst absent from the adjacent peatland. This prevented a 

comparison of the major element glass chemistry of basaltic tephra shards subject to 

storage in different environments (e.g. acidic peatlands and neutral lakes). For this 

reason, in Chapter 5 an examination of wider literature is used to supplement 

observations from this study. However, the identification of only one basaltic tephra 

layer is a major limitation of this research. Future work should focus on lakes where a 

basaltic tephra has already been identified and examine a nearby peatland site to 

confirm the presence/absence and geochemical deterioration (if any) of basaltic tephra 

shards subject to storage in different environments.  

According to experimental observations the process of chemical attack on glass in 

acidic (low pH) environments is accelerated by elevated temperatures (Wolff-Boenisch 

et al., 2004). Until recently, the majority of cryptotephra research has been conducted in 

regions where temperatures are lower than in the tropics. However, to what extent might 

the deterioration of tephra glass shard chemistry confound efforts to utilise 

cryptotephras as records of past volcanic activity in regions where tephra has been 

subject to hostile preservation conditions (low pH, high temperatures). In Chapter 4 I 

report the tephrostratigraphy of a high acidity (pH ~4) and high temperature (average ~ 

26ºC and daytime temperatures reaching 30ºC) peatland site in the Peruvian Amazon 

(Swindles et al., 2014) (Chapter 4, Thesis Objective 2). The sequence, which is only the 

top 1 m of a 7 m core, contains two cryptotephra layers, one of which contains 

sufficient shards for geochemical analysis. EPMA analysis of glass shards from the 
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AUC-1 cryptotephra layer suggest that fine ashes can be preserved in acidic tropical 

peatlands, with no indication of chemical alteration (visual or evidenced by 

SEM/EPMA analysis), for at least several hundreds of years. The AUC-1 tephra layer, 

which is tentatively linked to a series of rhyolite calderas in Ecuador, represents the first 

discovery of a historic microscopic tephra (cryptotephra) from Amazonia and presents 

an opportunity for further research into the tephrochronology of this region. Further 

examination of the Aucayacu core (7 m length, only top 1m examined) may identify the 

presence of additional cryptotephra layers.  

In this research compartment I have critically examined the reworking, redistribution 

and preservation of cryptotephra layers in a variety of lake and peatland environments. 

The results suggest that the northern European tephra record is most likely not 

significantly biased by the inclusion of only one core from each peatland site. In 

undisturbed, mid-latitude peatlands, the presence or absence of tephra from a given 

eruption can be determined, with a high degree of certainty, by analysing a single core. 

The results of the analysis of the tephrostratigraphies of lake and peatland sites in close 

proximity are less clear. There are differences in the tephrostratigraphy recorded in 

lakes and peatlands which would have been expected to receive the same primary air 

fall tephras. Peatlands generally contain more tephra layers than lakes. However, 

tephras are identified in lakes which are not present in nearby peatlands. This indicates 

that a bias toward peatland records in the current northern European tephra database 

(peatland and lakes sites n =100 and 200, respectively) could result in ash clouds not 

being identified as cryptotephra deposits. There is no evidence for the geochemical 

alteration of shards in either peatlands (Chapters 4 and 5) or lakes (Chapter 5).  

The spatial patchiness of cryptotephra layers on a regional scale is well established 

(Langdon and Barber, 2004). This study suggests that on one hand, cryptotephras can be 

less spatially patchy than previously thought, at least in some peatland sites on an intra-

site scale. However, differences in the tephrostratigraphies recorded by peatlands and 

lakes in close proximity to one another, suggests that multiple sites (lakes and 

peatlands) are required to obtain a representative regional tephrostratigraphy. When 

using tephra layers as a record of eruption frequency, the more complete the geological 
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record on which the model is based, the better. The spatial patchiness of cryptotephras 

even over small scales (<10 km) highlights the need for the examination of as many 

sites as possible. The current recurrence model may also be biased due to the low 

number of lake sites, which appear to preserve more tephras of mafic composition when 

compared with peatlands.  

9.1.2 Research compartment 2: The application of tephra layers as records of 

volcanic ash  

This research compartment focussed on identifying opportunities for the application of 

cryptotephra layers as records of volcanic ash deposition. Having conducted field work 

to address spatial gaps in the cryptotephra record of northern Europe, I updated the 

database of Swindles et al. (2011) to include new tephra layers identified in this study 

(Chapter 8, Thesis Objectives 8 and 9), and those from work published since the 

completion of the Swindles et al. (2011) data compilation (Chapter 8, Thesis objective 

7). The new database was then utilised, together with new knowledge of the limitations 

and bias in the datasets from Compartment 1, in order to answer research questions 

around the frequency and nature of volcanic eruptions.  

This study included the first routine analysis of tephra particle size and morphology 

across multiple sites (n = 13) and the comparison of observations to probabilistic model 

estimates (Chapter 6, Thesis Objective 4). Large shards (up to 250 µm) were identified 

at sites 1000s of km from the volcanic source. Surprisingly, there was only a weak 

correlation between tephra shard size and distance of the fallout site from Iceland. This 

is most likely to be because the major controls on tephra fallout are weather conditions 

which vary between and even during eruptions, and the dynamics not only of each 

eruption, but of individual eruptive phases, during which major controls on tephra 

production and transport (e.g. plume height, vent diameter, magma volatile composition 

and the extent of tephra fragmentation) vary. Further evidence for the varying nature of 

ash shard deposition during different eruptive phases is provided by differences in the 

chemistry of tephra deposited from a single eruption of Hekla volcano (Hekla 4) in 
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different regions. This study represents an important ‘first attempt’ at linking the 

cryptotephra shard size and morphology with the source eruption parameters. However, 

detailed analysis of shard size relies on identifying and measuring tephra from the same 

eruption at multiple sites across a range of distances from the source volcano. The 

current database of shard sizes is limited to a small number of sites, an even smaller 

number contain tephra from the same eruptions and therefore it is difficult to form well-

founded conclusions on the utility of these records for palaeo-hazard research. The 

range of distances at which sites in northern Europe are located from Iceland will 

always be restricted by the fallout of a large amount of tephra from Icelandic eruptions 

into the North Atlantic, Norwegian Sea and North Sea. Routine analysis of shard size is 

required, certainly for the most widespread tephras 

Manual measuring of shard size using an eye piece graticule is time consuming. Particle 

size analysis conducted during this study provides evidence that the shard size of tephra 

in the sample of peak tephra concentration is likely to reflect the shard size of the entire 

vertical spread of tephra, suggesting that laboratory time can be saved by analysing 

shard size in only a subset of most abundant shards within a given tephra layer. 

Furthermore, I estimate that assessing the size of 100 shards is sufficient to estimate the 

median shard size for a tephra layer at a given site (Chapter 6). These methodological 

alterations are similar to the modern approach used in characterizing proximal tephra 

deposits using a subset of scoria/pumice size fractions and are important as they reduce 

the time required to process each shard size sample and may encourage routine 

reporting of tephra shard size. However, future work should focus on an automated 

approach to estimating the shard size of cryptotephra samples. Automated imaging 

(perhaps even in 3 dimensions) of small shards present in only sparse concentrations, 

would allow for the quantification of morphological characteristics (e.g. vesicularity), 

which in this thesis were recorded qualitatively. As atmospheric models of volcanic ash 

increase in complexity, understanding the precise morphology and size characteristics 

of distal volcanic ash will become increasingly important.  

In Chapters 7 and 8, for the first time, proximal records of Icelandic volcanism are 

compared with the distal cryptotephra record over the last 7000 years (Chapters 7 and 8, 
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Thesis Objective 6). Examining past trends in the frequency of volcanism using 

proximal records (e.g. tephra layers and lava flows) is often complicated by issues of 

reworking or the burial of evidence by younger eruptions. The novel approach of using 

distal cryptotephra records to compliment the proximal geological record offers an 

additional line of evidence, supporting the idea that changes in the frequency of 

volcanism over time are not due to preservation bias in the proximal geological record. 

The frequency of both Icelandic volcanism and European ash clouds has varied over the 

last 7000 years. Variation in the frequency of Icelandic volcanism over time can be 

explained by periodic changes in the spreading rate of the mid ocean rift zone splitting   

Iceland and the influence of surface loading (glacier extent) on rates of volcanism 

(Larsen et al., 1998; Schmidt et al., 2013). In addition to being sensitive to changes in 

the rate of Icelandic volcanism, the frequency of distal ash accumulations over northern 

Europe is affected by wind direction, wind speed and rainfall, all of which affect the 

probability and trajectory of long range ash particle transport (Davies et al., 2010) 

(Chapter 8 Thesis objective 7). 

There is a positive correlation between the frequency of Icelandic volcanism and the 

record of distal ash clouds reaching N. Europe throughout the Holocene. Furthermore, 

synchronous periods of quiescence occur at least twice during the last 7000 years in 

records of Icelandic volcanic eruptions and ash clouds over northern Europe (5.5-4.5 

and 2.6-1.6 ka BP) (Chapter 7, Thesis objective 6). These periods are not easily 

explained by changes in the rate of rifting or mantle plume dynamics, as such plate-

scale (or large scale) parameter fluctuations necessitate much longer timescales. Instead, 

following an analysis of global and regional climate data I propose that climate 

(modulated by glacial loading and unloading) has exerted control on the frequency of 

volcanism in Iceland over the Holocene. Evidence for this hypothesis is provided in the 

form of a significant correlation between a deepening of the Icelandic Low (a control on 

glacier extent), and periods of less frequent volcanic eruptions with a lag of 400-1500 

years. This research provides the first empirical evidence to support numerical 

modelling efforts which suggest that moderately small changes in ice volume, such as 

those which have occurred during the Holocene in Iceland, can have an impact on the 
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frequency of volcanism (Schmidt et al., 2013). However, more research is required into 

the magnitude of changes in past glacial extent on Iceland and the impacts of moderate 

changes in surface loading on melt production rates in the mantle under Iceland. 

Advancing our understanding of the links between climate, glaciology and the 

frequency of volcanic activity will become increasingly important as ice caps and 

glaciers retreat under anthropogenic-driven warming.  

In order to estimate the future probability of an ash cloud over northern Europe (Thesis 

objective 7) I examined both the new European ash cloud database, and Icelandic 

eruption records. Given the changes in the frequency of Icelandic eruptions evidenced 

by both proximal records and records of ash deposition over the last 7000 years 

(Chapters 7 and 8), I examined the period for which the rate of both ash clouds and 

Icelandic eruptions has been the most stationary (with only minor fluctuation) - the last 

1000 years. A comparison of Icelandic and European tephra records over the last 1000 

years revealed that all ash clouds in northern European geological record have been 

produced by highly explosive Plinian eruptions with a VEI ≥ 4 (Chapter 8, Thesis 

Objectives 6 and 7). According to the geological record, Icelandic eruptions with a VEI 

≥ 4 and a silicic magma composition present the most risk of producing an ash cloud 

over northern Europe. A number of cryptotephra layers in the geological record do not 

have a known source, and are found in fewer distal sites. These cryptotephra layers 

might represent ash clouds which were produced by eruptions with a lower VEI. These 

cryptotephra layers have a major element glass geochemical composition consistent 

with a source eruption in Iceland, but have not been traced to a specific vent 

site/volcanic centre. Future research should concentrate on trying to identify a source 

volcano for these tephra layers. This might involve work on proximal deposits in 

Iceland, to characterise the geochemistry of tephra derived from eruptions of a smaller 

magnitude or lesser studied volcanic regions (Haflidason et al., 2000). Cryptotephra 

layers in northern Europe may even represent a record of Icelandic volcanism which has 

been eroded from the Icelandic record by subsequent eruptions. The average return 

interval of a volcanic ash cloud over northern Europe based on the new database is 44 ± 
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7 years, suggesting that ash clouds are more common over northern Europe than 

previously proposed (56 ± 9 years; Swindles et al. (2011)). 

During thesis compartment 2 I have explored a range of ways in which cryptotephra 

layers can be used as a record of past volcanic eruptions. I have studied the use of tephra 

particle size measurements to examine the fallout of ash across sites in northern Europe, 

tephra shard size, which is not currently routinely reported, offers some promise for 

understanding the nature of eruptions (e.g. plume height) from which the shards are 

derived. However, there are limitations to the application of shard size and morphology 

data as weather conditions, a major control on tephra dispersal, are often unknown for 

ancient eruptions. The examination of proximal records of Icelandic eruption frequency 

and European ash fall records has, for the first time, provided empirical evidence that 

small changes in ice mass, driven by climate, can impact on the frequency of volcanism. 

These results add weight to previous studies relying on numerical modelling and have 

major implications for the frequency of volcanic eruptions under glacial unloading 

caused by anthropogenic climate change. Comparisons of Icelandic eruption records 

and cryptotephra records have also indicated the type of volcanic eruption (VEI ≥ 4 and 

a with silicic magma composition) which are most likely to produce ash clouds over 

northern Europe. Finally, by combining information on the new tephra layers identified 

in Chapters (3, 4, 5 and 6) a new estimate for the recurrence of ash clouds over northern 

Europe has been calculated (44 ± 7 years). Although this still represents a minimum 

estimate for volcanic ash clouds reaching northern Europe in the past, it is less likely to 

be confounded by spatial and temporal sampling bias than the previous estimate of 

Swindles et al. (2011).  

9.2 Research implications  

Cryptotephra layers are widely used in the dating and correlation of paleoenvironmental 

research. Furthermore, cryptotephras represent the only evidence of pre-historic ash 

clouds and are an important record of past volcanism. During this research project three 

new distal tephra layers (AUC-1, CLA-L1 and SN-1) have been identified, 

geochemically analysed and reported. Furthermore, a large number of high quality 
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EPMA glass geochemical analyses, conducted with the use of secondary standards, on 

glass shards from both well-established and less well-established cryptotephra layers 

have been collected. These data provide an important resource for future studies of 

northern European and Peruvian tephra layers and will be uploaded onto community 

databases e.g. Tephrabase (Newton et al., 2007) following completion of this project.  

Understanding the reworking, redistribution and preservation of cryptotephra layers is 

crucial both when using them as records of ash clouds and when utilising them as a 

chronological tool. In this study, a number of methodological advances are presented, 

which are important for the design of future tephra studies. These advances in methods 

will be of importance to scientists in the field of tephrochronology, but also to those 

working in atmospheric science and paleoecology. Beyond methodological advances, 

this study demonstrates how cryptotephra records can be utilised in new ways to 

compliment proximal records of volcanism and to present a new recurrence estimate for 

the frequency of ash cloud events over northern Europe. Our new findings are of direct 

relevance to insurance and aviation industries, governments and the general public. A 

number of important methodological advances and novel approaches from this thesis 

are listed below.  

 9.2.1 Advances in methods  

 Three tephra layers that correlate to the Hekla eruptions of 1510, 1845 and 1947 

were detected in 14 cores from the same peatland, suggesting that in small, largely 

undisturbed, mid-latitude peatlands, the presence or absence of tephra from a given 

eruption can be determined, with a high degree of certainty, by analysing a single 

core (Chapter 3).  

 There is evidence of incomplete tephra records in both peatlands and lakes. A 

combination of records from both lakes and peatlands must be used to establish the 

most comprehensive and complete regional tephrostratigraphies (Chapter 5).  

 The analyses of glass shards by EPMA during this study do not indicate any 

significant chemical alteration of glass shards extracted by different extraction 
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processes (density separation vs. acid extraction). Acid digestion is a suitable 

extraction method for glass shards of rhyolitic and trachydacitic composition from 

ombrotrophic peatlands and does not result in a significant degree of geochemical 

alteration. (Chapters 4 and 5). 

 Shard size does not vary significantly with depth within a cryptotephra layer and 

therefore the median shard size for a given tephra can be estimated by measuring 

100 shards in the vertical sample of peak tephra shard concentration (Chapter 6).  

9.2.2 Novel approaches  

 Cryptotephra layers can be used to supplement proximal records of volcanism to 

further understanding of climate volcano interactions (Chapters 7 and 8).  

 Tephra shard size and geochemistry can be used to understand more about the 

eruption from which the tephra is derived, although usefulness is limited by a lack 

of records of weather conditions during ancient eruptions (Chapter 6).  

 A new model of volcanic ash over northern Europe suggests ash clouds occurred 

more frequently in the last 1000 years than previously thought (Chapter 8).  

9.3 Prospects for future research  

The results presented in this thesis open up a number of avenues for future work around 

the themes of tephrochronology and the use of cryptotephra layers as records of past ash 

clouds. I present evidence that tephra can be preserved in tropical environments. Further 

research into the tephrochronology of tropical regions may inform our understanding of 

the volcanic history of these regions, many of which have poorly preserved, or 

understudied proximal records of volcanic activity.    

I have demonstrated how distal cryptotephra records can be used to complement records 

of volcanic activity from proximal geological records. Expanding on this work, to look 

in more detail at specific time periods, or into new volcanic regions may offer the 

opportunity to identify trends which might be missing or unapparent from the analysis 

of proximal records of volcanic activity alone. The use of European cryptotephra layers 
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to supplement proximal records of Icelandic volcanism has allowed for the detection of 

periods of volcanic quiescence which are apparent in both datasets. The periods of 

volcanic quiescence are connected to periods of ice expansion on Iceland. 

Understanding the impact of small magnitude changes in surface loading (on 

interglacial timescales) may have implications for the impact of future climate warming 

on rates of volcanic activity. However, a number of questions remain, such as, what is 

the threshold at which ice loading, or unloading results in changes in volcanic eruption 

frequency?  

Finally, more work could be conducted toward assessing the true margins of volcanic 

ash distribution of detectable shards suitable for geochemical analysis (>30 µm), by 

seeking sparse concentrations of tephra shards in sites further from their volcanic 

source. Modelling (Chapter 6) indicates that a 30 µm shard from an Icelandic eruption 

with a plume height of 35 km can travel up to 23, 000 km. So we may be far from 

identifying the true margins of ash cloud distribution from Icelandic volcanoes.  
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Supplementary files  

Chapter 3: Spatial variability of tephra and carbon accumulation in a Holocene 

peatland 

(Overleaf)
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Chapter 3. Fig. S1. Cluster dendrogram based on major element geochemistry of FAL_1 (red), FAL_2 (blue) and FAL_3 (purple) tephras. Approximately Unbiased 

(AU) and Bootstrap probability (BP) values (%) are illustrated for major clusters. Rectangles highlight clusters with AU values >95%. Analysis conducted in 

PVCLUST package in R version 3.1.1 (Suzuki and Shimodaira, 2006). Analysis was conducted on raw data (not normalised) with oxide totals >95% (n=21, 22 and 20 

for FAL_1, FAL_2, FAL_3 respectively).
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Chapter 3. Fig. S2. Bivariate plot showing principal component scores on component 1 and 2 of (a) raw 

and (b) additive log ratio transformed data. Analysis was conducted on raw data (not normalised) with 

oxide totals >95% (n=21, 22 and 20 for FAL_1, FAL_2, FAL_3 respectively). One shard was removed 

following log ratio transformation due to a negative measured value for MgO therefore for (b) n = 21, 21, 

20 for FAL_1, FAL_2, FAL_3 respectively. Eigenvalues were (a) raw, axis 1 = 7.3086, axis 2 = 1.2560 

(b) log ratio transformed, axis 1 = 6.4620, axis 2 = 0.9918.  
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Chapter 3. Fig. S3. Tephra geochemistry bi-plots for FAL_2 (Fallahogy core A) and type data from 

northern European cryptotephras dated between 1510 and 1947 AD (excluding Hekla 1845). Data from 

Tephrabase (Newton et al., 2007). 

 

Chapter 3. Fig. S4. Tephra geochemistry bi-plots for (a-b) full range of FeOt(%), TiO2(%), CaO(%), 

MgO(%) values for the FAL_3 tephra from core K plotted against type data for the Hekla eruptions of 

1510, 1845 and 1947 from the Tephrabase (Newton et al., 2007).  
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Chapter 3. Table S1. Major oxide concentration data (wt %) for tephra shards identified in core A and 

core K at Fallahogy. Core A: FAL_1 = 8-9 cm, FAL_2 = 14-15 cm, FAL_3= 24-25 cm. Core K: FAL_3 

= 43-45 cm. Tephra analysis was conducted using a Cameca SX100 electron probe microanalyser at 

Tephra Analytical Unit (TAU), School of Geosciences, University of Edinburgh. All analyses were 

conducted with a beam diameter of 5 μm, 15kV and beam currents of 2 nA (Na, Mg, Al, Si, K, Ca, Fe) 

and 80 nA (P, Ti, Mn) (Hayward, 2012). Analyses with low total oxide values (less than 95%) were 

excluded. Secondary glass standards (basalt (BCR-2G) and rhyolite (Lipari)), were analysed before and 

after unknown tephra samples. Analyses on secondary standards are italicised.  

