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Abstract

The aim of thisthesisi®t eval uate the use ofypmiodrepha@mi)c
layers for providing information on the timing, characteristics and spatial extent of past

volcanic ash cloudg.he fine ash produced by explosive eruptions can travel long

distances and even in low concentrations represents a hazard flamaviat

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

social losses are to be mitigated.

This thesis is splitnto two research companents.Compartment 1 focusses on
understanding the limits of tephrochronology and itigates cryptotephrpreservation
and reworking bias lakes and peatlands. Compartment 2 focusses on applying
cryptotephras as records of ash cloud evémtaddition to the objectives which fit into
the two research compartments, two overarching objeatieesoutlined These
objectives focusn conducting new field campaigns in order to fill spatial gaps in
existing cryptotephra records through the depelent of new, high quality
tephrostratigraphies.

| 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.Threenewtephralayersareidentified as part of this studiwo in northern

Europe a basaltic tephra, CLA1 most likely derived from an eruption ofthec e | and 6 s
Grimsvotn volcanand SN1, from the Icelandic Sneefellsjokull volaanidentified for

the first time in mainland Eurep Finally, the AUGL 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 studyl presat anumber of methodological advanagkich are important for the
design of future tephra studjascluding: 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 extractiarBeyond methodological advanc#éss study demonstrates how

cryptotephra recordsan be utilisedn 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 presersta new recurrence estimate for the frequency of ash cloud events

over northern Europ@4 £ 7 years)
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Chapter 1: Introduction

1.1 Introduction

This thesis will examine microscoprolcanicash(6 ¢ r y p t )dayeeswithr a 6
particular reference tiheir useas records afhesourcefrequency and nature of
volcaniceruptions and the resultiragh cloudsThis 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 volcaniptionswhich occurred in the past.
Undesstanding past volcanic aglepositionmay help inpredictingthe frequency and

characteristics of futureolcanic eruptions

1.2 Context of research and rationale

Theinventionof passengeget aircrafthasled to a large increase giobalair transport

of both people and freiglaver the las¥0 years. Tle global economy is increasingly
dependent on reliablair transportation; any disruption to air traffic can result in large
economic lossed.hankfully, modern aircraft can operate in the majority of
meteorological conditions and widespread disruption to flights is Ifeneever,despite
technological advancethe passage of modern jet aircraft through volcanic ash can
result insubstantialamagdo the fuselage and even completayine failurgFolch,
2012. Given the afetyrisk of engine failure when flying through volcanic ashdin

line with recommendations from theternational Civil Aviaton Organisatiornthe

British Civil Aviation Authority began implementingo fly zonesvhere volcanic ash
was presentThis policy wasubsequentlyeviewed during the eruption of

Eyj afj al | alowirdgtights to canthhuehere theash concentratiors below
0.2mg m? (Marks, 2010. Any decision regardinthe closure of airspace by the Civil
Aviation Authority is based on information provided by the relevant Volcanic Ash
Advisory Centre (VAAC). There are nine VAACSs, each responsible for a different
geographic area. The London VAAC covers Iceland, anddh&-eastsectorof the

north Atlantic. The centre provides information on volcanic ash presence/absence and
concentratia during a volcanic eruption based on forecasts from dispersion models,

satellite data and aircraft observation data.



The impact of volcanic ash clouds on aviation is a proldegtobal relevanceThe fine
ash produced during explosive volcanic erupticers be transported long distances
(1000s of km) from the volcanic souraedcause flight disruption across a wide area
The firstreportedencountebetweera modern jet aircraft and volcanic ash was during
the eruption of Mount St HelendSAin 1980.Since then,imilar events have occurred
in Indonesia, Alaska and the Philippir(®4ller and Casadevall, 2000Australig

which itself has no active volcangegas affected by ash from the eruption of the
Chilean volcano, Cordon del Caulle, which grounded flights from Melbqm@000

km distant)in 2011(Pistolesiet al, 2015.