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Lipari 74.93 0.08 13.31 1.49 0.07 0.07 0.63 4.00 5.16 0.01 99.75 

Lipari 73.79 0.08 12.98 1.54 0.08 0.04 0.71 3.98 5.08 0.00 98.28 

BCR-2G 54.25 2.26 13.43 12.19 0.19 3.64 7.19 3.18 1.88 0.34 98.54 

BCR-2G 54.71 2.25 13.43 12.55 0.20 3.80 7.15 3.21 1.85 0.37 99.52 
                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

FAL_2 73.72 0.10 12.44 0.28 0.02 0.00 0.59 3.74 4.96 0.01 95.88 

FAL_2 72.63 1.07 12.00 1.72 0.00 0.02 0.32 4.19 3.94 0.24 96.14 

FAL_2 72.62 0.18 14.06 3.04 0.11 0.11 2.10 4.50 2.50 0.04 99.25 

FAL_2 72.50 0.10 12.38 1.38 0.05 0.03 0.78 2.67 5.90 0.01 95.80 

FAL_2 72.08 0.82 12.73 0.99 0.02 0.00 0.45 3.84 4.40 0.19 95.51 

FAL_2 71.64 0.10 12.55 1.92 0.05 0.04 0.82 2.80 5.99 0.03 95.94 

FAL_2 67.51 0.80 15.79 0.67 0.01 0.03 2.45 5.05 2.80 0.09 95.19 

FAL_2 62.41 0.99 14.69 8.42 0.24 1.40 4.96 4.29 1.85 0.34 99.58 

FAL_2 62.03 0.89 14.81 7.99 0.22 1.27 4.51 4.45 1.72 0.31 98.21 

FAL_2 61.88 0.97 15.10 7.93 0.21 1.40 4.77 4.57 1.73 0.35 98.91 

FAL_2 61.52 0.97 14.76 8.51 0.20 1.49 5.22 4.10 1.61 0.37 98.74 

FAL_2 61.20 1.12 15.32 9.11 0.24 1.65 5.22 4.45 1.63 0.45 100.39 

FAL_2 61.03 1.02 14.73 7.88 0.21 1.34 4.80 4.34 1.76 0.38 97.50 

FAL_2 60.70 1.12 14.79 8.62 0.22 1.64 5.14 4.50 1.65 0.47 98.85 

FAL_2 60.64 1.13 15.18 8.37 0.26 1.66 5.00 4.04 1.55 0.47 98.29 

FAL_2 60.60 1.08 15.02 8.34 0.22 1.57 5.01 4.47 1.79 0.42 98.53 

FAL_2 60.48 1.10 14.77 9.13 0.20 1.63 5.08 4.00 1.58 0.43 98.40 

FAL_2 60.41 1.13 14.92 8.83 0.24 1.92 5.03 4.13 1.62 0.47 98.70 

FAL_2 60.02 1.09 14.41 8.38 0.22 1.44 4.49 3.96 1.69 0.43 96.13 

FAL_2 59.97 1.11 15.04 8.91 0.23 1.56 5.17 4.34 1.55 0.43 98.32 

FAL_2 59.58 1.12 14.94 8.89 0.25 1.75 5.23 4.32 1.57 0.47 98.14 

FAL_2 58.63 1.23 14.53 9.48 0.22 1.77 4.85 4.30 1.55 0.45 97.00 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Lipari 75.55 0.08 12.89 1.58 0.05 0.01 0.74 4.18 5.28 0.00 100.36 

Lipari 75.06 0.08 13.04 1.61 0.07 0.02 0.74 4.15 5.13 0.00 99.91 

Lipari 74.75 0.07 13.08 1.54 0.05 0.03 0.74 4.01 5.14 0.00 99.41 

Lipari 75.08 0.09 13.00 1.52 0.06 0.04 0.76 4.17 5.26 0.01 100.00 

Lipari 74.00 0.08 13.00 1.55 0.07 0.05 0.76 3.98 5.22 0.00 98.71 

Lipari 73.94 0.07 12.84 1.37 0.04 0.04 0.80 3.94 5.04 0.01 98.09 

BCR-2G 55.17 2.25 13.86 12.45 0.17 3.75 7.20 3.20 1.81 0.32 100.18 
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BCR-2G 55.66 2.25 13.37 12.10 0.20 3.67 7.16 3.07 1.79 0.32 99.60 

BCR-2G 55.63 2.26 13.30 12.26 0.19 3.66 7.35 3.23 1.73 0.32 99.94 

BCR-2G 55.63 2.26 13.29 12.43 0.18 3.61 7.43 3.12 1.85 0.32 100.13 

BCR-2G 55.48 2.27 13.75 12.15 0.19 3.72 7.46 3.18 1.87 0.33 100.40 

BCR-2G 55.78 2.26 13.68 12.13 0.18 3.71 7.20 3.08 1.83 0.33 100.18 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Lipari 74.30 0.08 12.92 1.59 0.08 0.03 0.82 4.04 5.30 0.00 99.15 

Lipari 74.23 0.08 13.07 1.66 0.05 0.04 0.78 3.85 5.25 0.01 99.02 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

FAL_3 76.23 0.32 11.99 3.57 0.12 0.10 1.70 4.09 2.26 0.03 100.42 

FAL_3 73.84 0.23 13.39 3.19 0.12 0.01 1.05 5.23 3.61 0.01 100.69 

FAL_3 73.65 0.19 13.19 1.30 0.03 0.22 1.50 4.63 2.27 0.06 97.05 

FAL_3 63.00 0.83 15.67 8.03 0.20 1.23 4.92 4.85 1.67 0.28 100.67 

FAL_3 62.72 0.45 16.37 3.50 0.27 0.26 0.67 7.47 5.46 0.04 97.21 

FAL_3 62.71 0.93 15.25 7.72 0.21 1.32 4.70 4.53 1.85 0.32 99.53 

FAL_3 62.67 0.92 15.29 7.81 0.21 1.27 4.54 4.76 1.81 0.31 99.60 

FAL_3 62.39 0.91 15.16 8.08 0.20 1.22 4.73 4.42 1.70 0.29 99.10 

FAL_3 62.35 0.90 15.58 7.84 0.21 1.24 4.64 4.57 1.76 0.32 99.40 

FAL_3 62.33 0.94 14.77 7.83 0.21 1.21 4.40 4.39 1.94 0.33 98.34 

FAL_3 62.31 0.86 15.56 6.85 0.19 1.02 4.59 4.59 1.76 0.30 98.02 

FAL_3 62.31 0.92 15.25 8.05 0.21 1.32 4.75 4.46 1.66 0.34 99.26 

FAL_3 62.29 0.92 14.98 7.76 0.21 1.28 4.63 4.61 1.72 0.31 98.70 

FAL_3 62.14 0.91 14.78 7.60 0.17 1.27 4.60 4.60 1.85 0.30 98.23 

FAL_3 62.08 0.95 14.63 8.44 0.25 1.41 4.64 4.53 1.74 0.31 98.97 

FAL_3 61.77 0.98 16.42 6.60 0.22 0.97 5.30 5.12 1.73 0.49 99.59 

FAL_3 61.62 0.97 14.87 8.09 0.22 1.35 4.71 4.39 1.75 0.35 98.32 

FAL_3 61.53 0.65 17.44 6.65 0.18 1.03 5.75 5.01 1.35 0.23 99.82 

FAL_3 61.38 0.65 18.06 5.53 0.16 0.97 6.07 5.39 1.17 0.24 99.60 

FAL_3 60.94 0.90 14.68 8.20 0.24 1.32 4.65 4.43 1.68 0.30 97.33 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

FAL_1 72.40 0.10 12.38 1.60 0.04 0.04 0.97 3.21 5.66 0.02 96.43 

FAL_1 64.60 0.91 15.30 7.62 0.22 1.19 4.50 4.32 1.83 0.30 100.80 

FAL_1 64.26 0.91 15.21 7.67 0.22 1.22 4.13 4.34 1.88 0.31 100.16 

FAL_1 63.62 0.91 14.76 7.88 0.19 1.24 4.34 4.41 1.87 0.30 99.52 

FAL_1 63.58 0.89 15.02 7.34 0.18 1.13 4.50 4.21 1.71 0.30 98.86 

FAL_1 63.34 0.90 14.86 7.76 0.19 1.20 4.63 4.38 1.81 0.31 99.40 

FAL_1 63.14 0.91 15.12 7.90 0.22 1.25 4.49 4.67 1.85 0.27 99.82 

FAL_1 63.12 0.88 14.79 7.55 0.23 0.91 3.79 4.30 1.98 0.29 97.84 

FAL_1 62.98 0.91 15.44 7.88 0.19 1.15 4.65 4.96 1.87 0.29 100.34 

FAL_1 62.97 0.84 15.50 7.86 0.19 1.21 4.88 4.57 1.70 0.26 99.99 

FAL_1 62.76 0.94 15.33 7.70 0.22 1.20 4.52 4.46 1.87 0.30 99.31 

FAL_1 62.67 0.91 15.53 8.22 0.23 1.26 4.46 4.43 1.79 0.31 99.81 

FAL_1 62.64 0.94 14.94 7.71 0.24 1.11 4.47 4.79 1.85 0.30 98.99 

FAL_1 62.63 0.91 14.91 7.78 0.23 1.27 4.65 4.38 1.70 0.29 98.75 

FAL_1 61.69 0.91 15.06 8.38 0.24 1.31 4.75 4.60 1.65 0.29 98.86 

FAL_1 61.59 0.87 14.21 7.80 0.21 1.38 4.81 4.43 1.58 0.29 97.17 

FAL_1 61.42 0.90 14.75 7.31 0.20 1.22 4.64 4.52 1.82 0.27 97.05 

FAL_1 61.33 1.09 14.83 8.51 0.22 1.54 4.92 4.17 1.70 0.39 98.69 
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FAL_1 61.31 1.04 14.81 8.64 0.23 1.52 5.02 4.52 1.69 0.42 99.20 

FAL_1 61.04 1.07 14.94 8.58 0.22 1.61 5.09 4.19 1.64 0.37 98.74 

FAL_1 60.40 0.85 14.65 7.60 0.19 1.20 4.19 4.28 1.71 0.30 95.37 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Lipari 73.04 0.07 12.84 1.51 0.06 0.00 0.71 4.04 5.06 0.01 97.34 

Lipari 73.43 0.07 12.64 1.50 0.04 0.04 0.76 4.00 5.14 0.01 97.62 

Lipari 73.30 0.08 12.77 1.77 0.08 0.05 0.76 3.98 5.30 0.01 98.10 

Lipari 72.86 0.08 12.80 1.25 0.06 0.00 0.73 4.12 5.30 0.01 97.20 

Lipari 72.94 0.08 12.61 1.69 0.04 0.06 0.74 3.93 5.13 0.00 97.22 

Lipari 72.96 0.08 12.91 1.62 0.05 0.04 0.72 3.94 5.18 0.00 97.50 

BCR-2G 54.38 2.25 13.50 11.88 0.18 3.64 7.03 3.11 1.85 0.34 98.16 

BCR-2G 54.61 2.25 13.14 12.46 0.16 3.68 7.07 3.29 1.90 0.35 98.91 

BCR-2G 54.57 2.25 13.42 12.31 0.20 3.71 7.33 3.22 1.86 0.33 99.22 

BCR-2G 54.07 2.26 13.18 12.18 0.19 3.54 7.23 3.14 1.87 0.33 97.99 

BCR-2G 54.24 2.26 13.19 13.06 0.19 3.60 7.33 3.16 1.89 0.32 99.23 

BCR-2G 53.37 2.25 13.50 12.77 0.19 3.77 7.17 3.26 1.85 0.35 98.47 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

FAL_3_CORE_K 73.19 0.22 12.75 3.07 0.09 0.01 0.95 5.27 3.59 0.00 99.12 

FAL_3_CORE_K 71.01 0.20 12.44 3.32 0.13 0.07 1.02 4.67 3.95 0.03 96.83 

FAL_3_CORE_K 69.30 0.28 12.87 3.61 0.14 0.18 1.37 5.36 3.40 0.04 96.55 

FAL_3_CORE_K 67.97 0.73 13.84 5.57 0.17 0.51 2.45 4.75 2.91 0.14 99.05 

FAL_3_CORE_K 63.89 0.93 15.03 7.70 0.22 1.23 4.54 4.73 1.69 0.30 100.27 

FAL_3_CORE_K 63.74 0.83 15.19 7.83 0.20 1.36 4.55 4.70 1.77 0.36 100.53 

FAL_3_CORE_K 63.72 0.93 15.40 7.65 0.23 1.33 4.58 4.74 1.72 0.30 100.61 

FAL_3_CORE_K 63.64 0.82 15.06 8.43 0.20 1.31 4.82 4.64 1.74 0.36 101.03 

FAL_3_CORE_K 63.54 0.93 15.15 7.64 0.23 1.29 4.44 4.44 1.69 0.32 99.65 

FAL_3_CORE_K 63.51 0.86 14.34 8.50 0.24 1.33 4.24 4.65 1.76 0.30 99.73 

FAL_3_CORE_K 63.43 0.98 15.24 8.30 0.20 1.34 4.46 4.76 1.71 0.35 100.77 

FAL_3_CORE_K 63.32 0.93 15.18 7.74 0.21 1.23 4.52 4.75 1.73 0.29 99.92 

FAL_3_CORE_K 62.97 0.95 14.69 7.98 0.23 1.30 4.39 4.80 1.80 0.31 99.43 

FAL_3_CORE_K 60.77 0.89 14.41 7.90 0.22 1.28 4.61 4.41 1.67 0.27 96.45 

FAL_3_CORE_K 60.70 0.91 14.36 7.70 0.20 1.27 4.48 4.18 1.75 0.31 95.86 

                        

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR-2G 54.84 2.26 13.48 12.46 0.19 3.67 7.14 3.15 1.77 0.35 99.30 

BCR-2G 54.54 2.27 13.38 12.24 0.20 3.80 7.04 3.20 1.79 0.35 98.80 

BCR-2G 55.57 2.25 13.57 12.42 0.18 3.74 7.31 3.44 1.78 0.35 100.62 

BCR-2G 55.26 2.26 13.59 12.32 0.20 3.81 7.17 3.19 1.85 0.36 100.00 

BCR-2G 54.35 2.26 13.37 12.78 0.20 3.74 7.08 3.41 1.81 0.35 99.36 

BCR-2G 55.27 2.28 13.31 12.74 0.19 3.79 7.16 3.20 1.76 0.33 100.03 

Lipari 73.81 0.08 12.69 1.76 0.05 0.04 0.74 4.20 5.28 0.00 98.66 

Lipari 74.29 0.08 12.74 1.60 0.06 0.04 0.76 4.07 5.20 0.01 98.86 

Lipari 73.96 0.08 13.03 1.62 0.08 0.03 0.72 4.16 5.35 0.01 99.04 

Lipari 74.76 0.08 12.89 1.60 0.06 0.02 0.79 4.15 5.19 0.00 99.55 

Lipari 75.23 0.07 13.30 1.63 0.06 0.04 0.66 4.25 5.21 0.01 100.46 

Lipari 73.16 0.08 12.51 1.65 0.07 0.06 0.72 4.32 5.43 0.00 98.00 
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Variable 1 Variable 2 p value Test statistic value 

Elevation of core 

location 

Total number of shards 1510 0.887 r = 0.04 

Total number of shards 1845 0.758 r = -0.09 

Total number of shards 1947 0.552 r = 0.18 

Apparent total carbon 

accumulation 

0.108 r = 0.45 

Distance from the 

edge of the peatland 

Total number of shards 1510 0.988 r = 0.004 

Total number of shards 1845 0.661 r = -0.13 

Total number of shards 1947 0.016 r = 0.65 

Apparent total carbon 

accumulation 

0.358 r = 0.27 

Chapter 3. Table S2. p values and test statistics for Spearman’s Rank Correlation Analysis in sections 

4.4.1. and 4.7.1. All analysis conducted in Minitab 17. The significant p value is highlighted in bold. A 

normality test was conducted on each variable prior to analysis. The result suggested that the majority of 

the variables were not normally distributed and therefore a non-parametric test was selected. 

Chapter 4: First discovery of Holocene cryptotephra in Amazonia  

Chapter 4. Supplementary Table 1: AUC1 Tephra geochemistry and standard data from EPMA 

Tephra  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total  

AUC10 cm Population 1  76.33 0.12 12.79 0.93 0.03 0.27 1.34 4.23 2.77 0.04 98.86 

AUC10 cm Population 1  76.03 0.16 12.38 0.75 0.02 0.18 0.86 3.75 3.97 0.03 98.14 

AUC10 cm Population 1 75.29 0.16 11.59 0.74 0.01 0.17 0.89 3.85 3.30 0.02 96.02 

AUC10 cm Population 1 74.59 0.07 12.69 0.83 0.07 0.14 0.98 4.11 3.08 0.05 96.61 

AUC10 cm Population 1 74.73 0.10 12.27 0.78 0.02 0.25 1.18 4.24 2.71 0.04 96.32 

AUC10 cm Population 1 74.15 0.05 12.66 0.81 0.06 0.19 1.09 4.09 3.18 0.06 96.35 

AUC10 cm Population 1 75.71 0.15 11.56 0.73 0.03 0.17 0.83 3.56 3.53 0.03 96.32 

AUC10 cm Population 1 78.78 0.18 11.70 0.66 0.02 0.11 0.64 3.50 4.02 0.03 99.64 

AUC10 cm Population 1 77.00 0.10 12.49 0.82 0.03 0.24 1.02 4.27 2.81 0.04 98.83 

AUC10 cm Population 1 75.99 0.16 11.85 0.93 0.03 0.18 0.99 3.90 3.34 0.02 97.40 

AUC10 cm Population 1 73.41 0.06 12.98 0.79 0.07 0.16 1.04 4.13 3.18 0.05 95.87 

AUC10 cm Population 1 75.10 0.16 11.21 0.79 0.03 0.19 0.87 3.76 3.59 0.03 95.74 

AUC10 cm Population 1 73.73 0.06 12.52 0.65 0.06 0.16 0.94 4.10 3.12 0.05 95.40 

AUC10 cm Population 1 74.29 0.06 12.80 0.79 0.06 0.15 0.94 4.04 3.08 0.05 96.26 

AUC10 cm Population 1 77.14 0.17 12.32 1.00 0.03 0.22 0.99 3.87 3.99 0.04 99.76 

AUC10 cm Population 1 77.43 0.16 12.59 0.72 0.03 0.18 0.89 3.64 4.29 0.03 99.96 

AUC10 cm Population 1 74.79 0.35 12.77 1.82 0.06 0.40 1.47 4.16 3.17 0.06 99.05 

AUC10 cm Population 1 73.46 0.06 12.58 0.80 0.06 0.17 1.06 4.09 3.20 0.05 95.53 

AUC10 cm Population 1 75.31 0.24 12.97 1.03 0.02 0.26 1.42 4.09 3.33 0.04 98.71 

AUC10 cm Population 1 75.64 0.17 12.55 0.95 0.03 0.18 0.89 3.69 3.86 0.03 97.98 

AUC10 cm Population 1 76.56 0.17 12.00 0.84 0.02 0.15 0.96 3.66 3.81 0.04 98.21 
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AUC10 cm Population 1 73.54 0.12 12.34 0.91 0.03 0.31 1.40 4.36 2.60 0.04 95.66 

            

Min  73.41 0.05 11.21 0.65 0.01 0.11 0.64 3.50 2.60 0.02 95.40 

Max 78.78 0.35 12.98 1.82 0.07 0.40 1.47 4.36 4.29 0.06 99.96 

Mean 75.41 0.14 12.35 0.87 0.04 0.20 1.03 3.96 3.36 0.04 97.39 

Stdev  1.42 0.07 0.49 0.24 0.02 0.07 0.21 0.25 0.47 0.01 1.55 

            

Standard  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total  

BCR2g (before unknowns) 54.72 2.25 13.29 12.26 0.20 3.66 7.15 3.11 1.76 0.36 98.76 

BCR2g (before unknowns) 55.57 2.28 13.55 12.72 0.21 3.65 6.98 3.31 1.84 0.35 100.47 

BCR2g (before unknowns) 54.63 2.27 13.71 12.43 0.20 3.81 7.19 3.23 1.83 0.35 99.65 

Lipari (before unknowns) 74.60 0.07 13.27 1.58 0.06 0.06 0.75 4.24 5.22 0.01 99.86 

Lipari (before unknowns) 73.69 0.08 12.80 1.51 0.07 0.03 0.74 4.08 5.13 0.00 98.14 

Lipari (before unknowns) 75.67 0.08 12.86 1.50 0.08 0.05 0.74 4.45 5.27 0.00 100.70 

            

BCR2g (after unknowns) 53.76 2.24 13.29 12.43 0.20 3.69 7.24 3.24 1.80 0.36 98.27 

BCR2g (after unknowns) 53.77 2.23 13.07 12.33 0.19 3.75 7.28 3.38 1.78 0.36 98.15 

BCR2g (after unknowns) 53.96 2.27 13.41 12.45 0.20 3.72 7.15 3.40 1.76 0.39 98.71 

BCR2g (after unknowns) 53.52 2.23 13.56 12.27 0.19 3.73 7.25 3.31 1.75 0.36 98.16 

BCR2g (after unknowns) 54.04 2.24 13.47 12.89 0.21 3.64 7.29 3.22 1.76 0.35 99.11 

BCR2g (after unknowns) 54.15 2.24 13.08 12.39 0.20 3.70 7.31 3.31 1.87 0.35 98.60 

Lipari (after unknowns) 74.90 0.09 12.79 1.67 0.06 0.03 0.75 4.32 5.25 0.00 99.87 

Lipari (after unknowns) 74.42 0.07 13.01 1.51 0.06 0.05 0.77 4.20 5.23 0.01 99.34 

Lipari (after unknowns) 73.94 0.08 12.83 1.41 0.06 0.06 0.74 4.11 5.27 0.01 98.50 

Lipari (after unknowns) 74.14 0.07 12.91 1.59 0.06 0.05 0.74 4.25 5.17 0.00 98.99 

Lipari (after unknowns) 74.44 0.07 12.85 1.55 0.07 0.05 0.77 4.35 5.11 0.01 99.27 

Lipari (after unknowns) 74.82 0.07 13.02 1.71 0.07 0.05 0.69 4.22 4.99 0.00 99.64 

 

  



~ 260 ~ 

 

 

 

Chapter 5: Do peatlands or lakes provide the most comprehensive distal tephra 

records? 

Chapter 5. Supplementary file 1: Photographs of lakes and peatlands mentioned in the text. Photos 

courtesy of authors: EJW, ITL, GTS 
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Chapter 5. Supplementary Table 1. Raw geochemical data. The majority of tephra geochemical analysis 

was conducted using a Cameca SX100 electron probe microanalyser at Tephra Analytical Unit (TAU), 

School of Geosciences, University of Edinburgh. All analyses were conducted with a beam diameter of 5 

μm, 15kV and beam currents of 2 nA (Na, Mg, Al, Si, K, Ca, Fe) and 80 nA (P, Ti, Mn) (Hayward, 

2012). Secondary glass standards (basalt (BCR-2G) and rhyolite (Lipari)), were analysed before and after 

unknown tephra samples. Samples marked with a (*) were analysed at the University of Leeds using 15 

kV, 10μm beam diameter and a beam current of 10 nA. Analyses with low total oxide values (less than 

95%) were excluded. 

CLA-B1 = Öræfajökull 1362, Hekla 1510? Standard data = Group 1 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B1 72.24 0.21 13.08 2.93 0.09 0.02 1.05 4.42 3.72 0.02 97.77 

CLA-B1 72.14 0.22 13.10 3.31 0.10 0.02 1.03 5.05 3.62 0.02 98.62 

CLA-B1 71.41 0.14 16.16 1.64 0.05 0.02 3.01 5.86 2.08 0.06 100.44 

CLA-B1 68.61 0.89 14.10 4.58 0.11 0.35 2.29 4.74 3.35 0.17 99.18 

CLA-B1 68.24 0.82 13.51 4.21 0.16 0.73 2.21 5.01 3.29 0.18 98.37 

CLA-B1 63.49 0.84 15.50 7.80 0.22 1.31 4.75 4.68 1.76 0.33 100.69 

CLA-B1 50.06 2.62 13.54 12.52 0.20 5.73 10.02 2.70 0.48 0.29 98.15 

            

CLA-B2 = Unknown #4, mix? Standard data = Group 2 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B2 74.97 0.34 12.71 2.23 0.12 0.12 0.50 4.69 4.14 0.02 99.83 

CLA-B2 74.16 0.34 12.60 2.48 0.09 0.11 0.44 5.48 4.06 0.02 99.78 

CLA-B2 73.39 0.29 11.59 2.74 0.08 0.03 0.48 4.06 4.61 0.05 97.33 

CLA-B2 72.11 0.34 12.66 3.04 0.16 0.23 1.17 4.94 3.97 0.07 98.69 

CLA-B2 70.82 0.25 14.02 2.23 0.08 0.23 0.91 5.03 4.79 0.04 98.40 

CLA-B2 70.76 0.42 13.50 5.09 0.12 0.28 2.48 4.60 2.75 0.08 100.06 

CLA-B2 69.35 0.28 12.77 3.62 0.14 0.16 1.34 4.17 3.46 0.04 95.33 

CLA-B2 69.05 0.26 13.87 2.31 0.06 0.20 0.93 4.77 4.35 0.03 95.83 

CLA-B2 68.77 0.57 15.55 5.56 0.17 0.52 3.93 1.56 2.16 0.33 99.12 

CLA-B2 68.54 0.26 12.56 3.33 0.12 0.20 1.35 5.00 3.50 0.05 94.90 

CLA-B2 68.12 0.25 12.26 3.61 0.14 0.22 1.41 5.05 3.45 0.06 94.57 

CLA-B2 67.83 0.57 12.76 5.93 0.20 0.51 2.64 4.53 2.55 0.12 97.63 

CLA-B2 67.76 0.72 13.40 4.86 0.13 0.55 2.07 5.18 3.09 0.13 97.90 

CLA-B2 67.66 0.48 13.79 5.61 0.16 0.46 3.22 4.31 2.29 0.09 98.07 

CLA-B2 66.95 0.80 15.46 4.12 0.06 1.43 3.56 5.06 2.08 0.27 99.78 

CLA-B2 66.54 0.59 12.68 6.77 0.20 0.62 4.01 4.47 2.54 0.49 98.90 

CLA-B2 61.83 1.17 14.31 8.74 0.23 1.20 4.84 4.32 1.75 0.50 98.90 

CLA-B2 61.52 0.85 14.51 6.60 0.21 0.65 4.79 4.57 2.08 0.56 96.34 

CLA-B2 60.97 1.12 14.65 7.88 0.23 1.23 4.96 4.41 1.69 0.48 97.63 

CLA-B2 60.68 1.19 14.55 8.56 0.19 1.27 4.97 4.48 1.61 0.54 98.04 
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CLA-B2A = Hekla 1104 Standard data = Group 3 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B2A 72.14 0.21 13.79 2.88 0.10 0.12 1.87 4.17 2.76 0.02 98.00 

CLA-B2A 71.19 0.20 12.96 3.27 0.13 0.09 1.94 1.86 2.56 0.03 94.00 

CLA-B2A 70.55 0.19 12.36 3.08 0.12 0.12 1.92 4.52 2.74 0.02 96.00 

CLA-B2A 69.33 0.36 13.14 2.05 0.04 0.39 1.59 2.50 4.21 0.08 94.00 

            

CLA-B3 = MOR-T4 Standard data = Group 4 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B3 75.98 0.07 12.87 1.77 0.04 0.06 1.42 2.06 3.37 0.03 97.67 

CLA-B3 75.23 0.09 12.80 1.84 0.08 0.06 1.41 3.89 3.12 0.01 98.52 

CLA-B3 71.86 0.18 11.82 2.61 0.08 0.02 0.35 4.53 5.59 0.01 97.05 

CLA-B3 70.72 0.79 14.64 3.22 0.06 0.95 2.88 4.78 3.32 0.19 101.55 

CLA-B3 69.98 0.74 14.20 3.15 0.04 0.93 2.65 4.55 3.18 0.18 99.61 

CLA-B3 69.78 0.18 13.65 2.83 0.10 0.14 1.92 4.23 2.71 0.03 95.57 

CLA-B3 69.77 0.70 14.70 3.00 0.04 0.88 2.54 4.56 3.36 0.17 99.72 

CLA-B3 69.64 0.81 14.78 3.38 0.06 1.04 3.10 4.48 3.19 0.19 100.66 

CLA-B3 68.83 0.77 14.95 3.12 0.05 1.03 2.92 4.78 3.22 0.20 99.88 

CLA-B3 68.83 0.76 15.52 3.21 0.06 1.07 2.96 4.98 3.12 0.20 100.70 

CLA-B3 68.65 0.69 14.83 2.98 0.06 0.89 2.60 4.11 3.42 0.18 98.42 

CLA-B3 68.53 0.81 14.97 3.18 0.05 1.13 2.95 4.78 3.06 0.21 99.67 

CLA-B3 68.20 0.72 14.85 3.06 0.04 1.14 3.08 4.50 3.17 0.20 98.95 

CLA-B3 68.09 0.79 15.09 3.25 0.05 1.08 2.90 3.67 3.17 0.20 98.31 

CLA-B3 67.72 0.74 14.73 3.24 0.06 1.11 3.02 4.76 3.23 0.19 98.78 

CLA-B3 67.31 0.78 14.48 3.08 0.05 0.99 2.96 4.55 3.07 0.20 97.46 

CLA-B3 67.21 0.65 14.90 3.21 0.05 1.07 3.39 4.43 3.11 0.17 98.19 

CLA-B3 67.06 0.80 15.18 3.32 0.05 1.11 3.14 4.62 3.20 0.22 98.70 

CLA-B3 65.55 0.79 14.33 3.15 0.04 1.03 2.96 4.45 3.29 0.20 95.79 

CLA-B3 65.38 0.72 14.52 3.25 0.03 1.00 2.69 4.29 3.24 0.19 95.31 

            

CLA-B4 = AD 860 B Standard data = Group 2 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B4 73.98 0.22 14.43 1.62 0.05 0.39 1.93 2.05 2.94 0.05 97.67 

CLA-B4 73.70 0.20 14.72 1.47 0.05 0.41 1.99 4.07 3.04 0.06 99.71 

CLA-B4 73.11 0.21 14.21 1.49 0.03 0.42 2.09 4.14 3.13 0.05 98.88 

CLA-B4 73.08 0.20 14.22 1.65 0.03 0.41 1.96 4.28 3.14 0.06 99.03 

CLA-B4 72.88 0.20 14.17 1.55 0.04 0.39 2.10 4.25 3.19 0.06 98.82 

CLA-B4 72.83 0.21 14.10 1.44 0.05 0.42 1.93 4.34 3.04 0.05 98.40 

CLA-B4 72.63 0.21 14.33 1.58 0.04 0.34 1.96 4.27 3.01 0.05 98.41 

CLA-B4 72.55 0.19 14.14 1.58 0.04 0.39 1.90 4.24 3.15 0.07 98.23 

CLA-B4 72.47 0.20 13.87 1.60 0.04 0.41 1.93 4.08 2.99 0.05 97.65 

CLA-B4 72.40 0.21 13.76 1.39 0.05 0.39 1.92 3.74 3.04 0.06 96.97 

CLA-B4 72.00 0.20 13.35 1.54 0.05 0.41 1.98 3.90 3.08 0.06 96.56 

CLA-B4 71.03 0.16 15.00 1.21 0.04 0.28 2.35 4.52 2.59 0.05 97.23 
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CLA-B5 = Microlite GB4-150 Standard data = Group 4  

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B5 74.95 0.12 12.39 1.26 0.03 0.08 0.83 4.29 3.74 0.01 97.70 

CLA-B5 74.93 0.12 12.11 1.20 0.03 0.07 0.67 3.07 4.44 0.02 96.67 

CLA-B5 74.43 0.16 12.45 1.38 0.04 0.09 0.83 4.20 4.29 0.02 97.88 

CLA-B5 74.14 0.16 12.57 1.55 0.04 0.12 1.00 3.33 4.27 0.02 97.21 

CLA-B5 72.82 0.15 12.50 1.72 0.05 0.10 0.90 3.90 4.21 0.02 96.38 

CLA-B5 72.05 0.69 12.74 3.43 0.12 0.42 0.77 3.68 3.36 0.09 97.36 

CLA-B5 70.55 0.75 12.80 3.44 0.13 0.44 1.55 4.57 3.29 0.11 97.64 

CLA-B5 68.31 0.74 12.60 3.29 0.14 0.53 1.56 4.32 3.88 0.11 95.48 

CLA-B5 65.99 1.36 13.98 5.60 0.19 1.34 3.80 4.58 2.47 0.34 99.67 

CLA-B5 65.93 1.36 14.03 5.66 0.19 1.27 3.43 4.79 2.80 0.34 99.78 

CLA-B5 65.86 1.35 13.69 6.24 0.19 1.47 3.94 4.94 2.48 0.34 100.50 

CLA-B5 65.54 1.32 13.57 6.30 0.21 1.34 3.63 4.52 2.55 0.35 99.33 

CLA-B5 65.44 1.35 13.89 5.98 0.19 1.38 3.47 4.93 2.60 0.33 99.55 

CLA-B5 65.30 1.35 13.61 6.09 0.19 1.39 3.47 4.94 2.57 0.35 99.26 

CLA-B5 65.12 1.27 13.80 6.16 0.19 1.52 3.87 4.47 2.45 0.31 99.17 

CLA-B5 65.06 1.35 13.53 5.63 0.20 1.36 3.44 4.85 2.53 0.34 98.30 

CLA-B5 65.04 1.32 13.56 6.48 0.21 1.54 3.62 4.37 2.52 0.36 99.02 

            

CLA-B6-B7 Hekla 4 + SILK N2 Standard data = Group 2 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B6-7 74.56 0.09 12.69 1.81 0.08 0.03 1.30 4.58 2.76 0.02 97.91 

CLA-B6-7 74.00 0.09 12.40 1.67 0.08 0.00 1.30 4.74 2.89 0.01 97.17 

CLA-B6-7 73.68 0.07 12.23 1.78 0.07 0.01 1.24 3.98 2.66 0.01 95.73 

CLA-B6-7 73.65 0.07 12.34 1.70 0.07 0.01 1.19 3.77 2.70 0.01 95.53 

CLA-B6-7 73.63 0.09 12.60 2.00 0.08 0.03 1.34 4.57 2.79 0.02 97.14 

CLA-B6-7 73.58 0.07 12.09 1.81 0.06 0.04 1.31 4.04 2.70 0.01 95.71 

CLA-B6-7 73.50 0.08 12.08 1.81 0.07 0.03 1.36 4.68 2.82 0.07 96.50 

CLA-B6-7 73.35 0.09 12.07 1.87 0.08 0.00 1.43 4.56 2.87 0.01 96.32 

CLA-B6-7 73.34 0.09 12.54 1.77 0.06 0.01 1.25 4.34 2.73 0.01 96.13 

CLA-B6-7 73.15 0.08 12.59 1.83 0.07 0.02 1.41 4.03 2.70 0.01 95.91 

CLA-B6-7 73.15 0.07 11.66 1.87 0.07 0.04 1.39 4.35 2.62 0.02 95.24 

CLA-B6-7 72.75 0.17 13.37 3.00 0.11 0.02 1.98 5.20 2.44 0.03 99.06 

CLA-B6-7 72.75 0.09 12.67 1.99 0.07 0.00 1.27 4.30 2.77 0.03 95.94 

CLA-B6-7 72.65 0.09 12.58 1.83 0.08 0.01 1.34 4.37 2.82 0.02 95.78 

CLA-B6-7 71.53 0.14 12.61 2.04 0.09 0.07 1.43 4.47 2.70 0.02 95.08 

CLA-B6-7 71.02 0.68 13.70 3.29 0.14 0.53 1.42 5.10 3.36 0.09 99.35 

CLA-B6-7 70.11 0.16 13.20 3.02 0.13 0.05 1.85 4.84 2.45 0.02 95.85 

CLA-B6-7 68.14 0.32 13.89 5.96 0.19 0.19 3.26 5.03 2.11 0.08 99.17 

CLA-B6-7 67.80 0.34 13.55 5.31 0.19 0.21 3.01 4.85 2.06 0.08 97.40 

CLA-B6-7 66.76 0.44 13.95 6.63 0.24 0.26 3.58 4.90 2.01 0.10 98.87 

CLA-B6-7 65.96 1.44 14.03 6.10 0.18 1.41 3.67 4.74 2.60 0.42 100.57 

CLA-B6-7 64.92 1.43 13.47 6.23 0.18 1.36 3.40 4.66 2.56 0.37 98.56 

CLA-B6-7 64.76 1.43 13.60 5.81 0.18 1.29 3.43 4.47 2.65 0.35 97.98 

CLA-B6-7 64.75 1.44 13.83 5.87 0.17 1.35 3.58 4.58 2.73 0.34 98.63 

CLA-B6-7 64.63 1.43 13.14 5.86 0.17 1.29 3.48 4.64 2.76 0.33 97.74 
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CLA-B6-7 64.57 1.43 13.66 5.70 0.18 1.39 3.40 4.43 2.67 0.34 97.77 

CLA-B6-7 64.25 1.50 13.37 5.65 0.20 1.45 3.64 4.39 2.72 0.37 97.56 

CLA-B6-7 63.41 1.41 13.46 6.02 0.14 1.44 3.56 4.36 2.63 0.34 96.78 

CLA-B6-7 49.96 3.24 12.32 14.43 0.22 4.81 9.32 2.69 0.54 0.36 97.88 

            

CLA-B8 = Lairg A Standard data = Group 3 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-B8 73.13 0.17 11.76 1.56 0.03 0.14 0.93 3.90 3.71 0.04 95.37 

CLA-B8 73.04 0.08 12.02 1.57 0.07 0.00 1.26 3.50 2.83 0.02 94.38 

CLA-B8 60.60 1.16 14.81 8.94 0.27 1.82 5.16 4.30 1.55 0.43 99.03 

CLA-B8 50.46 2.67 13.15 12.20 0.20 5.80 10.11 2.84 0.48 0.31 98.22 

            

CLA-L1 = Unknown #3 Grímsvötn basaltic tephra Standard data = Group 5 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-L1 67.30 1.30 14.25 5.50 0.18 1.21 3.12 4.99 2.81 0.30 100.96 

CLA-L1 63.78 0.92 14.96 7.42 0.18 1.24 4.46 4.53 1.87 0.33 99.70 

CLA-L1 50.71 2.34 14.85 11.70 0.19 5.54 10.92 3.02 0.38 0.28 99.92 

CLA-L1 50.70 2.54 13.76 11.39 0.19 6.73 11.59 2.51 0.45 0.25 100.10 

CLA-L1 50.69 2.52 13.12 12.83 0.20 6.18 10.66 2.68 0.41 0.27 99.56 

CLA-L1 50.54 2.65 13.69 13.29 0.22 5.86 10.33 2.81 0.40 0.28 100.08 

CLA-L1 50.53 2.53 13.26 13.36 0.19 5.80 10.67 2.66 0.37 0.29 99.67 

CLA-L1 50.48 2.52 13.68 12.26 0.21 6.07 10.85 2.68 0.38 0.26 99.41 

CLA-L1 50.46 2.56 13.72 13.02 0.20 6.06 10.79 2.60 0.36 0.29 100.06 

CLA-L1 50.37 2.49 13.37 12.81 0.19 6.23 10.73 2.73 0.39 0.25 99.56 

CLA-L1 50.34 2.58 13.50 11.59 0.18 6.89 11.75 2.65 0.38 0.29 100.15 

CLA-L1 50.29 2.49 13.63 13.07 0.20 6.18 10.80 2.57 0.35 0.28 99.87 

CLA-L1 50.16 2.63 13.47 13.65 0.24 5.52 10.32 2.72 0.38 0.29 99.37 

CLA-L1 49.89 2.57 13.44 11.70 0.20 6.57 11.76 3.10 0.38 0.27 99.88 

CLA-L1 49.85 2.87 12.92 13.36 0.20 5.52 10.06 2.70 0.48 0.32 98.29 

CLA-L1 49.63 2.52 13.18 12.50 0.19 6.18 10.53 2.57 0.38 0.28 97.96 

CLA-L1 49.21 2.50 13.44 13.25 0.21 6.35 10.66 2.55 0.41 0.26 98.83 

CLA-L1 49.18 2.55 13.26 12.47 0.17 6.45 10.95 2.76 0.46 0.28 98.52 

CLA-L1 49.07 2.53 13.01 12.98 0.21 6.26 10.91 2.90 0.39 0.29 98.55 

            

CLA-L2 = MOR T4 Standard data = Group 6 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-L2 70.38 0.79 14.87 3.12 0.05 0.87 2.55 4.28 3.23 0.19 100.34 

CLA-L2 68.33 0.78 16.06 3.55 0.05 1.03 3.24 4.48 3.23 0.21 100.96 

            

CLA-L3 = Hekla 4 Standard data = Group 6 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-L3 72.77 0.20 11.47 3.57 0.10 -0.01 1.38 3.77 3.23 0.02 96.52 
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CLA-L4 = Lairg B Standard data = Group 5 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-L4 71.56 0.29 14.61 2.18 0.06 0.24 1.04 5.15 4.62 0.04 99.78 