Evidence of past ash closis recorded byine volcanicash particlesThese

microscopic shardsave been identifiethousands of kilometres from their volcanic
source where theyform invisible( adr y p t 0 tayens imrecards such as peatlands,
ice coresand marinexnd lake sedimen{denseret al, 2014 PyneO'Donnellet al,

2012). These cryptotephra layeranoftenbe traced to a volcanic souraed eruption
based orthe uniqueness of the particle chemistry linked back to the magmatic source
(Swindleset al, 201). They can also be assigned an age, either through correlation
with an eruption of a known age, or throudgting the host materiét.g. peat or lake
sediment)As cryptotephra layers are spatially widespread and deposited over a short
space of time, they are predominantly usethe dating and correlation sédimentary
seqguences (060t d&pwe,r20ls. hr onol ogy6)

The majority ofcryptotephra research has been conducted in northern Ewiopes

the main source of cryptotephra is Icelandbtcarism.1 cel anddés posi ti on
Atlantic puts it in a prime location faausingdisruption totransAtlantic and European

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

last 10 karecordinganaverageof 20 eruptiongercentury(Thordarson and

Hoskuldsson, 2008However, pior to AD 2010 there had been no significant

explosive eruptions sindbat of Hekla in AD 1947at a time whethere 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 Eyjafjalja™ k u |l | i n t&dniolhs df intergnigtentriravel
disruption(Gudmundssoet al., 2013. The estimated cost to airlines for the first six

days of disrupti on wHmper 2012dmxocder sosnitigate 0 9 0 0
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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.

Swindleset al. (2011 identifiedanopportunity to use cryptotephra layers in a novel
way toestimatethe reoccurrence of astouds.Cryptotephra layers ardetails of
observationsn historical recordprovide information on the frequency of ash clouds
reachingnorthern Europe in the pagtssuming 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 woderstanénd modethe frequency of futurieelandic
eruptions The reoccurrence model of Swlieset al (2011) is based onrewdatabase

of tephra records in northern Eurgpempiled from online databases gmablished
literatureandrepresents the first attempt to estimate ash cloud reoccurrence based on

observed ash fall and cryptotephra meiso

In addition to recording volcanic ash cloud frequency, cryptotephra layers may offer
additional insights into the volcanic eruption from which they are deriMaegl.
geochemistry ofhe glass shards amyptotephrdayersreflects the magma composition
at the time of eruptioPonomarevet al, 2015. Furthermore, g/ptotephra shard
morphology reflects themagma propertieshedegree of magmeesiculation

(degassing statefragmentation anéxplosivity of the eruptiofLiu et al, 2015.

Tephra transport distance is influenced by meteorofomstly wind direction)plume

heights and particle morpholog@arey and Sparks, 1986tevensoret al, 2015.

Growinginterest in volcanic ash closdlobally, and in northern Europe particular,

has led to increased collaboration between atmospheric scientists and
tephrochronologistéStevensoret 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 recognisePonomarevet al, 2015. This research project will examine the
extent to which cryptotephra layers in northern Europe and further afield can be applied
as records ahe frequency and tare ofvolcanicashfalls, and the extent to which they

are confounded thissues of raleposition, preservation and reworking in terrestrial
environmentsTheresultsare likely tobe of interesto awide range ofsciertists

includingtephrochronologistgalecenvironmentatcientists anaétmospheriand
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climatemodellers Furthermorethe findings of this thesisave the potential to impact
on the model of ash cloud reoccurrence over northern Euntypeh is ofrelevance to

thetravdling public, as well as to th@surance and aviation industries.

1.3 Research aim

The aim of this thesis i®evaluateahe use omi cr oscopi c crypwtephrd fh i ¢
layers for providing information on the timing, characteristics and spatehteat past

volcanic ash clouds.

1.4 Objectives

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

objectives.The objective®f this research projeetre intwo maincompartments:

Compartment 1The limits of tephrochronology

1. To examine the spatial complexity of tephra shard concentratiorsngla
peatland, in order to evaluate the level of sampling bias in studies aratysea
singlecore from a site (Chapt8y.