CLA-L4 71.13 0.24 14.25 2.32 0.05 0.17 0.91 5.07 4.77 0.04 98.97 

CLA-L4 71.04 0.19 13.90 2.22 0.04 0.14 0.73 5.27 4.73 0.03 98.29 

CLA-L4 70.30 0.19 13.38 2.27 0.05 0.15 0.74 5.27 4.51 0.03 96.90 

CLA-L4 70.27 0.20 13.68 2.23 0.06 0.14 0.76 5.20 4.56 0.02 97.10 

CLA-L4 70.07 0.20 13.80 2.25 0.06 0.11 0.71 5.06 4.65 0.02 96.93 

CLA-L4 69.99 0.39 13.85 2.86 0.07 0.29 1.15 5.07 4.30 0.05 98.02 

CLA-L4 69.91 0.26 13.92 2.70 0.08 0.26 1.09 5.21 4.17 0.03 97.64 

CLA-L4 69.89 0.20 13.65 2.19 0.08 0.18 0.65 5.40 4.47 0.02 96.73 

CLA-L4 69.87 0.19 13.00 2.24 0.06 0.14 0.72 5.38 4.58 0.02 96.19 

CLA-L4 69.86 0.21 13.55 1.99 0.04 0.15 0.78 5.10 4.51 0.02 96.22 

CLA-L4 69.66 0.19 13.53 2.18 0.08 0.13 0.74 5.35 4.57 0.02 96.46 

CLA-L4 69.64 0.21 13.73 1.97 0.08 0.17 0.70 5.23 4.58 0.01 96.31 

CLA-L4 69.56 0.19 13.39 2.04 0.05 0.12 0.66 5.22 4.60 0.03 95.86 

CLA-L4 69.52 0.31 14.23 2.67 0.05 0.27 1.21 5.15 4.55 0.04 97.99 

CLA-L4 69.49 0.34 14.36 2.95 0.09 0.37 1.35 5.24 4.26 0.05 98.49 

CLA-L4 69.30 0.50 14.32 3.43 0.09 0.43 1.34 5.01 4.27 0.10 98.79 

CLA-L4 69.03 0.22 13.94 2.26 0.07 0.19 0.92 5.27 4.48 0.03 96.42 

CLA-L4 68.98 0.32 14.10 3.27 0.09 0.65 1.61 4.96 4.23 0.07 98.28 

CLA-L4 68.84 0.42 14.86 3.44 0.05 0.45 1.45 5.24 4.20 0.08 99.01 

CLA-L4 68.04 0.23 13.64 2.40 0.06 0.18 0.84 5.25 4.41 0.03 95.08 

            

CLA-L5 = Lairg A Standard data = Group 5 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

CLA-L5 75.97 0.09 12.69 1.82 0.06 0.05 1.23 4.60 2.71 0.03 99.24 

CLA-L5 75.71 0.08 12.64 1.59 0.08 0.04 1.37 4.43 2.80 0.01 98.74 

CLA-L5 75.35 0.07 12.04 1.70 0.03 0.04 1.32 4.26 2.85 0.01 97.68 

CLA-L5 74.94 0.08 12.06 1.65 0.07 0.04 1.34 4.49 2.68 0.01 97.38 

CLA-L5 74.74 0.07 12.10 1.78 0.06 0.02 1.31 4.11 2.81 0.01 97.01 

CLA-L5 74.53 0.08 12.08 1.74 0.07 0.01 1.27 4.14 2.67 0.01 96.59 

CLA-L5 74.53 0.07 11.87 1.61 0.05 0.07 1.28 4.25 2.72 0.01 96.47 

CLA-L5 74.47 0.09 12.36 1.71 0.07 0.03 1.36 4.24 2.68 0.02 97.02 

CLA-L5 74.38 0.06 13.60 1.53 0.06 0.02 1.63 4.61 2.52 0.01 98.43 

CLA-L5 74.35 0.07 12.19 1.51 0.08 0.04 1.32 4.07 2.76 0.01 96.40 

CLA-L5 74.09 0.08 12.59 1.74 0.07 0.01 1.39 4.24 2.74 0.01 96.94 

CLA-L5 74.02 0.08 12.24 1.64 0.06 0.03 1.16 4.44 2.78 0.01 96.47 

CLA-L5 73.83 0.07 12.46 1.62 0.04 0.04 1.27 4.05 2.84 0.03 96.24 

CLA-L5 73.65 0.08 12.32 1.73 0.07 0.03 1.27 4.31 2.63 0.01 96.11 

CLA-L5 73.56 0.08 12.43 1.63 0.05 0.05 1.27 4.31 2.79 0.02 96.19 

CLA-L5 73.47 0.09 12.29 1.51 0.05 0.04 1.24 4.19 2.70 0.02 95.61 

CLA-L5 73.45 0.08 12.13 1.46 0.05 0.02 1.34 4.40 2.72 0.04 95.69 

CLA-L5 73.44 0.07 12.25 1.61 0.07 0.03 1.27 4.09 2.58 0.03 95.45 

CLA-L5 73.18 0.08 12.20 1.46 0.05 0.04 1.28 4.20 2.72 0.01 95.22 

CLA-L5 73.14 0.09 11.99 1.54 0.05 0.03 1.32 4.21 2.76 0.02 95.14 
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SV-B1 = Askja 1875 Standard data = Group 4 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-B1 75.20 0.68 11.52 2.99 0.08 0.49 2.00 3.27 2.54 0.10 98.89 

SV-B1 74.49 0.75 12.03 3.11 0.10 0.58 2.28 4.11 2.50 0.13 100.08 

SV-B1 74.32 0.80 12.53 3.37 0.11 0.65 2.49 3.77 2.44 0.15 100.62 

SV-B1 74.15 0.76 12.38 3.13 0.09 0.63 2.34 4.06 2.52 0.13 100.17 

SV-B1 74.12 0.79 12.52 3.59 0.10 0.69 2.51 3.97 2.39 0.15 100.82 

SV-B1 73.94 0.82 12.26 3.44 0.10 0.71 2.64 4.14 2.42 0.16 100.63 

SV-B1 73.71 0.80 12.07 3.57 0.10 0.72 2.57 3.77 2.41 0.14 99.88 

SV-B1 73.58 0.80 12.55 3.56 0.10 0.79 2.51 3.99 2.38 0.17 100.43 

SV-B1 73.53 0.79 12.30 3.52 0.11 0.70 2.35 3.90 2.52 0.14 99.88 

SV-B1 73.46 0.81 12.27 3.33 0.09 0.72 2.46 4.06 2.37 0.16 99.75 

SV-B1 72.92 0.81 12.27 3.65 0.10 0.70 2.54 3.84 2.35 0.18 99.37 

SV-B1 72.78 0.82 12.15 3.39 0.10 0.76 2.56 2.99 2.44 0.17 98.17 

SV-B1 72.51 0.80 12.52 3.47 0.11 0.78 2.52 3.67 2.42 0.19 98.98 

SV-B1 72.38 0.80 12.17 3.27 0.10 0.69 2.40 3.70 2.51 0.16 98.17 

SV-B1 72.26 0.80 12.25 3.60 0.11 0.73 2.54 4.05 2.35 0.18 98.89 

SV-B1 71.65 0.67 12.07 3.31 0.10 0.58 2.39 3.66 2.33 0.15 96.91 

            

SV-B2 = Hekla1158 + Hekla 1104 Standard data = Group 3 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-B2 71.11 0.20 13.75 3.35 0.10 0.11 1.93 4.62 2.74 0.03 97.94 

SV-B2 68.20 0.47 14.16 5.53 0.18 0.46 2.99 4.79 2.28 0.11 99.16 

SV-B2 68.15 0.51 12.79 6.80 0.22 0.46 2.66 4.41 2.61 0.10 98.69 

SV-B2 67.93 0.48 14.06 5.58 0.19 0.43 3.04 4.58 2.27 0.11 98.67 

SV-B2 67.90 0.44 14.37 4.95 0.16 0.33 3.29 5.09 2.13 0.11 98.77 

SV-B2 67.70 0.47 13.98 5.53 0.18 0.37 3.07 4.83 2.35 0.09 98.59 

SV-B2 67.57 0.46 14.46 5.71 0.17 0.42 3.10 4.70 2.26 0.11 98.97 

SV-B2 67.39 0.47 13.88 5.11 0.18 0.45 3.09 5.12 2.35 0.10 98.15 

SV-B2 67.38 0.43 14.93 5.36 0.15 0.41 3.18 4.62 2.18 0.09 98.73 

SV-B2 67.34 0.47 13.65 5.37 0.18 0.36 2.89 4.39 2.43 0.10 97.19 

SV-B2 67.34 0.46 14.23 5.58 0.17 0.41 3.02 4.59 2.38 0.10 98.28 

SV-B2 67.14 0.47 13.88 5.90 0.18 0.42 2.79 4.36 2.59 0.10 97.82 

SV-B2 67.10 0.47 14.71 5.56 0.19 0.41 2.90 4.55 2.25 0.10 98.22 

SV-B2 67.02 0.46 13.83 5.76 0.19 0.44 3.02 4.76 2.22 0.10 97.80 

SV-B2 66.74 0.44 16.14 4.77 0.17 0.34 3.56 5.29 1.98 0.09 99.53 

            

SV-B3 = Hekla 3 Standard data = Group 1 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-B3 74.59 0.09 12.77 1.94 0.08 0.02 1.33 4.46 3.00 0.02 98.30 

SV-B3 74.55 0.22 12.94 1.15 0.05 0.33 1.38 3.38 2.98 0.04 97.00 

SV-B3 73.69 0.09 12.51 1.78 0.08 0.02 1.40 3.80 2.99 0.03 96.39 

SV-B3 73.62 0.18 14.18 3.16 0.09 0.13 2.03 4.01 2.62 0.04 100.06 

SV-B3 73.43 0.09 12.43 1.92 0.08 0.00 1.37 4.57 2.91 0.01 96.80 
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SV-B3 72.84 0.18 13.83 2.96 0.10 0.12 2.00 5.00 2.52 0.02 99.56 

SV-B3 72.77 0.19 13.92 3.10 0.10 0.11 1.90 4.84 2.52 0.02 99.48 

SV-B3 72.67 0.18 13.98 3.02 0.10 0.14 2.14 5.04 2.54 0.03 99.85 

SV-B3 72.46 0.18 13.72 2.91 0.10 0.09 2.06 4.70 2.45 0.02 98.69 

SV-B3 72.17 0.18 13.45 3.20 0.11 0.12 2.04 4.80 2.56 0.03 98.65 

SV-B3 72.15 0.18 14.16 2.79 0.10 0.15 2.00 5.00 2.65 0.04 99.22 

SV-B3 71.94 0.18 13.47 2.80 0.09 0.11 1.97 4.52 2.61 0.03 97.72 

SV-B3 71.61 0.87 12.15 3.83 0.12 0.75 2.95 3.87 2.42 0.21 98.80 

SV-B3 71.13 0.18 13.63 3.01 0.10 0.09 2.01 3.77 2.63 0.03 96.57 

SV-B3 70.66 0.23 13.96 3.51 0.12 0.13 2.38 4.80 2.43 0.04 98.27 

SV-B3 69.96 0.14 13.27 2.71 0.09 0.10 1.99 4.02 2.63 0.05 94.96 

SV-B3 69.48 0.35 13.00 4.77 0.22 0.08 0.50 6.70 4.93 0.04 100.06 

SV-B3 69.32 0.23 14.01 3.65 0.14 0.13 2.37 4.74 2.46 0.05 97.11 

SV-B3 68.59 0.35 12.54 4.84 0.21 0.09 0.51 6.49 4.55 0.03 98.20 

SV-B3 68.42 0.37 14.92 5.34 0.17 0.37 3.18 4.42 2.15 0.10 99.45 

SV-B3 67.13 0.42 14.28 5.65 0.19 0.45 3.31 5.09 2.09 0.11 98.72 

            

SV-B4 = Hekla-S/Kebister Standard data = Group 6 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-B4 70.72 0.47 14.59 2.28 0.15 0.54 1.89 5.00 3.01 0.09 98.74 

SV-B4 70.54 0.17 12.96 3.01 0.09 0.11 1.85 4.38 2.67 0.04 95.83 

SV-B4 70.50 0.18 13.25 3.04 0.09 0.09 1.94 4.03 2.56 0.04 95.73 

SV-B4 68.35 0.74 14.18 4.52 0.15 0.49 2.03 4.52 3.27 0.14 98.40 

SV-B4 66.66 0.42 14.32 5.56 0.15 0.45 3.28 4.29 2.07 0.16 97.37 

            

SV-B5 = Hekla 4 Standard data = Group 6 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-B5 76.70 0.09 12.62 1.28 0.06 0.03 1.05 4.15 2.94 0.02 98.94 

SV-B5 75.28 0.36 11.09 2.33 0.10 0.09 0.38 3.92 4.23 0.01 97.79 

SV-B5 75.10 0.07 12.21 1.73 0.07 0.02 1.37 3.99 2.74 0.00 97.30 

SV-B5 75.08 0.10 12.28 1.68 0.09 0.03 1.24 4.53 2.90 0.01 97.94 

SV-B5 74.47 0.09 12.96 2.06 0.08 0.01 1.33 4.69 2.82 0.01 98.54 

SV-B5 74.38 0.20 11.81 2.37 0.08 0.01 0.43 4.57 3.93 0.01 97.77 

SV-B5 73.88 0.10 13.53 1.90 0.08 0.02 1.36 4.11 2.89 0.06 97.93 

SV-B5 73.70 0.09 12.63 1.82 0.09 0.01 1.27 4.25 2.81 0.01 96.69 

SV-B5 73.60 0.10 12.71 1.96 0.08 0.03 1.28 4.45 2.74 0.01 96.95 

SV-B5 73.41 0.09 12.39 1.90 0.08 0.01 1.33 4.08 2.89 0.01 96.19 

SV-B5 73.33 0.10 12.38 1.99 0.06 0.00 1.28 4.65 2.88 0.03 96.70 

SV-B5 73.29 0.09 12.71 1.81 0.09 0.02 1.34 4.07 2.77 0.01 96.19 

SV-B5 73.28 0.08 12.53 1.84 0.07 0.02 1.33 4.29 2.88 0.06 96.39 

SV-B5 73.24 0.09 13.21 2.12 0.08 0.02 1.35 4.52 2.83 0.01 97.48 

SV-B5 72.86 0.10 12.12 1.79 0.09 0.03 1.25 4.22 2.78 0.02 95.25 

SV-B5 69.74 0.33 12.08 3.66 0.13 0.22 1.71 3.78 2.56 0.26 94.47 

            

SV-B6 = Lairg A Standard data = Group 1 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-B6 76.08 0.07 12.37 1.75 0.06 0.01 1.25 4.39 2.66 0.00 98.64 
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SV-B6 75.78 0.07 12.10 1.73 0.05 0.03 1.24 4.38 2.71 0.01 98.12 

SV-B6 75.69 0.07 12.67 1.65 0.07 0.06 1.29 4.58 2.76 0.01 98.85 

SV-B6 75.66 0.07 12.36 1.81 0.06 0.04 1.34 4.55 2.69 0.01 98.59 

SV-B6 75.45 0.07 12.58 1.46 0.06 0.03 1.30 4.31 2.61 0.03 97.90 

SV-B6 75.45 0.07 12.55 1.63 0.07 0.04 1.28 4.62 2.55 0.01 98.27 

SV-B6 75.40 0.07 12.33 1.51 0.06 0.02 1.34 4.53 2.65 0.02 97.92 

SV-B6 75.39 0.08 12.09 1.70 0.06 0.01 1.25 4.28 2.66 0.02 97.53 

SV-B6 75.36 0.08 12.42 1.68 0.07 0.04 1.31 4.42 2.73 0.01 98.11 

SV-B6 75.35 0.08 12.81 1.55 0.06 0.03 1.36 4.31 2.74 0.01 98.29 

SV-B6 75.34 0.09 12.31 1.67 0.06 0.04 1.27 4.48 2.61 0.01 97.88 

SV-B6 75.32 0.07 12.39 1.82 0.06 0.04 1.29 4.57 2.95 0.02 98.54 

SV-B6 75.30 0.08 12.46 1.67 0.06 0.02 1.34 4.32 2.73 0.02 97.98 

SV-B6 75.12 0.09 12.41 1.57 0.06 0.06 1.24 4.56 2.66 0.01 97.78 

SV-B6 74.90 0.08 12.57 1.63 0.06 0.04 1.33 4.46 2.70 0.01 97.78 

SV-B6 74.88 0.08 12.34 1.66 0.07 0.00 1.34 4.35 2.66 0.01 97.38 

SV-B6 74.86 0.08 12.64 1.62 0.07 0.05 1.35 4.59 2.84 0.02 98.13 

SV-B6 74.85 0.08 12.30 1.64 0.07 0.04 1.28 4.37 2.60 0.00 97.22 

SV-B6 74.84 0.07 12.38 1.62 0.07 0.04 1.25 4.23 2.78 0.02 97.30 

SV-B6 74.73 0.08 12.16 1.76 0.06 0.04 1.32 4.48 2.75 0.02 97.40 

SV-B6 74.68 0.07 12.52 1.62 0.07 0.04 1.30 4.66 2.70 0.02 97.69 

SV-B6 74.23 0.07 12.27 1.69 0.06 0.03 1.39 4.73 2.64 0.02 97.11 

SV-B6 73.92 0.07 13.47 1.47 0.06 0.04 1.51 5.04 2.33 0.01 97.92 

            

SV-L1 = Hekla 1104 + Hekla 1158 Standard data = Group 7 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-L1 74.69 0.16 13.09 1.83 0.04 0.10 0.92 4.78 3.70 0.01 99.30 

SV-L1 73.62 0.21 15.26 1.47 0.04 0.37 1.94 4.99 3.25 0.06 101.21 

SV-L1 73.02 0.20 14.17 1.64 0.02 0.44 2.04 5.27 3.24 0.05 100.10 

SV-L1 72.55 0.20 13.65 3.16 0.12 0.14 2.01 5.51 2.83 0.02 100.18 

SV-L1 72.45 0.20 14.98 3.41 0.10 0.13 1.92 5.65 2.80 0.02 101.66 

SV-L1 72.34 0.22 14.72 3.17 0.11 0.11 2.07 5.34 2.82 0.02 100.93 

SV-L1 71.91 0.20 14.07 3.28 0.12 0.16 2.00 5.33 2.79 0.03 99.89 

SV-L1 71.75 0.20 14.59 3.12 0.11 0.13 2.02 5.49 2.73 0.03 100.15 

SV-L1 70.07 0.56 12.74 6.24 0.22 0.42 2.34 4.97 2.90 0.11 100.58 

SV-L1 69.90 0.20 14.71 3.19 0.10 0.08 1.85 5.18 2.63 0.02 97.87 

SV-L1 68.91 0.47 14.51 5.83 0.15 0.46 3.04 5.48 2.36 0.09 101.29 

SV-L1 68.67 0.46 15.22 5.79 0.16 0.47 3.15 5.26 2.36 0.08 101.64 

SV-L1 68.50 0.48 14.77 5.49 0.16 0.46 3.17 5.54 2.29 0.10 100.95 

SV-L1 68.28 0.48 15.33 5.67 0.18 0.42 3.12 5.48 2.36 0.10 101.42 

SV-L1 67.91 0.46 14.26 5.74 0.18 0.49 3.12 5.12 2.39 0.09 99.77 

SV-L1 67.77 0.47 14.95 5.80 0.18 0.44 3.08 4.83 2.38 0.08 99.99 

SV-L1 67.62 0.47 15.79 5.43 0.15 0.42 3.14 5.15 2.28 0.09 100.54 

SV-L1 67.48 0.47 14.71 5.62 0.18 0.46 3.00 5.43 2.28 0.10 99.72 

SV-L1 66.94 0.29 18.25 3.22 0.09 0.24 4.46 6.63 1.44 0.06 101.63 

SV-L1 50.48 1.93 14.12 13.07 0.21 6.43 11.17 2.66 0.21 0.17 100.47 

SV-L1 49.94 1.90 14.09 12.79 0.22 6.70 11.39 2.70 0.29 0.19 100.22 
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SV-L2 = QUB 570 Group 2 (c. AD 650)?(Unknown #2) Standard data = Group 8 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-L2 64.66 0.95 16.50 6.54 0.18 1.45 4.65 4.83 1.59 0.33 101.68 

SV-L2 64.43 0.93 16.39 6.33 0.14 1.36 4.50 4.67 1.52 0.30 100.58 

SV-L2 64.15 0.95 15.54 6.82 0.14 1.35 4.60 4.68 1.57 0.35 100.15 

SV-L2 63.93 0.99 15.27 7.06 0.19 1.56 5.01 4.59 1.56 0.34 100.50 

SV-L2 63.85 0.94 16.19 6.79 0.17 1.44 4.76 4.97 1.59 0.31 101.00 

SV-L2 63.76 0.96 15.59 6.92 0.16 1.40 4.75 5.02 1.64 0.31 100.49 

SV-L2 63.49 0.89 18.66 5.05 0.18 1.06 5.57 5.45 1.16 0.31 101.83 

SV-L2 63.41 1.03 15.97 7.58 0.18 1.53 4.58 4.71 1.68 0.34 101.01 

SV-L2 63.33 1.00 15.92 7.07 0.19 1.52 4.85 5.32 1.56 0.34 101.11 

SV-L2 63.13 0.96 15.98 7.26 0.21 1.54 4.94 5.11 1.50 0.33 100.97 

SV-L2 63.06 0.99 16.06 7.17 0.17 1.48 5.25 5.19 1.54 0.36 101.27 

SV-L2 62.96 1.00 15.52 7.54 0.18 1.49 4.90 5.28 1.53 0.35 100.76 

SV-L2 62.72 0.98 15.95 7.23 0.16 1.58 4.87 4.94 1.53 0.34 100.31 

SV-L2 62.67 0.98 15.93 6.73 0.19 1.57 4.57 4.83 1.57 0.33 99.36 

SV-L2 62.51 0.91 15.42 7.26 0.17 1.52 5.37 5.27 1.41 0.34 100.20 

SV-L2 62.34 1.00 16.08 6.98 0.19 1.59 4.84 4.90 1.48 0.35 99.75 

SV-L2 62.23 0.83 18.18 5.98 0.17 1.20 5.70 4.81 1.35 0.29 100.74 

SV-L2 62.14 0.98 15.40 6.82 0.17 1.59 4.67 5.00 1.50 0.37 98.64 

SV-L2 62.06 1.00 16.30 7.10 0.17 1.55 4.78 5.18 1.46 0.38 99.96 

SV-L2 60.96 0.98 15.21 6.68 0.18 1.49 4.60 4.91 1.58 0.37 96.95 

            

SV-L3 = Hekla 4 Standard data = Group 7 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-L3 76.25 0.08 13.55 1.79 0.09 0.02 1.38 4.78 2.95 0.02 100.92 

SV-L3 75.52 0.10 14.18 2.09 0.08 0.04 1.38 5.43 2.77 0.02 101.59 

SV-L3 73.96 0.35 12.96 2.24 0.10 0.12 0.48 5.03 4.00 0.03 99.28 

SV-L3 73.94 0.07 13.38 1.55 0.04 0.05 1.23 4.99 2.64 0.01 97.90 

SV-L3 73.85 0.10 13.17 1.85 0.08 0.03 1.21 5.10 3.00 0.02 98.40 

SV-L3 73.61 0.10 13.32 1.75 0.08 0.03 1.38 5.20 2.90 0.01 98.38 

SV-L3 72.99 0.09 13.40 2.04 0.10 0.02 1.34 5.07 2.80 0.01 97.87 

SV-L3 72.73 0.10 13.99 1.96 0.09 0.01 1.26 5.01 2.88 0.00 98.03 

SV-L3 72.73 0.10 13.03 1.95 0.10 0.04 1.31 4.87 2.82 0.02 96.98 

SV-L3 72.72 0.09 13.66 1.82 0.05 0.02 1.37 4.93 2.84 0.01 97.50 

SV-L3 72.37 0.25 15.78 3.40 0.09 0.14 2.42 5.76 2.35 0.03 102.60 

SV-L3 69.99 0.36 14.00 4.33 0.13 0.19 1.58 5.23 3.71 0.08 99.58 

SV-L3 67.88 0.23 14.30 3.85 0.13 0.11 2.28 5.17 2.44 0.03 96.43 

SV-L3 63.77 0.83 14.91 8.40 0.26 1.05 4.43 5.44 1.83 0.27 101.19 

SV-L3 62.62 0.86 16.27 8.57 0.23 1.06 4.54 5.23 1.66 0.32 101.37 

SV-L3 62.20 0.90 16.13 8.88 0.27 1.17 4.50 5.05 1.73 0.37 101.19 

SV-L3 62.18 0.90 16.42 8.10 0.24 1.12 4.56 4.94 1.56 0.34 100.35 

SV-L3 61.58 0.88 15.91 8.56 0.26 1.25 4.98 5.48 1.43 0.29 100.62 

SV-L3 61.53 0.91 15.22 8.94 0.28 1.11 4.74 4.82 1.67 0.34 99.56 

SV-L3 61.46 0.93 15.29 9.37 0.28 1.10 4.71 5.02 1.66 0.37 100.19 

SV-L3 59.68 0.90 15.25 9.19 0.27 1.13 4.46 5.00 1.58 0.33 97.79 
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SV-L4 = Unknown #5 Standard data = Group 3 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-L4 72.05 0.10 13.00 1.73 0.05 -0.01 1.67 5.08 2.65 0.02 96.00 

SV-L4 69.58 0.29 13.06 4.67 0.16 0.19 2.53 4.64 2.25 0.07 97.00 

SV-L4 68.72 0.32 13.48 5.02 0.19 0.27 2.93 4.24 2.17 0.08 97.00 

SV-L4 68.54 0.40 13.36 6.29 0.22 0.38 3.40 4.03 1.98 0.13 99.00 

SV-L4 68.43 0.34 14.54 5.13 0.19 0.30 3.00 4.32 2.19 0.09 99.00 

SV-L4 68.32 0.40 13.62 6.04 0.20 0.41 3.19 4.25 2.11 0.12 99.00 

SV-L4 66.83 0.43 13.28 6.18 0.22 0.41 3.37 4.05 1.93 0.13 97.00 

            

SV-L5 = Lairg A? Standard data = Group 3 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SV-L5 73.47 0.08 12.09 1.50 0.07 0.02 1.28 4.18 2.61 0.01 95.00 

SV-L5 73.04 0.08 11.92 1.61 0.06 0.01 1.17 3.94 2.66 0.01 95.00 

SV-L5 71.67 0.86 13.08 2.87 0.05 0.52 1.91 4.00 3.40 0.43 98.79 

SV-L5 70.87 1.04 13.52 3.86 0.06 0.72 2.40 4.27 3.12 0.21 100.00 

SV-L5 70.01 0.73 12.78 3.62 0.06 0.65 2.41 4.19 3.41 0.14 98.01 

SV-L5 69.13 1.09 12.68 3.66 0.07 0.83 2.71 4.10 3.00 0.22 97.00 

SV-L5 68.52 1.11 13.09 4.44 0.08 1.11 2.87 4.12 3.11 0.26 98.70 

SV-L5 67.77 0.92 12.47 3.96 0.06 0.90 2.68 4.24 2.89 0.20 96.00 

SV-L5 65.63 0.85 15.75 3.07 0.05 0.77 3.68 4.43 2.73 0.18 97.16 

SV-L5 60.40 0.75 19.53 2.16 0.04 0.45 7.50 5.10 1.42 0.87 98.00 

            

MT-1 Glen Garry Standard data = Group 9 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

MT-1 73.97 0.51 12.22 3.75 0.09 0.45 2.27 4.14 2.06 0.08 99.53 

MT-1 73.68 0.51 12.58 3.91 0.09 0.42 2.36 4.13 2.15 0.09 99.92 

MT-1 73.60 0.51 12.58 4.02 0.09 0.41 2.29 4.08 2.01 0.10 99.69 

MT-1 73.55 0.51 12.61 3.65 0.08 0.41 2.33 4.04 1.94 0.09 99.21 

MT-1 73.43 0.51 12.40 3.91 0.07 0.43 2.37 4.19 2.06 0.07 99.44 

MT-1 73.02 0.58 12.55 4.35 0.10 0.47 2.55 4.39 1.97 0.10 100.08 

MT-1 72.66 0.51 12.21 3.64 0.09 0.44 2.27 4.36 2.08 0.09 98.36 

MT-1 72.30 0.52 12.22 3.74 0.07 0.41 2.31 3.97 2.01 0.08 97.63 

MT-1 72.03 0.51 12.04 3.79 0.09 0.38 2.34 4.15 2.03 0.09 97.47 

MT-1 71.76 0.51 12.20 3.99 0.07 0.38 2.41 4.10 1.99 0.08 97.49 

MT-1 71.71 0.67 12.85 4.33 0.10 0.63 2.86 4.17 1.84 0.14 99.31 

MT-1 71.57 0.66 12.75 4.81 0.09 0.61 2.82 4.24 1.86 0.14 99.55 

MT-1 71.37 0.66 13.17 4.59 0.11 0.61 2.96 4.14 1.85 0.14 99.59 

MT-1 70.94 0.77 12.80 5.16 0.10 0.69 3.22 3.99 1.79 0.16 99.62 

MT-1 70.84 0.72 12.94 4.90 0.13 0.67 3.01 4.05 1.77 0.15 99.17 

            

MM-1 = Glen Garry * 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

MM-1 69.98 0.76 12.36 4.95 0.14 0.69 3.12 3.72 1.83 - 97.56 

MM-1 70.64 0.69 12.48 4.65 0.08 0.65 2.88 3.78 1.94 - 97.79 

MM-1 73.76 0.50 10.42 3.90 0.11 0.40 2.35 3.01 2.04 - 96.49 
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MM-1 73.10 0.53 11.91 3.80 0.14 0.40 2.42 3.41 2.01 - 97.72 

MM-1 71.89 0.61 12.21 3.99 0.09 0.42 2.45 3.69 1.99 - 97.35 

MM-1 71.02 0.67 13.48 4.64 0.18 0.64 2.72 4.26 1.90 - 99.51 

MM-1 71.75 0.59 12.31 3.54 0.13 0.30 2.12 2.70 2.23 - 95.66 

MM-1 70.85 0.71 12.72 4.38 0.06 0.62 2.84 3.62 1.86 - 97.66 

MM-1 74.07 0.45 13.06 4.00 0.15 0.41 2.25 3.08 2.13 - 99.60 

MM-1 73.16 0.48 12.93 4.14 0.07 0.40 2.28 4.21 2.03 - 99.70 

MM-1 72.28 0.58 12.71 3.52 0.11 0.41 2.29 4.52 2.10 - 98.52 

MM-1 70.96 0.78 11.34 4.96 0.21 0.76 3.00 4.31 1.80 - 98.11 

            

MM-2 = Hekla 4 * 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

MM-2 72.38 0.10 12.62 1.87 0.07 0.04 1.19 4.40 2.67 - 95.34 

MM-2 72.58 0.14 12.54 1.75 0.10 0.02 1.30 4.18 2.79 - 95.39 

MM-2 72.41 0.12 12.57 1.97 0.05 0.03 1.26 4.38 2.75 - 95.53 

MM-2 72.86 0.13 12.46 1.93 0.09 0.02 1.30 4.17 2.83 - 95.79 

MM-2 72.81 0.10 12.56 1.95 0.05 0.00 1.33 4.64 2.70 - 96.15 

MM-2 73.23 0.09 12.57 1.99 0.03 0.02 1.34 4.56 2.84 - 96.68 

MM-2 73.11 0.07 12.95 2.09 0.07 0.04 1.28 4.37 2.87 - 96.85 

MM-2 72.53 0.15 12.38 1.97 0.13 0.00 1.28 4.40 2.83 - 95.67 

MM-2 72.01 0.10 12.57 1.87 0.05 0.05 1.26 4.38 2.75 - 95.03 

MM-2 72.76 0.12 12.64 1.90 0.08 0.05 1.34 4.53 2.76 - 96.17 

            

MM-3 = Lairg B * 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

MM-3 70.77 0.19 13.87 2.15 0.12 0.13 0.71 4.93 4.51 - 97.38 

MM-3 69.43 0.17 13.45 2.14 0.03 0.17 0.64 4.68 4.41 - 95.13 

MM-3 68.84 0.24 14.53 2.39 0.05 0.25 0.92 4.83 4.23 - 96.28 

MM-3 70.72 0.20 13.45 2.14 0.04 0.18 0.72 4.61 4.40 - 96.45 

            

MM-4 = Lairg A * 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

MM-4 73.58 0.12 11.77 1.57 0.07 0.04 1.30 3.85 2.74 - 95.04 

MM-4 74.71 0.11 11.68 1.67 0.02 0.01 1.29 3.01 2.85 - 95.35 

MM-4 74.85 0.49 12.55 3.74 0.20 0.37 2.21 4.25 2.18 - 100.84 

MM-4 73.16 0.59 12.78 3.33 0.23 0.38 2.63 4.12 2.05 - 99.28 

MM-4 72.84 0.51 12.69 3.71 0.11 0.37 2.26 4.06 2.16 - 98.71 

MM-4 74.84 0.00 11.86 1.56 0.11 0.01 1.27 4.65 3.02 - 97.31 

MM-4 73.81 0.09 11.97 1.67 0.06 0.08 1.29 3.54 2.68 - 95.19 

MM-4 74.69 0.20 12.48 1.78 0.00 0.02 1.21 4.06 2.75 - 97.19 

MM-4 75.51 0.08 11.90 1.57 0.09 0.00 1.20 3.02 2.74 - 96.11 

MM-4 73.07 0.10 12.74 1.54 0.06 0.05 1.32 4.43 2.70 - 96.01 

            

SB-1 = Hekla 1104 Standard data = Group 7 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SB-1 73.00 0.21 14.22 3.37 0.10 0.11 1.99 5.01 2.78 0.02 100.81 
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SB-1 72.72 0.21 14.32 3.13 0.10 0.14 2.08 5.54 2.78 0.03 101.04 

SB-1 72.43 0.21 14.80 3.12 0.12 0.13 1.91 5.57 2.73 0.03 101.04 

SB-1 72.30 0.19 14.56 3.80 0.09 0.12 1.94 4.90 2.62 0.04 99.93 

SB-1 72.16 0.21 14.40 2.94 0.09 0.12 1.95 5.48 2.73 0.02 100.11 

SB-1 71.99 0.21 15.09 3.27 0.10 0.14 1.99 5.13 2.73 0.03 100.67 

SB-1 71.98 0.20 15.40 3.15 0.12 0.09 1.94 5.22 2.71 0.02 100.84 

SB-1 71.97 0.20 13.91 3.10 0.09 0.11 1.89 5.48 2.72 0.03 99.51 

SB-1 71.71 0.21 14.82 3.00 0.08 0.06 1.92 5.61 2.78 0.02 100.20 

SB-1 71.71 0.20 14.42 3.05 0.09 0.11 2.01 5.15 2.79 0.04 99.56 

SB-1 71.70 0.19 15.13 3.15 0.10 0.09 2.08 4.95 2.69 0.03 100.10 

SB-1 71.63 0.20 14.58 3.04 0.11 0.11 2.08 5.36 2.74 0.01 99.85 

SB-1 71.51 0.21 14.14 3.16 0.11 0.12 1.97 5.26 2.73 0.02 99.22 

SB-1 71.10 0.21 14.10 2.83 0.11 0.10 2.00 5.58 2.74 0.02 98.79 

SB-1 70.76 0.20 15.03 2.88 0.10 0.11 2.00 5.37 2.62 0.02 99.09 

SB-1 70.19 0.19 14.77 3.11 0.12 0.14 1.94 4.98 2.68 0.01 98.15 

SB-1 69.50 0.19 13.15 3.12 0.11 0.12 1.97 4.84 2.64 0.02 95.66 

SB-1 69.43 0.19 13.93 3.08 0.11 0.12 1.84 5.19 2.60 0.03 96.52 

SB-1 67.58 0.47 15.17 5.65 0.18 0.45 3.11 4.99 2.35 0.10 100.07 

SB-1 67.45 0.47 15.39 5.64 0.18 0.44 3.21 5.36 2.29 0.10 100.54 

            

SB-2 = SN-1 Standard data = Group 10 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SB-2 70.59 0.20 15.20 2.98 0.14 0.11 1.04 5.60 4.86 0.02 100.75 

SB-2 67.75 0.38 15.75 4.46 0.16 0.27 1.81 6.16 4.19 0.07 100.98 

SB-2 67.39 0.40 16.60 4.21 0.19 0.33 1.87 6.43 4.18 0.06 101.65 

SB-2 67.16 0.47 16.04 4.55 0.18 0.41 2.22 6.25 3.90 0.09 101.27 

SB-2 66.92 0.41 16.03 4.15 0.19 0.35 1.95 5.98 4.04 0.07 100.10 

SB-2 66.69 0.43 16.74 4.34 0.20 0.33 2.12 6.45 4.00 0.07 101.37 

SB-2 66.44 0.45 16.46 4.40 0.19 0.34 2.03 6.18 4.08 0.81 100.64 

SB-2 66.39 0.40 16.44 4.13 0.18 0.33 1.90 5.99 4.06 0.07 99.90 

SB-2 66.34 0.43 16.81 4.29 0.17 0.34 2.12 6.06 3.98 0.07 100.60 

SB-2 66.32 0.45 16.66 4.67 0.17 0.34 2.03 6.08 4.06 0.07 100.84 

SB-2 66.15 0.64 15.85 5.63 0.21 0.57 2.01 5.79 4.41 0.14 101.40 

SB-2 65.65 0.57 17.25 5.17 0.20 0.55 2.52 6.06 3.73 0.12 101.82 

SB-2 65.58 0.45 18.12 4.18 0.15 0.36 3.00 6.85 3.19 0.09 101.97 

SB-2 65.52 0.42 16.02 4.46 0.16 0.28 1.90 6.06 4.04 0.05 98.92 

SB-2 65.15 0.58 16.46 5.28 0.17 0.51 2.64 6.00 3.63 0.14 100.58 

SB-2 65.14 0.59 16.68 5.28 0.21 0.58 2.77 6.26 3.63 0.13 101.26 

SB-2 65.11 0.57 17.10 5.37 0.17 0.53 2.55 6.30 3.72 0.12 101.58 

SB-2 64.82 0.62 16.17 5.72 0.19 0.61 2.55 5.78 3.83 0.13 100.42 

SB-2 64.70 0.58 16.57 5.03 0.21 0.61 2.48 6.05 3.73 0.14 100.10 

SB-2 64.44 0.58 16.52 5.28 0.22 0.55 2.71 5.80 3.63 0.11 99.86 

SB-2 64.44 0.60 16.10 5.46 0.21 0.52 2.56 6.14 3.72 0.15 99.89 

SB-2 64.42 0.58 16.44 5.42 0.21 0.55 2.52 6.56 3.92 0.11 100.71 

SB-2 64.28 0.60 16.62 5.08 0.21 0.63 2.59 6.16 3.66 0.13 99.97 

SB-2 64.22 0.60 16.56 5.27 0.23 0.56 2.50 6.28 3.74 0.11 100.06 

SB-2 63.86 0.60 16.64 5.35 0.22 0.61 2.61 5.91 3.79 0.13 99.72 

SB-2 63.54 0.56 15.98 5.28 0.21 0.60 2.52 6.11 3.80 0.11 98.72 
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SL-1 = Hekla 1104 Standard data = Group 11 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SL-1 72.91 0.19 13.68 2.91 0.09 0.12 1.87 4.84 2.68 0.02 99.31 

SL-1 72.16 0.20 13.55 3.27 0.11 0.14 2.00 4.80 2.73 0.02 98.97 

SL-1 72.15 0.20 13.50 2.93 0.11 0.15 1.95 4.88 2.78 0.02 98.66 

SL-1 72.08 0.20 13.85 3.11 0.11 0.12 2.00 4.71 2.69 0.02 98.89 

SL-1 71.75 0.19 13.86 3.08 0.11 0.11 1.94 4.74 2.64 0.02 98.45 

SL-1 71.68 0.20 13.44 3.00 0.10 0.15 1.94 4.94 2.70 0.02 98.16 

SL-1 71.52 0.18 13.43 2.84 0.10 0.12 1.95 4.57 2.67 0.03 97.40 

SL-1 70.56 0.19 13.71 3.03 0.09 0.10 2.03 4.93 2.70 0.03 97.37 

            

SL-2 = SN-1 Standard data = Group 11 

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SL-2 70.21 0.17 14.71 2.85 0.12 0.07 1.19 5.61 4.73 0.01 99.69 

SL-2 66.44 0.40 15.08 4.26 0.17 0.33 1.88 5.57 4.04 0.06 98.22 

SL-2 66.31 0.47 15.38 4.55 0.19 0.39 2.15 5.45 3.87 0.09 98.86 

SL-2 66.12 0.42 15.12 4.53 0.17 0.32 1.99 5.63 4.00 0.06 98.36 

SL-2 65.87 0.56 15.80 5.12 0.21 0.55 2.49 5.45 3.72 0.12 99.90 

SL-2 65.81 0.57 16.15 5.45 0.21 0.56 2.62 5.67 3.52 0.13 100.69 

SL-2 65.61 0.58 15.69 5.06 0.19 0.58 2.61 5.47 3.97 0.12 99.88 

SL-2 65.54 0.59 15.68 5.54 0.22 0.63 2.48 5.38 3.86 0.14 100.06 

SL-2 65.47 0.57 15.90 5.42 0.20 0.62 2.47 5.64 3.72 0.11 100.13 

SL-2 65.43 0.59 15.77 5.29 0.23 0.61 2.61 5.40 3.68 0.13 99.73 

SL-2 65.25 0.45 15.68 4.61 0.16 0.46 2.80 5.81 3.44 0.11 98.78 

SL-2 65.18 0.54 15.92 5.18 0.21 0.53 2.63 5.47 3.80 0.12 99.57 

SL-2 65.15 0.60 15.33 5.16 0.21 0.62 2.53 5.46 3.86 0.13 99.05 

SL-2 65.10 0.55 15.98 5.35 0.22 0.58 2.62 5.73 3.85 0.12 100.11 

SL-2 64.95 0.57 15.84 5.18 0.20 0.57 2.62 5.65 3.78 0.13 99.49 

SL-2 64.89 0.57 15.78 5.40 0.22 0.52 2.42 5.51 3.89 0.12 99.32 

SL-2 64.24 0.60 15.26 5.22 0.20 0.64 2.58 5.28 3.71 0.14 97.87 

SL-2 63.73 0.50 15.30 4.98 0.19 0.60 2.38 5.49 3.55 0.10 96.83 

SL-2 61.97 0.56 15.20 5.08 0.21 0.57 2.55 5.61 3.61 0.14 95.50 

            

SL-3 = Hekla 4 Standard data = Group 10  

            