2. To evaluate the presemi@n of cryptotephra shards in extreme conditions and assess
the opportunities for extending the spatial coverage of tephrochronolamariying
out the first tephra investigation a South Americanropical peatland (Chaptdj.

3. To identify possible preservation bias in lake and peatland records by investigating
thetephrostratigraples recordedh lake and peatland sites in close proxinwtyne
anotherChapters).

4. Using theaboveobjectives, to assess the level of biamwdels of volcanic ash
reoccurrence over northern Eurapeh as that developed Bwindlesetal. (2017
(Chapter8).
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Compartment 2: The application of tephra layers as records of volcanic ash

5. Toreport tephra shard size and characterigticlour and morphologyat all sites
andto evaluate the extent to which these properties can funtigerstanding of
volcanic ash clouds (Chaptéy.

6. To compare distal ash cloud records with recordsedindicvolcanism over the
last 7000 years (Chaptér 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
(Chapter8).

General

8. To conduct field campaigns in orderassess whethgpatial and temporal gaps in
tephra records northern Europe reflethe true margins of the spdtdistribution
of Icelandicvolcanic ashor whether they are an artefact of research intensity
(Chapterdl, 2, 3, 4).

9. To producenewhigh quality tephra profiles, prepared and geochemically

characterisefbllowing standard protocolChapterdl, 2, 3, 4.

1.5 Thesis structure

This thesis is structured imine Chapters. Chaptene provides an introductida the
research context and rationale for this project. Chapter two contains a literature review
which offers a critical analysis of existing littwee and methods relevant to this

research project. During the literature review | 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 inédma | t e r n a (tfdllowimg tlie guideliags 6utlined by

the University of Leedsyhereby each results chapter is in the form of a manuscript for
publication.There are six results chapteragckwith its own abstract, introduction,
methods, results ardiscussion and conclusion secti@achis accompanied by a

reference list. At the time of submission results cha@edsand Sare published.
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The results chapters fit into two main compartmgantine with those outlined in the
objectives inChapterl (Fig. 1). Chaptershree, four and fivéit into Compartment 1:

The limits of tephrochronology. These chapters examineothgstness of
tephrochronology, specificalljpe use otryptotephra layers in lakes and peatlands as a
technique for understandipgst ash cloud®bjectives 14, 89). During these chapters

| critically examine the influence of deposition, redistribution and reworking processes
on tephra records in peatlands and lakes. Chagiterseven and eight fit into
Compartment 2The applcation of tephra layers as records of volcanic ast focus

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

volcanic ash cloud&bjectives 59).

Finally, Chapter 9 offers a synthesis of the preceding results chdypieging together
the two research compartments and offering overall conclusibesmplications of the
findings of this research project are discussegether with limitations and ideas for

future directions.
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Compartment 1: The limits of tephrochronology (understanding model bias)

existing European

L L e I T,

How robust is the technique of tephrochronology in terrestrial environments?
o ~
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=4 0] Spatial variability of tephra and carbon accumulation in a Holocene peatland o
= o] . . . Chapter 3 Objective 1
g =+ Quaternary Science Reviews, published Aug 2015
)
o . I
S
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g_ Scientific Reports, published Oct 2015 Chapter 4 Objective 2
n;r Do peatlands or lakes provide the most comprehensive distal tephra records? o
[0} . . Chapter 5 Objective 3
wv = Quaternary Science Reviews, accepted March 2016
. 4 A
_______________j’____________________________ : Filling spatial and
| Increased understanding of bias in terrestrial cryptotephra records Chapters 3,4,5 Objective 4 | 1 temporal gaps in
1
1
= tephra records
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Chapters 3,4,5,6
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The transport of Icelandic volcanic ash: insights from European tephra records

Target Journal: TBC Chapter 6 Objective 5

Chapter 7 Objective 6
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Figure 1. Conceptual model of this research project. Researclit imsptwo main compartment&Iue circles indicate Chapter numbéus results chaptergach rsults chapter is

Climatic control on explosive Icelandic volcanism during the Holocene
Target Journal: TBC