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

SL-3 77.14 0.07 13.36 1.45 0.08 0.03 1.03 4.63 2.79 0.01 100.58 

SL-3 76.89 0.08 12.58 1.80 0.05 0.04 1.46 4.31 2.84 0.02 100.02 

SL-3 75.80 0.08 12.77 1.80 0.08 0.05 1.28 5.07 3.04 0.02 99.97 

SL-3 74.85 0.10 13.58 1.97 0.09 0.00 1.27 5.52 2.77 0.01 100.14 

SL-3 74.55 0.09 12.88 1.60 0.05 0.05 1.27 4.85 2.58 0.01 97.93 

SL-3 74.17 0.06 12.14 1.71 0.08 0.05 1.20 5.17 3.01 0.01 97.61 

SL-3 74.17 0.08 12.88 1.83 0.07 0.03 1.30 4.57 2.54 0.02 97.49 

SL-3 73.56 0.09 12.91 1.96 0.08 0.01 1.29 4.97 2.87 0.01 97.75 

SL-3 73.53 0.10 13.59 1.86 0.05 0.04 1.33 5.25 2.85 0.02 98.63 

SL-3 73.32 0.08 12.92 1.76 0.09 0.00 1.36 4.76 2.79 0.01 97.08 

SL-3 72.91 0.36 11.67 2.05 0.11 0.11 0.38 4.67 4.40 0.03 96.69 

SL-3 72.63 0.09 12.79 1.75 0.08 0.02 1.32 5.01 2.95 0.02 96.66 
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SL-3 72.59 0.10 13.48 1.76 0.08 0.04 1.35 5.01 2.85 0.02 97.27 

SL-3 72.56 0.10 13.13 1.92 0.08 0.00 1.36 5.24 2.78 0.02 97.19 

SL-3 72.49 0.09 13.61 1.90 0.09 0.02 1.21 5.03 2.90 0.01 97.35 

SL-3 72.32 0.09 13.00 1.86 0.08 0.00 1.43 5.26 2.71 0.01 96.77 

SL-3 72.24 0.19 14.36 3.90 0.13 0.14 2.18 4.91 3.02 0.04 101.11 

SL-3 72.22 0.09 13.10 1.76 0.07 0.05 1.33 5.19 2.81 0.01 96.64 

SL-3 71.72 0.11 13.80 1.88 0.07 0.04 1.31 4.68 2.78 0.01 96.39 

SL-3 71.50 0.09 12.99 1.85 0.06 0.02 1.29 4.87 2.80 0.02 95.48 

SL-3 71.12 0.10 13.51 1.78 0.07 0.01 1.25 5.08 2.82 0.01 95.75 

SL-3 70.56 0.26 14.87 4.86 0.17 0.19 2.43 5.20 2.43 0.06 101.03 

SL-3 70.28 0.15 16.37 1.52 0.05 0.07 2.07 5.63 2.49 0.03 98.66 

SL-3 68.04 0.20 16.27 1.85 0.07 0.08 2.96 5.54 2.08 0.04 97.13 

SL-3 66.23 0.14 18.53 1.30 0.05 0.11 4.65 6.49 1.60 0.16 99.25 

SL-3 63.57 0.80 16.41 7.83 0.25 1.07 4.34 5.20 1.80 0.25 101.51 

SL-3 63.31 0.89 14.59 8.71 0.24 1.00 4.21 5.00 1.84 0.32 100.11 

SL-3 62.59 0.83 15.65 8.22 0.20 1.01 4.73 5.86 1.21 0.30 100.59 

SL-3 62.13 0.89 14.85 9.12 0.22 1.19 4.47 5.08 1.65 0.34 99.94 

SL-3 61.92 0.82 14.78 7.85 0.24 0.86 4.53 5.26 1.49 0.31 98.06 

SL-3 61.74 0.89 15.56 8.88 0.24 1.13 4.78 4.97 1.65 0.36 100.19 

SL-3 61.19 0.88 15.67 8.76 0.23 1.11 4.81 5.02 1.49 0.33 99.50 

SL-3 60.81 0.92 15.03 8.76 0.24 1.06 4.64 5.10 1.41 0.36 98.33 

SL-3 60.03 0.88 15.47 9.57 0.27 1.58 5.05 4.64 1.59 0.33 99.40 

SL-3 57.91 0.89 14.59 9.51 0.27 1.16 4.84 4.35 1.53 0.44 95.49 

 

Group 1  

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.99 2.27 13.09 12.27 0.19 3.85 7.00 3.48 1.86 0.37 99.36 

BCR2g 54.01 2.29 13.43 12.32 0.19 3.68 7.07 3.30 1.76 0.37 98.41 

BCR2g 54.69 2.27 13.44 12.40 0.20 3.60 7.19 3.22 1.76 0.35 99.14 

BCR2g 53.99 2.26 13.65 12.09 0.20 3.66 7.21 3.37 1.82 0.36 98.61 

BCR2g 53.59 2.27 13.39 12.16 0.20 3.67 7.16 3.42 1.83 0.36 98.03 

BCR2g 54.49 2.26 13.53 12.30 0.20 3.59 7.18 3.38 1.74 0.35 99.01 

BCR2g 54.31 2.26 13.31 12.11 0.21 3.56 7.11 3.26 1.80 0.36 98.29 

BCR2g 54.39 2.26 13.57 12.57 0.19 3.60 7.09 3.19 1.79 0.37 99.03 

BCR2g 54.84 2.26 13.48 12.46 0.19 3.67 7.14 3.15 1.77 0.35 99.30 

BCR2g 54.54 2.27 13.38 12.24 0.20 3.80 7.04 3.20 1.79 0.35 98.80 

BCR2g 55.57 2.25 13.57 12.42 0.18 3.74 7.31 3.44 1.78 0.35 100.62 

BCR2g 55.26 2.26 13.59 12.32 0.20 3.81 7.17 3.19 1.85 0.36 100.00 

BCR2g 54.35 2.26 13.37 12.78 0.20 3.74 7.08 3.41 1.81 0.35 99.36 

BCR2g 55.27 2.28 13.31 12.74 0.19 3.79 7.16 3.20 1.76 0.33 100.03 

Lipari 73.81 0.08 12.69 1.76 0.05 0.04 0.74 4.20 5.28 0.00 98.66 

Lipari 74.29 0.08 12.74 1.60 0.06 0.04 0.76 4.07 5.20 0.01 98.86 

Lipari 73.96 0.08 13.03 1.62 0.08 0.03 0.72 4.16 5.35 0.01 99.04 

Lipari 74.76 0.08 12.89 1.60 0.06 0.02 0.79 4.15 5.19 0.00 99.55 

Lipari 75.23 0.07 13.30 1.63 0.06 0.04 0.66 4.25 5.21 0.01 100.46 

Lipari 73.16 0.08 12.51 1.65 0.07 0.06 0.72 4.32 5.43 0.00 98.00 

Lipari 74.00 0.08 12.58 1.57 0.06 0.07 0.79 4.31 5.23 0.00 98.70 

Lipari 74.50 0.08 12.73 1.62 0.07 0.05 0.80 4.27 5.24 0.00 99.36 
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Lipari 75.00 0.08 12.94 1.55 0.06 0.05 0.73 4.23 5.14 0.01 99.78 

Lipari 74.43 0.07 12.66 1.46 0.07 0.02 0.81 4.18 5.34 0.01 99.05 

            

Group 2 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.25 2.26 13.43 12.19 0.19 3.64 7.19 3.18 1.88 0.34 98.54 

BCR2g 54.71 2.25 13.43 12.55 0.20 3.80 7.15 3.21 1.85 0.37 99.52 

BCR2g 55.17 2.25 13.86 12.45 0.17 3.75 7.20 3.20 1.81 0.32 100.18 

BCR2g 55.66 2.25 13.37 12.10 0.20 3.67 7.16 3.07 1.79 0.32 99.60 

BCR2g 55.63 2.26 13.30 12.26 0.19 3.66 7.35 3.23 1.73 0.32 99.94 

BCR2g 55.63 2.26 13.29 12.43 0.18 3.61 7.43 3.12 1.85 0.32 100.13 

BCR2g 55.48 2.27 13.75 12.15 0.19 3.72 7.46 3.18 1.87 0.33 100.40 

BCR2g 55.78 2.26 13.68 12.13 0.18 3.71 7.20 3.08 1.83 0.33 100.18 

Lipari 75.55 0.08 12.89 1.58 0.05 0.01 0.74 4.18 5.28 0.00 100.36 

Lipari 75.06 0.08 13.04 1.61 0.07 0.02 0.74 4.15 5.13 0.00 99.91 

Lipari 74.75 0.07 13.08 1.54 0.05 0.03 0.74 4.01 5.14 0.00 99.41 

Lipari 75.08 0.09 13.00 1.52 0.06 0.04 0.76 4.17 5.26 0.01 100.00 

Lipari 74.00 0.08 13.00 1.55 0.07 0.05 0.76 3.98 5.22 0.00 98.71 

Lipari 73.94 0.07 12.84 1.37 0.04 0.04 0.80 3.94 5.04 0.01 98.09 

Lipari 74.93 0.08 13.31 1.49 0.07 0.07 0.63 4.00 5.16 0.01 99.75 

Lipari 73.79 0.08 12.98 1.54 0.08 0.04 0.71 3.98 5.08 0.00 98.28 

            

Group 3  

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.49 2.28 13.62 12.16 0.20 3.61 7.09 3.32 1.77 0.36 98.89 

BCR2g 53.91 2.28 13.33 12.70 0.19 3.58 7.06 3.17 1.81 0.36 98.40 

BCR2g 54.72 2.27 13.37 12.33 0.21 3.71 7.23 3.18 1.86 0.36 99.23 

BCR2g 54.73 2.26 13.45 12.79 0.19 3.68 7.00 3.09 1.81 0.37 99.36 

BCR2g 54.33 2.28 13.09 12.91 0.20 3.67 7.18 3.18 1.87 0.36 99.09 

Lipari 73.96 0.08 12.69 1.52 0.07 0.00 0.69 4.06 5.11 0.00 98.18 

Lipari 74.17 0.08 13.17 1.56 0.07 0.03 0.76 3.94 5.10 0.00 98.88 

Lipari 73.74 0.08 13.09 1.69 0.07 0.01 0.76 4.13 5.19 0.01 98.77 

Lipari 73.83 0.07 12.99 1.56 0.07 0.06 0.76 4.16 5.09 0.01 98.62 

Lipari 74.29 0.08 12.57 1.48 0.07 0.04 0.73 4.01 5.34 0.01 98.62 

Lipari 75.10 0.07 12.91 1.44 0.06 0.04 0.72 4.09 5.06 0.00 99.50 

Lipari 75.16 0.07 12.63 1.47 0.06 0.04 0.81 4.06 5.09 0.00 99.39 

Lipari 75.06 0.07 12.96 1.47 0.07 0.04 0.74 3.88 5.10 0.02 99.41 

Lipari 74.15 0.07 12.48 1.69 0.07 0.04 0.77 3.77 5.26 0.00 98.29 

Lipari 73.76 0.08 13.16 1.56 0.07 0.04 0.74 4.01 5.25 0.00 98.68 

            

Group 4 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.72 2.25 13.29 12.26 0.20 3.66 7.15 3.11 1.76 0.36 98.76 

BCR2g 55.57 2.28 13.55 12.72 0.21 3.65 6.98 3.31 1.84 0.35 100.47 

BCR2g 54.63 2.27 13.71 12.43 0.20 3.81 7.19 3.23 1.83 0.35 99.65 

BCR2g 53.76 2.24 13.29 12.43 0.20 3.69 7.24 3.24 1.80 0.36 98.27 

BCR2g 53.77 2.23 13.07 12.33 0.19 3.75 7.28 3.38 1.78 0.36 98.15 

BCR2g 53.96 2.27 13.41 12.45 0.20 3.72 7.15 3.40 1.76 0.39 98.71 

BCR2g 53.52 2.23 13.56 12.27 0.19 3.73 7.25 3.31 1.75 0.36 98.16 

BCR2g 54.04 2.24 13.47 12.89 0.21 3.64 7.29 3.22 1.76 0.35 99.11 
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BCR2g 54.15 2.24 13.08 12.39 0.20 3.70 7.31 3.31 1.87 0.35 98.60 

Lipari 74.60 0.07 13.27 1.58 0.06 0.06 0.75 4.24 5.22 0.01 99.86 

Lipari 73.69 0.08 12.80 1.51 0.07 0.03 0.74 4.08 5.13 0.00 98.14 

Lipari 75.67 0.08 12.86 1.50 0.08 0.05 0.74 4.45 5.27 0.00 100.70 

Lipari 74.90 0.09 12.79 1.67 0.06 0.03 0.75 4.32 5.25 0.00 99.87 

Lipari 74.42 0.07 13.01 1.51 0.06 0.05 0.77 4.20 5.23 0.01 99.34 

Lipari 73.94 0.08 12.83 1.41 0.06 0.06 0.74 4.11 5.27 0.01 98.50 

Lipari 74.14 0.07 12.91 1.59 0.06 0.05 0.74 4.25 5.17 0.00 98.99 

Lipari 74.44 0.07 12.85 1.55 0.07 0.05 0.77 4.35 5.11 0.01 99.27 

Lipari 74.82 0.07 13.02 1.71 0.07 0.05 0.69 4.22 4.99 0.00 99.64 

            

Group 5 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 55.16 2.23 13.17 12.69 0.17 3.58 7.24 3.20 1.79 0.33 99.58 

BCR2g 53.15 2.22 13.34 12.05 0.20 3.60 7.24 3.16 1.83 0.35 97.15 

BCR2g 53.91 2.22 13.09 12.17 0.19 3.81 7.07 3.18 1.79 0.33 97.75 

BCR2g 54.11 2.21 13.25 12.19 0.17 3.76 7.40 3.18 1.79 0.34 98.40 

BCR2g 55.03 2.26 13.51 12.26 0.19 3.67 7.36 3.13 1.80 0.35 99.55 

BCR2g 54.76 2.28 13.14 12.34 0.21 3.65 7.31 3.07 1.85 0.36 98.97 

BCR2g 55.13 2.26 13.47 12.85 0.20 3.68 7.19 3.22 1.79 0.36 100.15 

BCR2g 54.57 2.23 13.66 12.83 0.19 3.72 7.10 3.13 1.73 0.35 99.51 

BCR2g 54.48 2.26 13.23 12.43 0.18 3.59 7.26 3.03 1.85 0.36 98.67 

BCR2g 54.91 2.28 13.46 12.27 0.18 3.66 7.19 3.14 1.75 0.37 99.21 

BCR2g 55.14 2.26 13.59 12.33 0.17 3.70 7.14 3.08 1.72 0.37 99.50 

BCR2g 54.82 2.22 13.48 12.55 0.17 3.80 7.26 3.13 1.72 0.35 99.49 

BCR2g 54.83 2.22 13.46 12.26 0.15 3.75 7.24 3.25 1.79 0.36 99.30 

BCR2g 54.63 2.25 13.77 12.65 0.18 3.69 7.25 3.24 1.73 0.36 99.76 

Lipari 74.03 0.08 12.78 1.46 0.06 0.04 0.77 3.79 5.07 0.00 98.09 

Lipari 74.30 0.07 13.00 1.38 0.08 0.05 0.75 4.23 5.37 0.01 99.22 

Lipari 74.63 0.09 13.23 1.53 0.05 0.04 0.70 3.87 5.19 0.01 99.35 

Lipari 74.22 0.08 12.88 1.47 0.05 0.05 0.76 3.87 5.32 0.00 98.71 

Lipari 75.35 0.07 13.10 1.36 0.07 0.02 0.76 4.05 5.22 0.00 100.01 

Lipari 74.89 0.08 12.98 1.65 0.06 0.03 0.69 3.97 5.18 0.00 99.53 

Lipari 75.13 0.08 12.88 1.66 0.08 0.05 0.75 3.95 5.30 0.00 99.87 

Lipari 74.18 0.08 13.04 1.60 0.04 0.02 0.69 4.10 5.37 0.01 99.12 

Lipari 74.23 0.08 12.83 1.74 0.06 0.02 0.77 3.97 5.30 0.00 99.01 

Lipari 73.43 0.08 12.65 1.59 0.07 0.05 0.76 4.04 5.29 0.01 97.96 

Lipari 74.17 0.07 12.75 1.61 0.06 0.04 0.73 3.85 5.30 0.00 98.59 

Lipari 74.78 0.08 12.89 1.66 0.06 0.05 0.75 4.15 5.40 0.00 99.83 

Lipari 73.39 0.08 12.91 1.50 0.08 0.05 0.79 3.95 5.30 0.01 98.06 

Lipari 73.78 0.07 12.80 1.40 0.07 0.00 0.81 3.97 5.23 0.01 98.14 

Lipari 74.83 0.08 13.02 1.51 0.05 0.03 0.81 4.18 5.12 0.01 99.64 

Lipari 73.14 0.08 13.09 1.63 0.06 0.03 0.77 3.88 5.19 0.00 97.88 

Lipari 73.85 0.07 12.96 1.55 0.05 0.07 0.76 3.96 5.27 0.01 98.56 

            

Group 6 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.73 2.26 13.45 12.79 0.19 3.68 7.00 3.09 1.81 0.37 99.36 

BCR2g 54.33 2.28 13.09 12.91 0.20 3.67 7.18 3.18 1.87 0.36 99.09 

BCR2g 54.46 2.27 13.40 12.44 0.20 3.65 7.31 2.60 1.66 0.36 98.36 
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BCR2g 54.82 2.23 13.54 12.35 0.20 3.68 7.11 2.83 1.87 0.35 98.99 

BCR2g 54.87 2.26 13.45 12.29 0.19 3.73 7.12 2.26 1.77 0.36 98.30 

BCR2g 54.68 2.26 13.23 12.93 0.19 3.62 7.04 3.01 1.81 0.38 99.13 

BCR2g 54.49 2.24 13.44 12.47 0.21 3.70 7.18 2.04 1.92 0.38 98.08 

BCR2g 54.49 2.26 13.50 12.39 0.21 3.64 7.03 3.13 1.83 0.38 98.86 

Lipari 74.71 0.07 12.76 1.60 0.07 0.04 0.67 3.75 5.17 0.00 98.84 

Lipari 74.89 0.07 12.75 1.43 0.06 0.04 0.75 3.78 5.22 0.01 99.00 

Lipari 74.82 0.07 13.07 1.49 0.06 0.03 0.77 3.94 5.29 0.00 99.53 

Lipari 74.21 0.08 12.82 1.84 0.06 0.01 0.66 3.94 5.27 0.01 98.90 

Lipari 74.96 0.07 12.68 1.57 0.08 0.04 0.75 3.83 5.17 0.01 99.16 

Lipari 74.31 0.08 13.29 1.47 0.06 0.03 0.81 3.79 5.22 0.00 99.06 

Lipari 75.16 0.07 12.63 1.47 0.06 0.04 0.81 4.06 5.09 0.00 99.39 

Lipari 75.06 0.07 12.96 1.47 0.07 0.04 0.74 3.88 5.10 0.02 99.41 

Lipari 74.15 0.07 12.48 1.69 0.07 0.04 0.77 3.77 5.26 0.00 98.29 

Lipari 73.76 0.08 13.16 1.56 0.07 0.04 0.74 4.01 5.25 0.00 98.68 

            

Group 7 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 53.91 2.26 13.70 12.56 0.19 3.82 7.26 3.20 1.79 0.34 99.03 

BCR2g 54.59 2.28 13.63 12.29 0.19 3.65 7.06 3.48 1.84 0.35 99.35 

BCR2g 54.83 2.27 13.42 11.95 0.20 3.71 7.04 3.49 1.79 0.35 99.04 

BCR2g 54.19 2.27 14.20 12.76 0.19 3.76 6.95 3.45 1.77 0.30 99.83 

BCR2g 54.34 2.26 14.77 12.82 0.20 3.74 7.07 3.81 1.82 0.34 101.16 

BCR2g 54.90 2.28 13.60 12.46 0.19 3.77 7.25 3.20 1.84 0.32 99.81 

BCR2g 54.93 2.28 13.75 12.93 0.20 3.65 7.10 3.45 2.00 0.33 100.60 

BCR2g 55.03 2.28 13.35 12.50 0.18 3.83 7.03 3.60 1.80 0.33 99.92 

BCR2g 55.18 2.28 14.59 12.69 0.22 3.69 7.17 3.59 1.90 0.35 101.65 

Lipari 73.83 0.08 12.99 1.62 0.06 0.04 0.65 3.98 5.02 0.01 98.29 

Lipari 74.44 0.08 12.98 1.62 0.07 0.04 0.66 4.12 5.29 0.01 99.31 

Lipari 74.61 0.07 12.95 1.54 0.09 0.05 0.67 4.16 5.19 0.01 99.33 

Lipari 75.02 0.07 13.30 1.65 0.09 0.04 0.76 4.24 5.22 0.01 100.39 

Lipari 74.80 0.08 13.82 1.69 0.09 0.06 0.70 4.63 5.09 0.01 100.97 

Lipari 74.76 0.08 13.40 1.63 0.07 0.05 0.76 4.49 5.17 0.01 100.40 

Lipari 74.94 0.07 13.15 1.57 0.06 0.04 0.79 4.55 5.27 0.00 100.44 

Lipari 75.09 0.08 13.81 1.52 0.06 0.04 0.77 4.45 5.25 0.01 101.08 

Lipari 74.66 0.07 13.44 1.61 0.08 0.05 0.68 4.20 5.04 0.02 99.86 

Lipari 75.19 0.09 12.79 1.75 0.08 0.02 0.73 4.48 5.13 0.00 100.27 

            

Group 8 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 55.20 2.30 13.56 12.15 0.20 3.60 6.93 3.21 1.79 0.36 99.29 

BCR2g 54.41 2.26 13.38 12.48 0.17 3.72 7.13 3.28 1.74 0.38 98.96 

BCR2g 54.54 2.26 13.16 12.58 0.21 3.75 6.91 3.32 1.88 0.39 99.00 

BCR2g 53.96 2.26 13.23 12.38 0.20 3.77 7.03 3.52 1.79 0.38 98.51 

BCR2g 54.11 2.26 13.23 12.50 0.18 3.69 6.99 3.21 1.86 0.36 98.40 

BCR2g 54.70 2.27 13.33 12.72 0.20 3.76 7.09 3.42 1.76 0.36 99.60 

BCR2g 54.92 2.26 13.41 12.62 0.19 3.66 7.11 3.42 1.81 0.38 99.77 

BCR2g 54.22 2.28 13.08 11.70 0.20 3.80 7.00 3.25 1.86 0.35 97.74 

BCR2g 54.50 2.27 13.13 12.34 0.20 3.85 7.31 3.41 1.74 0.34 99.08 

BCR2g 54.24 2.28 13.50 12.54 0.20 3.70 7.00 3.30 1.78 0.36 98.89 
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BCR2g 54.57 2.25 13.56 12.45 0.19 3.72 7.19 3.31 1.80 0.36 99.40 

Lipari 74.43 0.07 12.70 1.76 0.07 0.04 0.81 4.18 5.23 0.00 99.30 

Lipari 74.04 0.08 12.68 1.63 0.07 0.04 0.71 4.16 4.96 0.01 98.36 

Lipari 74.78 0.07 12.99 1.59 0.07 0.06 0.72 4.27 5.21 0.00 99.76 

Lipari 74.50 0.07 12.80 1.65 0.07 0.02 0.79 4.01 5.24 0.00 99.15 

            

Group 9 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.38 2.25 13.50 11.88 0.18 3.64 7.03 3.11 1.85 0.34 98.16 

BCR2g 54.61 2.25 13.14 12.46 0.16 3.68 7.07 3.29 1.90 0.35 98.91 

BCR2g 54.57 2.25 13.42 12.31 0.20 3.71 7.33 3.22 1.86 0.33 99.22 

BCR2g 54.07 2.26 13.18 12.18 0.19 3.54 7.23 3.14 1.87 0.33 97.99 

BCR2g 54.24 2.26 13.19 13.06 0.19 3.60 7.33 3.16 1.89 0.32 99.23 

BCR2g 53.37 2.25 13.50 12.77 0.19 3.77 7.17 3.26 1.85 0.35 98.47 

Lipari 74.30 0.08 12.92 1.59 0.08 0.03 0.82 4.04 5.30 0.00 99.15 

Lipari 74.23 0.08 13.07 1.66 0.05 0.04 0.78 3.85 5.25 0.01 99.02 

Lipari 73.04 0.07 12.84 1.51 0.06 0.00 0.71 4.04 5.06 0.01 97.34 

Lipari 73.43 0.07 12.64 1.50 0.04 0.04 0.76 4.00 5.14 0.01 97.62 

Lipari 73.30 0.08 12.77 1.77 0.08 0.05 0.76 3.98 5.30 0.01 98.10 

Lipari 72.86 0.08 12.80 1.25 0.06 0.00 0.73 4.12 5.30 0.01 97.20 

Lipari 72.94 0.08 12.61 1.69 0.04 0.06 0.74 3.93 5.13 0.00 97.22 

Lipari 72.96 0.08 12.91 1.62 0.05 0.04 0.72 3.94 5.18 0.00 97.50 

            

Group 10 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.50 2.27 13.13 12.34 0.20 3.85 7.31 3.41 1.74 0.34 99.08 

BCR2g 54.24 2.28 13.50 12.54 0.20 3.70 7.00 3.30 1.78 0.36 98.89 

BCR2g 54.57 2.25 13.56 12.45 0.19 3.72 7.19 3.31 1.80 0.36 99.40 

BCR2g 53.91 2.26 13.70 12.56 0.19 3.82 7.26 3.20 1.79 0.34 99.03 

BCR2g 54.59 2.28 13.63 12.29 0.19 3.65 7.06 3.48 1.84 0.35 99.35 

BCR2g 54.83 2.27 13.42 11.95 0.20 3.71 7.04 3.49 1.79 0.35 99.04 

Lipari 73.83 0.08 12.99 1.62 0.06 0.04 0.65 3.98 5.02 0.01 98.29 

Lipari 74.44 0.08 12.98 1.62 0.07 0.04 0.66 4.12 5.29 0.01 99.31 

Lipari 74.61 0.07 12.95 1.54 0.09 0.05 0.67 4.16 5.19 0.01 99.33 

Lipari 75.02 0.07 13.30 1.65 0.09 0.04 0.76 4.24 5.22 0.01 100.39 

            

Group 11 

Standard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

BCR2g 54.79 2.25 13.49 12.64 0.19 3.78 7.18 3.24 1.74 0.36 99.66 

BCR2g 55.21 2.28 13.39 12.08 0.21 3.63 7.11 3.24 1.90 0.35 99.39 

BCR2g 55.23 2.26 13.51 12.95 0.22 3.68 7.14 2.27 1.83 0.38 99.48 

BCR2g 54.69 2.26 13.27 12.65 0.19 3.68 6.89 3.45 1.82 0.37 99.25 

BCR2g 54.71 2.26 13.81 12.38 0.20 3.64 7.11 3.19 1.70 0.38 99.38 

BCR2g 54.43 2.26 13.44 12.39 0.21 3.82 7.12 3.35 1.88 0.36 99.26 

BCR2g 54.72 2.26 13.77 12.85 0.18 3.76 7.23 3.29 1.78 0.38 100.22 

BCR2g 54.12 2.25 13.50 12.71 0.20 3.74 7.20 3.40 1.84 0.37 99.31 

Lipari 74.79 0.08 13.05 1.54 0.06 0.04 0.70 4.27 5.22 0.01 99.76 

Lipari 75.18 0.08 13.23 1.45 0.06 0.03 0.82 4.02 5.25 0.00 100.13 

Lipari 74.45 0.08 13.12 1.70 0.07 0.03 0.72 4.43 5.08 0.00 99.68 

Lipari 74.72 0.08 13.12 1.44 0.07 0.06 0.81 4.42 5.20 0.00 99.91 
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Chapter 6: The transport of Icelandic volcanic ash: insights from European tephra 

records  

Model description and testing 

The physical model calculates the terminal fall velocity of a particle using the ‘Ganser 

scheme’ described by (Stevenson et al., 2015), which accounts for the non-spherical 

shape of particles (Ganser, 1993). Particle density varies exponentially with particle 

size; larger particles (2000 µm, 440 kg m-3) being less dense than smaller particles (8 

µm, 2300 kg m-3) (due to a larger proportion of vesicles (Bonadonna and Phillips, 2003; 

Connor et al., 2013). The tephra glass density for calculations is based on the density of 

rhyolitic (SiO2>69 wt %) glass (2.3 g cm-2), the most commonly identified cryptotephra 

composition. Particles fall through an atmosphere with layers of 100 m vertical 

thickness. Wind speed and air viscosity are constant with height, however atmospheric 

density decreases with height (Connor et al., 2013).  

In order to assess our model, we compare the model output to geological distal tephra 

dispersion for an eruption which has relatively well described input parameters (plume 

height and wind speed) and well mapped distal tephra deposits: the May 1980 eruption 

of Mount St Helens. Wind speed for the event is estimated at an average of 28 ms-1 and 

plume height between 15-20 km (Carey and Sigurdsson, 1982). As sphericity is not well 

defined for tephra from this eruption, values are sampled from the standard input 

probability density function.  

Our results are generally in good agreement with the empirical observations (Carey and 

Sigurdsson, 1982) especially for shards ≥ 200 µm (Max A) (Fig. S4). However, our 

model overestimates the transport distance of smaller shards (100 µm). There is 

evidence that aggregation resulted in the early fallout of small shards (<100 µm) 

(Durant et al., 2009). As our model does not account for aggregation, small shards do 

not fall as early as the denser aggregates and travel further. This is most likely the 
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reason that the empirical data and our model output do not show complete alignment for 

shards of ~100 µm size. There is no empirical data for shard sizes (Max A) <100 µm.  
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Chapter 6. Figure S1. The results of bootstrap resampling on a selection of the tephra layers identified in 

this study. Red lines indicate 0.025 and 0.975 error bounds. 
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Chapter 6. Figure S2. Flowchart outline of the tephra fallout model applied in this paper. 
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Chapter 6. Figure S3. Plots showing the values sampled from probability distribution functions for a) 

wind speed, b) sphericity c) plume height and d) an example of the range of output distances during a 

model run with a particle diameter of 30 µm. 
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Chapter 6. Figure S4. Model fallout distances plotted against empirical data for the Mount St Helens 1980 

eruption. Tephra data and eruption input parameters all from Carey and Sigurdsson (1982) plotted in 

black. No observed data is available for shard sizes <100 µm. Data from model outputs: point = median 

output value; horizontal bars indicate maximum and minimum values from model outputs. Plume height 

estimates for the eruption vary between 15km and 20km therefore two separate model simulations were 

run (red and blue lines respectively). 
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Chapter 6. Figure S5. Geochemical data for the Hekla 4 tephra plotted by region, including data from 

sites in this study. All data has been normalised to 100% for comparison. Colours correspond to regions 

as follows: Sweden (Orange); N. Ireland (Sky blue); Faroes/Shetland (Dark grey); Scotland (light grey); 

Ireland (Dark Blue); Norway (Red). A-B) Data from Tephrabase: England (Pilcher et al., 1996); Faroe 

Islands (Dugmore et al., 1996, Wastegård et al., 2001); Iceland (Dugmore et al., 1992, Boygle, 1995); 

Ireland (Pilcher et al., 1996); Northern Ireland (Pilcher et al., 1996, Pilcher et al., 1995, Swindles, 2006); 

Norway (North)(Pilcher et al., 2005); Scotland (Dugmore et al., 1992, Dugmore and Newton, 1992, 

Dugmore et al., 1995); Central Sweden (Zillen et al., 2002). C-D) Hekla 4 type data (blue shaded region) 

plotted against Hekla 4 tephra layers from sites in this study. A small number of shards at Claraghmore 

bog with a TiO2 content of ~1.5% are from an eruption of Katla which occurred at approximately the 

same time as the Hekla 4 eruption and have been removed from these plots for clarity (Silk N2 (Plunkett 

et al., 2004)) . The errors associated with the analytical work (EPMA) are smaller than the size of the 

symbols used. 
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Chapter 6. Figure S6. Combinations of sampled input parameters which result in transport distances 

which lie between the UQ and LQ range (the range which appears to match our geological samples). 

Darker colours represent input parameter combinations which were stochastically sampled more often. 
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Tephra layer 
Lake  

(median shard size) 

Peatland 

(median shard size) 
p value 

Glen Garry 
Malham tarn  

(50 µm) 

Malham tarn moss 

(50 µm) 
0.07 

Hekla 1104 
Sammakovuoma lake 

(45 µm) 

Sammakovuoma peatland 

(40 µm) 
0.03 

SN-1 
Sammakovuoma lake 

(45 µm) 

Sammakovuoma peatland 

(35 µm) 
0.00 

Hekla 1104, Hekla 

1158 (one mixed 

layer) 

Lake Svartkälsjärn 

(45 µm) 

Degerö Stormyr 

(40 µm) 
0.05 

Hekla 4 
Lake Svartkälsjärn 

(40 µm) 

Degerö Stormyr 

(45 µm) 
0.04 

Chapter 6. Table S1. Table indicating the outcome of Mann Whitney statistical tests comparing the 

maximum tephra grain length of tephra layers recorded in peatlands and lakes in close proximity. 

Statistically significant p values (indicating a significant difference in the median shard size in the lake 

and peatland at 95% confidence interval) are highlighted in bold. 
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Tephra layer Site type 
Site (and core if 

applicable) 

Median tephra 

size in sample of 

peak tephra 

concentration 

(Max A) 

Overall 

median 

tephra size 

(Max A) 

p value 

Hekla 1510 
Peatland 

Fallahogy (1) 40 
40 

0.85 

Hekla 1510 Peatland Fallahogy (2) 50 60 0.14 

Hekla 1510 
Peatland 

Fallahogy (3) 50 
50 

0.73 

Hekla 1510 
Peatland 

Fallahogy (4) 50 
50  

0.61 

Hekla 1510 
Peatland 

Fallahogy (6) 40 
40 

0.39 

Hekla 1510 
Peatland 

Fallahogy (7) 50 
50 

0.91 

Hekla 1510  
Peatland 

Fallahogy (8) 40 
45 

0.09 

Hekla 1510 
Peatland 

Fallahogy (9) 50 
45 

0.94 

Hekla 1510  
Peatland 

Fallahogy (10) 45 
45 

0.82 

Hekla 1510 
Peatland 

Fallahogy (11) 50 
50 

0.32 

Hekla 4 
Peatland Claraghmore 

peatland  
30 

35 
0.48 

Hekla 4 
Peatland 

Malham Moss 45 
40 

0.45 

Hekla 4 
Peatland 

Dëgro Stormyr 45 
45 

0.95 

CLA-L1 
Lake 

Claraghmore Lake 65 
65 

0.65 

Hekla 1104 
Lake 

Sammakovuoma lake 40 
45 

0.62 

SN-1 
Lake 

Sammakovuoma lake 45 
45 

0.32 

Glen Garry 
Lake 

Malham Tarn 50 
50 

0.56 

Hekla 4  
Lake 

Lake Svartkälsjärn 40 
40 

0.17 

Chapter 6. Table S2. Table indicating the outcome of Mann Whitney statistical tests comparing the 

median tephra shard size (Max A) in the sample of peak concentration with the overall median tephra 

shard size (Max A) for a tephra layer. There are no statistically significant p values (indicating a 

significant difference in the median shard size in the lake and peatland at 95% confidence interval) 

suggesting that shards of different sizes (Max A) are not being reworked vertically through peatlands or 

lakes significantly differently. 

Chapter 6 Supplementary file 2. A spreadsheet containing raw data on shard size, morphology and colour 

for each shard in this study. Due to space constraints in this thesis and the large number of rows in this 

table (9500) this file is not included in the thesis.  
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Chapter 7: Climatic control on Icelandic volcanic activity during the Holocene 

 

Figure S1. Plots indicating a) the frequency of Icelandic eruptions (explosive and effusive) and ash cloud 

events, b) the results of running correlation analysis on Icelandic eruption and ash cloud event data (width 

10), c) the frequency of Icelandic eruptions and volume of lava erupted from Iceland, d) the results of 

running correlation analysis on Icelandic eruption frequency and lava volume (width 10). Owing to dating 

uncertainties on data all data are binned into 200 year bins. Dashed vertical grey lines indicate periods of 

reduced frequency of explosive volcanic eruptions and ash clouds in the periods between 5.5-4.5 ka BP 

and 2.6-1.6 ka BP  
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Figure S2. Plots showing the results of cross correlation analysis between a) GISP2 Na+ and Icelandic 

eruption frequency, b) GISP2 Na+ and ash cloud frequency over the last 7000 years. Icelandic eruption 

frequency and ash cloud frequency in 100 year bins, GISP2 Na+ values averaged across 100 years. Blue 

lines indicate 95% confidence intervals. Strongest correlations: Icelandic eruptions -0.33 at a lag of 600 

years; European ash clouds -0.35 at a lag of 700 years. 
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Chapter 8: Estimating the frequency of volcanic ash clouds over northern Europe  

Chapter 8. Supplementary File 1 Table indicating the new tephra layers identified in northern Europe 

since the original database by Swindles 2011 was compiled. Maps showing the new tephra layers in 

reference to the spatial gaps identified by Lawson et al., 2012 are provided in Supplementary File 3. New 

sites extend the existing distribution of some previously identified tephra layers such as Hekla 1158. New, 

additional tephra layers which do not match the geochemistry or timing of previously identified tephra 

layers in northern Europe have also been discovered (highlighted in bold). Tephra layers which may 

represent new previously unrecognised horizons, but which have too few geochemical analyses or show a 

large range of different geochemistry and therefore are not completely confirmed as new tephra layers are 

highlighted in bold italics.  
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Tephra 
Type of 
record 

Age/ mid-age 
Estimate 

Source region Source volcano 
Geochemical 
composition 

Site, Region 
Location 

(decimal degrees) 
Reference 

Grímsvötn 2011 Observed AD 2011 Iceland Grímsvötn Basaltic Multiple n/a Stevenson et al., (2013) 

Hekla 1947 Cryptotephra 3 BP Iceland Hekla Dacitic-Andesitic 
Cors Fochno, Wales 52.504°N, 4.012°W This study  

Roman Lode, England  51.129°N, 3.783°W Matthews et al. (2008) 

Askja 1875 Cryptotephra 75 BP Iceland Askja Rhyolitic 

Degerö Stormyr, Sweden 64.181°N, 19.564°E Watson et al., (in press) 

Linje, Poland 53.187°N, 18.309°E This Study 

Lake Czechowskie, Poland 53.874°N, 18.238°E 
Wulf et al, (2016) 

Lake Tiefer See, Germany 53.593°N, 12.529°E 

Hekla 1845 Cryptotephra 105 BP Iceland Hekla Dacitic-Andesitic 
Cors Fochno, Wales 52.504°N, 4.012°W This study 

Fallahogy, N. Ireland 54.911°N, 6.557°W Watson et al., (2015) 

BRACSH-1 Cryptotephra 146 BP Iceland Grímsvötn? Basaltic Brackloon, Ireland 53.753°N, 9.560°W Reilly et al., (2015) 

QUB 384_G3_G4 Cryptotephra 250 BP Unknown Unknown Dacitic Cors Fochno, Wales 52.504°N, 4.012°W This study 

Hekla 1693 

Cryptotephra 

257 BP Iceland Hekla Intermediate 

Lough Naman, N. Ireland 54.439°N, 7.885°W 
Rea et al., (2011) 

Cryptotephra Moneygal, N. Ireland 54.742°N, 7.631°W 

Observed n/a n/a Thorarinsson, (1981) 

Hekla 1510 Cryptotephra 440 BP Iceland Hekla Dacitic-Andesitic 

Camillan, Ireland 52.017°N, 9.533°W Reilly et al., (2015) 

Ricksy Ball, England 51.128°N, 3.843°W Fyfe et al., (2014) 

Roman Lode, England 51.129°N, 3.783°W Matthews et al., (2008) 

Öræfajökull 1362 Cryptotephra 588 BP Iceland Öræfajökull Rhyolitic Claraghmore Bog, N. Ireland 54.633°N, 7.454°W Watson et al., (in press) 

Unknown Cryptotephra 778 BP Unknown Unknown Andesitic-Dacitic Cors Fochno, Wales 52.504°N, 4.012°W This study  

Hekla 1158 Cryptotephra 792 BP Iceland Hekla Dacitic 

Degerö Stormyr, Sweden 64.181°N, 19.564°E 
Watson et al., (in press) 

Lake Svartkälsjärn, Sweden 64.264°N, 19.552°E 

Stordalen, Sweden 68.356°N, 19.044°E Swindles et al., (2015) 

Hekla 1104 Cryptotephra 846 BP Iceland Hekla Rhyolitic 

Camillan, Ireland 52.017°N, 9.533°W Reilly et al., (2015) 

Claraghmore Bog, N. Ireland 54.633°N, 7.454°W 

Watson et al., 2016 in press 

Degerö Stormyr, Sweden 64.181°N, 19.564°E 

Lake Svartkälsjärn, Sweden 64.264°N, 19.552°E 

Sammakovuoma bog, Sweden 66.995°N, 21.457°E 

Lake Sammakovuoma, Sweden 66.992°N, 21.500°E 

CLA-L1 Cryptotephra 
Younger then 

MOR-T4 = 
950 BP 

Iceland Grímsvötn Basaltic Claraghmore lake , N. Ireland 54.631°N, 7.450°W Watson et al., (in press) 

MOR-T4 Cryptotephra 950 BP Iceland Unknown Rhyolitic-Dacitic 

Cors Fochno, Wales 52.504°N, 4.012°W This study 

Claraghmore Bog, N. Ireland 54.633°N, 7.454°W 
Watson et al., (2016) 

Claraghmore lake , N. Ireland 54.631°N, 7.450°W 
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Unknown  
Grímsvötn 

Cryptotephra 1077 BP Iceland Grímsvötn Basaltic Lake Tiefer See, Germany 53.593°N, 12.529°E Wulf et al., (2016) 

AD 860 B Cryptotephra 1103 BP Alaska 
Bona-Churchill 

massif 
Rhyolitic Rough Tor, England? 