Estimating the frequency of volcanic ash cloud events over northern Europe
Target Journal: TBC

000

related to one main objective.
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Chapter 2 Literature review

2.1 Introduction

This review is focussedn cryptotephra layers with particular reference to their use as
records of asftloud distribution and frequency. | 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 O6tephradé is used to describe a
volcanic eruptiongThorarinsson, 1944 This review will focus on volcanic ash (tephra)

which has been transported in the atmosplededeposited in areas far (>500 km)

from the volcanic source. These distal tephra layers are often referred to as
cryptotephras or o6hidden tephrasd as t he:

contain low concentrations of small shards (typycall25 um)(Lowe, 201).

During a tephrgproducing 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 adlicection, 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 compositioncvolatile 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 alingg plumegWilsonet al, 1978. Plinian eruptions

which are characterised by high plumes (k&1 (Mader, 200§ can produce widely
dispersed tephra isochrones.

Tephra shard characteristics include the shape, size and density of shards, all of which
impact on settling velocity. Largamore dense shards are deposited closer to the vent

than smaller less dense shafdsich, 2012. Generally basaltic tephra shards have a
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higher densit (c. 24003200 kg n?) than rhyolitic shards (c.2188600 kgm3) (Schén,
2017). Models suggest that basattgphra shards fall out more rapidly than rhyolitic
shards due to their higher dengi8tevensoret al, 2015. Shard shape, size and density
characteristics are controlled partly by magma type and volatile cqMeader, 200%
which affect bubble formation and brittle fragmentat{@ashnan, 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 Ic€ldradarinsson, 1944

Thérarinsson, 1991 Tephrochronology is based on two fundameassumptions

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 phasg®we, 201) and the rapid falloudf tephra even when

transported long distancéStevensoret al, 2013;

2) That the geochemistry of tephra shards reflects magma geochemistry during a given
eruption and therefore, tephra layers from different eruptions can have different
geochemistrie¢Baker, 1983

The assumption of simultaneous deposition allows for the use of tephra records as
isochrones. If a tephtayer 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 presdifig. 1).As | discuss in detail later, recently, it has

become incresingly apparent that the assumption of an individual geochemical
fingerprint for each eruption isamplification andevent 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 beoahdmicaa ger pri nt i ngdé t ep hi

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

an opportunity to extend tephrochronology into regions further from their volcanic
sourcegPersson, 1966968 1971). The promise of distal tephrochronology was

further advanced by the discoyesf cryptotephra layers in peatlan@sg.Hall and

Pilcher, 2002Plunkett, 200§ lakes(e.g.Davieset al,, 2007 Stantoret al, 2010, ice

(e.g. Gronvolcet al, 1995 and marinde.g. Gudmundsdottet al, 2019 cores. The

first cryptotephra found on the UK mainland, at Althabreac in Caithness, Scotland, was
geochemically correlated to theuption of Hekla 4 (4287 BRPpugmore, 1988 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(Wastegarat al, 2000, New ZealandGehrelset al, 20063, Africa (Laneet

al., 2013, South AmericgWastegarat al, 2013 and ChingZhao and Hall, 2015
Cryptotephras which transcend continental or even hemispheric boundaries are
particulaty useful for the dating and correlation of palaeoenvironmental records from
different regions in different depositional environmedidenseret al, 2014 Laneet al,
20133 PyneO'Donnellet al, 2013.

Tephrochronology is now widely applied as a dating and correlation method in
palaeoenvironmental studiésg.Cole and Mitchell, 2003_.awsm et al, 200§. Where
adequate tephra layers allow, tephrochronology provides @ffestive, accurate and
precise technique to complement other dating methods. Accurately dated tephra layers
can provide tie points in radiocarbbased agelepth models, which can be particularly
important during plateaux in the radiocarbon calibratione(Plunkett, 2006 Tephras

are also of particular value in dating records where radiocarbon or other dating methods
are confounded by errofsowe et al, 2007. More recently deposited tephras such as
Hekla 1947 are likely to become increasingly importarft%®b dating which has a

half-life of just 22 years becomes less effectiReaet al, 2019. Cryptotephra layers,

being deposited far from the volcano are also valuable for the recdiwstratvolcanic
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 lvet t