50.589°N, 4.625°W 
This study 

 

AD 860 A Cryptotephra 1117 BP Iceland? Grímsvötn? Rhyolitic 
Rough Tor, England? 50.589°N, 4.625°W This study 

Ricksy Ball, England 51.128°N, 3.843°W Fyfe et al., (2014) 

SN-1 Cryptotephra 1165 BP Iceland Snæfellsjökull Trachydacite 
Sammakovuoma bog, Sweden 66.995°N, 21.457°E 

Watson et al., (in press) 
Lake Sammakovuoma, Sweden 66.992°N, 21.500°E 

Unknown Icelandic 
= DOM 4? 

Cryptotephra 
1890 BP and 

1960 BP 
Iceland? Unknown Rhyolitic Lake Czechowskie, Poland 53.874°N, 18.238°E Wulf et al., (2016) 

Glen Garry Cryptotephra 2176 BP Iceland? Unknown Dacitic-Rhyolitic 

Malham Tarn Moss, England 54.097°N, 2.173°W 
Watson et al., (in press) 

Malham Tarn, England 54.096°N, 2.165°W 

Lake Tiefer See, Germany 53.593°N, 12.529°E Wulf et al., (2016) 

SV-L2 - QUB 570 
Group 2 (c. AD 

650)? 
Cryptotephra 2250 BP ? Unknown Dacitic-Andesitic Lake Svartkälsjärn, Sweden 64.264°N, 19.552°E Watson et al., (in press) 

DCSH-2 Cryptotephra 2365 BP Azores? 
Furnas 

volcano? 
Trachydacite Derrycunihy, Ireland 51.970°N, 9.600°W Reilly et al., (2015) 

BMR-190 Cryptotephra 2595 BP Iceland Hekla Dacitic Camillan, Ireland 52.017°N, 9.533°W Reilly et al., (2015) 

OMH-185 
Population 2 

Cryptotephra 2668 BP ? Unknown Rhyolitic-Dacitic Ricksy Ball, England 51.128°N, 3.843°W Fyfe et al., (2014) 

Microlite Cryptotephra 2668 BP Iceland Snaefellsjökull Rhyolitic Roman Lode, England 51.129°N, 3.783°W Matthews et al. (2008) 

Hekla 3 Cryptotephra 2996 BP Iceland Hekla Dacitic-Rhyolitic Degerö Stormyr, Sweden 64.181°N, 19.564°E Watson et al., (in press) 

Hekla-S/Kebister Cryptotephra 3725 BP Iceland Hekla Dacitic-Rhyolitic Degerö Stormyr, Sweden 64.181°N, 19.564°E Watson et al., (in press) 

Silk-N2 Cryptotephra 4287 BP Iceland Katla 
Dacitic-

Trachydacitic 
Claraghmore Bog, N. Ireland 54.633°N, 7.454°W Watson et al., (in press) 

Hekla 4 Cryptotephra 4287 BP Iceland Hekla Rhyolitic-Dacitic 

Degerö Stormyr, Sweden 64.181°N, 19.564°E 

Watson et al., (in press) 

Lake Svartkälsjärn, Sweden 64.264°N, 19.552°E 

Lake Sammakovuoma, Sweden 66.992°N, 21.500°E 

Malham Tarn Moss, England 54.097°N, 2.173°W 

Claraghmore lake , N. Ireland 54.631°N, 7.450°W 

Fallahogy, N. Ireland 54.911°N, 6.557°W Roland et al., (2014) 

Lake Tiefer See, Germany 53.593°N, 12.529°E Wulf et al., (2016) 

Unknown #5 Cryptotephra 5500 BP ? ? Rhyolitic-Dacitic Lake Svartkälsjärn, Sweden 64.264°N, 19.552°E Watson et al., (in press) 

Lairg B Cryptotephra 6676 BP Iceland Torfajökull Rhyolitic 

Claraghmore lake , N. Ireland 54.631°N, 7.450°W 
Watson et al., (in press) 

Malham Tarn Moss, England 54.097°N, 2.173°W 

Ricksy Ball, England 51.128°N, 3.843°W Fyfe et al., (2014) 
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Lake Tiefer See, Germany 53.593°N, 12.529°E Wulf et al., (2016) 

Lairg A Cryptotephra 6900 BP Iceland Hekla Rhyolitic 

Claraghmore lake, N. Ireland 54.631°N, 7.450°W 

Watson et al., (in press) 
Claraghmore Bog, N. Ireland 54.633°N, 7.454°W 

Malham Tarn Moss, England 54.097°N, 2.173°W 

Degerö Stormyr, Sweden 64.181°N, 19.564°E 

Ricksy Ball, England 51.128°N, 3.843°W Fyfe et al., (2014) 
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Chapter 8. Supplementary File 2. New tephras in Southern England, Wales and Poland. 

Bodmin Moor (Rough Tor South)  

Bodmin Moor is an area of moorland in the South of England. Rough Tor South is a 

topogenous valley mire located to the northwest of Bodmin Moor (50.59°N, 4.63°W), 

the mire has accumulated around a spring and has been subject to previous stratigraphic 

and paleoecological study (Gearey et al., 2000; Hopla and Gearey, 2009). Previous 

research has identified a record spanning ~3 meters of peat at Rough Tor South (Gearey 

and Charman, 1996). 

Despite extensive investigation of the area, the deepest peat identified during this study 

was 140 cm in depth. The bottom of the core contains increasing amounts of mineral 

material, as evidenced by loss-on-ignition values (% loss-on-ignition < 5%), suggesting 

that the peat-mineral soil interface was sampled. We identified two tephra layers in the 

Rough Tor South core at depths of 30-31 cm (BD 30) and 36-37 cm (BD 36). The major 

element glass geochemistry of shards from these two tephra layers suggests a 

correlation to the AD 860 layers (B and A respectively). Radiocarbon dates from 

previous paleoenvironmental studies at Rough Tor South indicate an age of 1675 cal yr 

BP for peat at a depth of 115 cm (Gearey et al., 2000). Based on linear interpolation, 

peat at ~30cm depth would have an age of 395 cal yr BP, much more recent than the 

age of the AD 860 tephra layers (1090 cal yr BP). However, areas of peat on Bodmin 

Moor have been subject to anthropogenic disturbance, through peat cutting, artificial 

drainage and tin steaming (Gearey et al., 2000). Rough Tor has a high density of 

archaeological remains and paleoenvironmental investigations indicate that humans 

have been in the area since the Neolithic (Hopla and Gearey, 2009). We therefore 

suggest that the top of the core obtained from Rough Tor South for this study was lost 

due to peat cutting or anthropogenic disturbance in the past. Our conclusion is 

supported by the short length of the core recovered when compared to those retrieved by 

previous studies; our core of 1.4 m was shorter than the 2.8 m cores retrieved by 

(Gearey et al., 2000; Hopla and Gearey, 2009). Secondly, we conducted a scan in the 

top section of the core for spheroidal carbonaceous particles (SCPs); microscopic soot 
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particles which are indicators of post industrial revolution air pollution (Rose and 

Harlock, 1998). SCPs have been identified in the surface sediments of lakes in Cornwall 

(Rose and Harlock, 1998). However, no SCPs were identified in the top of the core 

from Rough Tor South, adding weight to our hypothesis that the top of the core at 

Rough Tor South was lost due to anthropogenic disturbance and supporting our 

correlation of the tephras identified to the AD 860 A (BD 36) and AD 860 B (BD 30) 

tephra layers.  

The AD 860 layers (1090 cal yr BP) were originally discovered in Sluggan bog, Ireland, 

apparent in the peat as one tephra layer but containing glass shards of two different 

geochemical compositions (Pilcher et al., 1995). The AD 860 B tephra has been 

identified at 20 sites in Ireland, Great Britain, Scandinavia and Germany (Langdon and 

Barber, 2004; Pilcher et al., 2005; Pilcher et al., 1995; Van Den Bogaard and 

Schmincke, 2002) The BD 30 tephra at Rough Tor South represents the first 

identification of the AD 860 B in the south of England, despite other 

tephrochronological studies in the region (Fyfe et al., 2014; Matthews, 2008). The AD 

860 B tephra was recently linked to a source eruption in Alaska (Jensen et al., 2014) 

and has been precisely dated in the NGRIP ice core to AD 846-848 (1103 cal yr BP) 

(Coulter et al., 2012). The AD 860 A tephra has been tentatively linked to an eruption 

of the Grímsvötn volcanic system, Iceland (Wastegård et al., 2003). AD 860 A has a 

more confined spatial distribution when compared to the AD 860 B tephra layer and has 

been identified at 7 sites, the majority (n = 6) in Great Britain and Ireland (Chambers et 

al., 2004; Langdon and Barber, 2004; Swindles, 2006). BD 36 represents the second 

finding of the AD 860 A tephra in Southern England, where it has recently been 

identified on Exmoor (Fyfe et al., 2014).    
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Chapter 8. Supplementary file 2. Figure 1- Geochemical bi-plots of major elements of glass from the two 

tephra layers detected at Bodmin moor (Rough Tor South) plotted against the glass geochemistry of 

known tephras based on type data from Hall and Pilcher (2002); Pilcher et al. (1995); Swindles (2006) 

Wales (Cors Fochno) 

Cors Fochno (Borth Bog) is a raised bog in Ceredigion, West Wales (52.50°N, 4.01°W). 

Previous paleoenvironmental research on the site indicates a peat age of 6910–7170 cal 

yr BP at a depth of ~6.9 meters (Hughes and Schulz, 2001). A core of 7.2 meters of well 

humified peat was sampled from the peatland for this study. Continuous analysis of the 

core identified five cryptotephra layers, all found in the top 130 cm of peat. Samples of 

the core below 130 cm occasionally contain one or two glass shards resembling 

cryptotephra, but glass shard concentrations are too sparse to be suitable for 

geochemical analysis.  

The top 24 cm of peat at Cors Fochno contains two cryptotephra layers of similar major 

element glass geochemistry, CF-1 (13-15 cm) and CF-2 (23-24 cm). Both CF-1 and CF-

2 are comprised of a sparse concentration of small brown glass shards. Geochemical 

analysis suggests that both tephra layers have a dacitic-andesitic glass shard 

geochemistry similar to the composition of glass shards from historic eruptions of the 

Hekla volcano (Figure 2a-b). Over the last 500 years multiple tephra layers with highly 

similar major element geochemistry have been deposited over northern Europe during 
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eruptions of the Hekla volcano in: AD 1510, 1845 and 1947 (Dugmore et al., 1996; Rea 

et al., 2012; Watson et al., 2015).  

Spheroidal carbonaceous particles (SCPs) are a marker produced by the burning of 

fossil fuels, SCPs first appear in records during the industrial revolution and gradually 

increase in abundance before reaching a peak in concentration in samples dating to c. 

1970 in the UK (Rose and Harlock, 1998). SCPs were detected in large numbers in 

samples containing the CF-1 tephra, whereas, only a small number of SCPs were 

present in samples containing the CF-2 tephra. The presence of SCPS alongside glass 

shards from both the CF-1 and CF-2 tephras layers suggests that these tephras were 

deposited too recently to be from the Hekla eruption of AD 1510 because this eruption 

predates the industrial revolution, the point at which SCPs appear in the geological 

record (Swindles and Roe, 2006). Given the overall stratigraphy and SCP 

concentrations we assign CF-1 and CF-2 to the eruptions of Hekla in 1947 and 1845, 

respectively. The Hekla 1947 tephra has been identified at 21 sites, the majority (n = 19) 

in Ireland. The Hekla 1947 tephra has also recently been identified at sites in Scotland 

(Housley et al., 2010) and southern England (Matthews, 2008). The Hekla 1845 tephra 

has only recently been identified at sites in Ireland (Rea, 2011; Watson et al., 2015). 

Our discovery represents the first record of these cryptotephra layers in Wales, and the 

first of the Hekla 1845 tephra outside of Ireland.  
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Chapter 8. Supplementary file 2. Figure 2- Geochemical bi-plots of major elements of glass from the five 

tephra layers detected at Cors Fochno, Wales, plotted against the glass geochemistry of known tephras 

based on type data from Dugmore et al. (1995); Hall and Pilcher (2002); Larsen et al. (1999); Pilcher et 

al. (2005); Pilcher et al. (1996); Swindles (2006); Wastegård (2002); Watson et al. (2015).  
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A third tephra layer, CF-3 (31-34 cm) contains clear glass shards with a pink tinge. The 

major element geochemistry of glass shards from this tephra layer suggests CF-3 

contains shards from two geochemical compositions (Figure 2c-d). The best 

geochemical match for this tephra appears to be with glass shards from the QUB 384 

tephra population groups 3 and 4. The QUB 384 tephra groups 3 and 4 were also 

identified as a single peak in tephra shard concentration on the Lofoten Islands, northern 

Norway (Pilcher et al., 2005). Assignment to the QUB 384 group 3 and 4 tephras (200-

300 cal yr BP) is supported by the age of the CF-3 tephra layer, which is bracketed by 

the tephra layers of CF-2 (=Hekla 1845, 23 cm) and CF-5 (=MOR-T4, 96 cm) to an age 

of between 105-950 cal yr BP. CF-3 represents the second discovery of the QUB 384 

group 3 and 4 tephra layers and greatly extends the known fallout region of these tephra 

layers.  

The tephra layer CF-4 (95-97 cm) consists mainly of brown glass shards. We were able 

to obtain only 7 successful geochemical analyses on glass shards from the CF-4 tephra 

layer (Figure 4e-f). These analyses indicate a wide range of geochemistry and very little 

similarity between the geochemistry of tephra shards from this layer. CF-4 is above CF-

5 which is geochemically correlated to the MOR-T4 tephra and gives a maximum age 

for CF-4 of after ~1000 AD. We could not identify a geochemical match between the 

geochemistry of glass shards from CF-4 and the geochemistry of any cryptotephra 

layers identified in northern Europe which are younger than CF-5 (= MOR-T4 ~AD 

1000). Some of the analyses indicate a geochemical match to the Hekla 1510 tephra, 

which has previously been identified at sites in the South of England (Fyfe et al., 2014; 

Matthews, 2008). CF-4 may represent a new tephra layer, however due to a lack of 

successful geochemical analyses and the range of geochemistry in analyses of different 

glass shards more information is required before CF-4 is described as a new tephra 

rather than a mix of tephras from previously identified cryptotephras.  

CF-5 (115-118 cm) is correlated based on analyses of glass shard geochemistry to the 

MOR-T4 tephra previously identified in Ireland (Chambers et al., 2004; Watson, 2016 

in Press) (Figure 4g-h). The discovery of the MOR-T4 tephra at Cors Fochno is the first 

identification of this tephra outside of Ireland. The source eruption for the MOR-T4 
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tephra is unknown but the tephra is thought to be of Icelandic origin (Chambers et al., 

2004).   

Poland (Linje) 

Linje mire is located in northern Poland (53.18°N, 18.30°E) the peatland vegetation is 

indicative of a poor fen, but areas of ombrotrophic vegetation are present (Słowińska et 

al., 2010). A 70 cm long core was extracted from Linje mire. The core contained only 

one tephra layer (Linje-1) at a depth of 56-60 cm. The Linje-1 tephra layer consists of 

large clear glass shards of vesicular morphology. The major element geochemistry of 

glass shards from Linje-1 is a match to glass shards from the Askja 1875 tephra (Figure 

3). The assignment of Linje-1 to the eruption of Askja 1875 is further supported by a 

14C age-depth model from another core from the same peatland, which suggests that the 

age of peat at the depth of the Linje-1 tephra (56-60 cm) is ~1800-1900 AD 

(Lamentowicz, personal comm.). Tephra from the eruption of Askja 1875 was dispersed 

widely over Scandinavia (Wastegård, 2005), is found at two sites in Germany, (Van 

Den Bogaard and Schmincke, 2002; Wulf et al., 2016) and has recently been identified 

in the sediment of Lake Czechowskie in Poland (Wulf et al., 2016).  

  

 

Chapter 8. Supplementary file 2. Figure 3- Geochemical bi-plots of major elements of glass from the 

tephra layer detected at Linje Mire, Poland, plotted against the glass geochemistry of the Askja 1875 

tephra layer based on type data from Larsen et al. (1999); Oldfield et al. (1997); Pilcher et al. (2005). 
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Poland (Kusowskie Bagno) 

Kusowskie Bagno is a Baltic bog in northern Poland (53.82°N, 16.59°E). A core of 8 

meters, spanning the entire depth of peat at the site was extracted (Lamentowicz et al., 

2008). Only one tephra layer was identified (Kusowskie-1). Glass shards were detected 

at a depth of 4-4.5 meters and the analysis of major elements of these shards indicate 

geochemical similarity to glass shards from the AD 860 B tephra (Figure 4), recently 

correlated to an eruption in Alaska (Jensen et al., 2014). However, the depth at which 

the Kusowskie Bagno tephra was identified would require an exceptional rate of peat 

accumulation since AD 860. We therefore suggest that the tephra identified at 

Kusowskie Bagno is derived from an unknown eruption, most likely in Alaska.  

 

 

Chapter 8. Supplementary file 2. Figure 4- Geochemical bi-plots of major elements of glass from the 

tephra layer detected at Kusowskie Bagno Peatland, Poland, plotted against the glass geochemistry of the 

AD 860 B tephra layer based on type data from Hall and Pilcher (2002); Pilcher et al. (2005); Swindles 

(2006) 

Arctic Sweden (Stordalen)  

Stordalen peatland is located near to Abisko, northern Sweden (68.36°N, 19.04°E). Two 

tephra layers have been identified in the peatland at Storadalen, a tephra layer at 22-24 

cm (SD4) was identified and correlated to the Hekla 1158 eruption by Swindles et al. 
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(2015). A second tephra layer in the same core at 36-38 cm (SD5) contains glass shards 

of a similar geochemistry to those from the SN-1 tephra (1183-1147 cal yr BP) which 

has recently been identified in two other sites in Northern Sweden (Watson, 2016 in 

Press) (Figure 5).  

 

Chapter 8. Supplementary file 2. Figure 5- Geochemical bi-plots of major elements of glass from the 

tephra layer detected at Stordalen peatland, Sweden, plotted against the glass geochemistry of the SN-1 

tephra layer based on type data from Holmes et al. (2016); Larsen et al. (2002).  
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Chapter 8. Supplementary File 3. Maps indicating new sites at which cryptotephras have been identified. 

Black circles indicate sites in the database complied by Swindles et al., (2011). Grey circle indicate new 

sites from published literature (references in supplementary file 2). White stars indicate new sites from 

this project.  
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Shape parameter Scale parameter 

log (likelihood) 

KS-
Test    

p 

value 

AIC 
Value  Std.err. Value Std.err. 

All Icelandic eruptions  n = 213             

Exponential 0.221 0.015 0.000 0.000 -534.6 0.000 1071.2 

Weibull  0.351 0.022 2.319 0.466 -324.2 0.000 652.5 

Log-logistic 0.378 0.024 0.960 0.294 -377.3 0.000 758.6 

European ash clouds n = 23             

Exponential 0.023 0.005 0.000 0.000 -110.0 0.913 222.0 

Weibull  0.750 0.140 39.996 11.384 -108.7 0.473 221.3 

Log-logistic 0.855 0.160 27.716 10.894 -114.4 0.350 232.7 

Icelandic Eruptions VEI ≥4 n = 35             

Exponential 0.039 0.007 0.000 0.000 -148.9 0.698 299.8 

Weibull  1.404 0.193 28.265 3.564 -146.3 0.957 296.6 

Log-logistic 1.887 0.273 20.875 3.183 -150.4 0.895 304.7 

Icelandic Eruptions VEI ≥4 Silicic n = 10             

Exponential 0.011 0.003 0.000 0.000 -55.1 0.418 112.1 

Weibull  3.129 0.741 101.430 10.888 -48.3 0.995 100.7 

Log-logistic 5.220 1.360 84.250 9.030 -47.7 0.995 99.5 

Icelandic Eruptions VEI ≥3 Silicic n = 18              

Exponential 0.020 0.005 0.000 0.000 -88.5 0.943 179.1 

Weibull  1.459 0.279 55.597 9.463 -86.9 0.996 177.7 

Log-logistic 1.950 0.374 39.376 8.497 -88.4 0.996 180.9 

Supplementary File 4 – Table summarising the goodness of fit of Exponential, Weibull and Log-Logistic 

distribution to datasets described in the text. The selected distribution of best fit is highlighted in green.  
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Supplementary file 5 – The cumulative frequency of European ash clouds and Icelandic Eruptions over 

the last 1000 years. The Kolmogorov-Smirnov test indicates that European ash clouds have not been 

significantly different from the steady state model over the last 1000 years (p < 0.05); Icelandic eruptions 

show some minor deviations from a steady state. The dense dashed line indicates the steady state model; 

finely dashed lines indicate 95% confidence interval. 
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Supplementary file 6 – Histograms showing the range of repose intervals for all Icelandic eruptions, 

Icelandic eruptions VEI ≥4 and European ash clouds 
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