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 mst 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 comp@Eiebh®o)of the
material, in this istance glass and the following species are typically analyseg: SiO
FeO, TiQ, K20, Al,03, N&O, CaO, MgO and MnO. The analysis of major elemental
composition is routinely conducted in the majority of tephra studies. Trace elements are
present at concemttions 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 heterogeneoyslunt and Hill, 1993 Therefore tephra erupted during the early

stages of an eruption can be different in geochemical compotgttbe main bulk of

tephra, due to contamination with (pgristing) material from previous eruptions

(Larsen and Eiriksson, 200Bl5ome 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. Theggeogeochemical
signatures are caused by magma chamber zor(ataderet al, 199) 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 dapping geochemistry, demonstrating

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

valid.

A recent focus on latglacial European tephra layers has led to the discovery of

multiple tephra layers attributed to tKatla volcano with very similar major element
geochemistryMacLeodet al, 2015: the Veddeash (c. 12 cal ka BP), Dimna Ash (c.

15 cal ka BP), SulurBy (c. 8 cal ka-BP),
11.2 cal ka BP). There are approaches to mitigate issues where tephra layers have
overlapping geochemistry. The analysigrace 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 geochemigtrgneet al, 2013. Other methodsuch as

Raman spectroscopy are being developed and show early promise for distinguishing
between tephras of similar major elemental compos(tamtees et al., 20).6
Stratigraphy, independent dating (¢4 or varve counting) and stratigraphic markers
such as spheroidal carbonaceous particles can also bewusscriminate between
geochemically indistinguishable tephra layers, for example the tephras of Hekla 1510
and 1947Swindles and Roe, 2006

Although tephrdayers 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, proiding that documents are reliable. For-pistoric 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 ®sible 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, 201). The detection of tephra in higksolution records such as
ice-cores and varved lake sediments provides the most precise means for dating a
tephra, sometimes to s@annual (seasonal) resoluti@@oulteret al, 2012 Laneet al,

201343 Zolitschkaet 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 focusspsaificscore

sections, and scanning for cryptotephra has not been conducted continuously in many
records (e.g. Greenland ice cores). Therefore, the majority -dfigtaric tephras have

been assigned dates based éfCaderived chronology (Fi@). This may be achieved
through interpolation from an agkepth model, direct radiocarbon dating or, more

recently, wigglematch datingdPlunkettet al., 2009.
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Figure2. Pie dart 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 anothephra layer have been identified alongside (mixed with) tephras of a

known age. Data source: European cryptotephra datab&serufleset 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, 1989Hall 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 regiongDavies, 2015(Table 1).Expanding cryptotephra researckoimew

regions, including the tropicmay offer opportunities tturtherour understanding of

the preservation of cryptotephra layarslifferent environmentandto understanthe

past dynarcts 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
cryptoephra 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  Davieset al (2009; Davieset al (2009; Fiaccoet al (1993;
Mortenseret al (2003; Zielinski et al (1999

North Atlantic and Andrewset al (2009; Austinet al (2004); Bondet al. (200);
adjacenseas Haflidasonet al (2000; Jenningset al (2009; Lacasseet al. (1998;
Sjgholmet al (199)

Faroe Islands, Iceland Dugmore and Newton (1998Gehrels et al. (2006pLarsen et al.
(2001); Rasmussen et al. (2003Vastegard (2002Wastegard et al.
(2000

Great Britain and Ireland Barberet al. (2008; Dugmore (1988 Dugmoreet al (1995; Dugmore
et al (1999; Hall and Rcher (2003; Langdon and Barber (201
Pilcher and Hall (1992 Pilcher and Hall (1996 Pilcheret al. (1995;
Wastegarcet al (2000

Norway, Sweden, Bergmaret al (2009; Boygle (2004; Davieset al (2007%; Oldfield et
Svalbard al. (199%; Persson (19791 Pilcheret al (2009; Wastegard (2005
(Finland), Russia Wastegarcet al. (2000 Ponomarevat al (2013; Vorrenet al. (2007

Denmark, The Netherland Blockleyet al (2007; Davieset al. (2005; Turneyet al (2006)

Germany, Austria, Polanc Housleyet al (2013; Juvigneet al (1995; Merkt et al. (1993; Schmidt
et al (2002; Van Den Bogaard and Schmincke (2p02

Estonia, Albania, Bescobyet al (2008; Calanchi and Dinelli (2008Hanget al. (2009;
Macedonia, Sianiet al (2009; Wagneret al (2009
Adriatic Sea, cenal

Mediterranean area

British Columbia, Alaska, Payre and Blackford (2008PyneQO'Donnellet al (2012

North America

China, Japan Edenet al (1996; Lim et al (2008; Suzukiet al (2005; Takemura and
Danhara (1999 Zhao and Hall (2015

Chile, Patagonia, Falklanc Haberle and Lumley (1998Holmeset al. (1999; Wastegaradkt al

Islands (2013); Watsonet al (2015
(Islas Malvinas), Peru
New Zealand Gehrelset al (20063; Gehrelset al (2008
Antarctica de Angeliset al (1985; Dunbar (200% Kurbatovet al (2009
East Africa Laneet al (2013B

Table 1. Table indicating the locations of tephra studies, updated?yosO 6 D o nehat (200§. 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 (Bgides
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. Thisnakes northern Europe the ideal location for using cryptotephra layers as
records of volcanic ash closi@s there are numerous studies across different
depositional envonments which have examinen/ptotephra layergrimarily 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 wfrlibrdarson and

Hoskuldsson, 2008The island is located on the Migtlantic Ridge,along which the

North American and Eurasian plates are divergirapaverageate of1.8cm yr?!
(Gudmundsson, 2000Iceland also sitabove a mantle plume, leading to frequent
effusive and explosive volcanisfWolfe et al, 1997. There have been an estimated
2400 volcanic eruons on Iceland during the Holocene; mafic (effusive) volcanism

dominategThordarson and Hoskuldsson, 2p08

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 rlojitic 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 nggnas 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 eruptiaf theBardarbunga/eidivotn volcanic system
betweenAugust 2014 and February 2015 which produced approximately £6fkm
lava(Schmidtet al., 2015. Effusive eruptions pose hazards such as the emission of
toxic gases and physical damage to property. However, the interactir@agma with
ice/water from glaciers during swugbacial eruptions frequently results in explosive
phreatomagmatic phaséSudmundssoet al, 2009. The fragmentation of magma

during explosive phreatomagmatic phases can result in the pmdattarge volumes
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of fine tephra. Eruptions of silicic magma are less common on Iceland than mafic
eruptions, although still more frequent than in many other volcanic re@ibonsdarson
and Hoskuldsson, 20D8The Hekla volcano has been the most prolific producer of
silicic tephra in Iceland ding the Holocene, depositing 50 proximal tephra layers in
the last ~8000 yeaftarsen and Eiriksson, 2008gig. 3).
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Figure3. 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 Databag&lobal Volcanism Program, 20L3/olcanoes are indicated as follows: white
triangle = Caldera, white circle = Fissure vent, white circle with point = Pyroclastic cone, blackcircle

Shield volcano, black triangle = Stratovolcano, grey triangle =gtadial, 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 thefalete
boundary rifting and dees of the magma plume, but also by external factors such as
climate. The position of Iceland at 64° latitude results in a cold climate capable of
sustaining glaciers throughout much of the nadlate Holocene and a large ice cap

during the last glacianaximum. 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 thé $igstaldasoret al, 1993.

A 30% increase in eruption frequency during the perio8 k& BP has beerntabuted

to rapid glacial unloading at the start of the Holocene which led to depressurisation,
increased melt production and a subsequent increase in volddnisend McKenzie,

1996 Maclennaret al, 2003. Ice caps on Iceland are currently retreating, but current
glacial unloading is on a much smaller scale than during the last glaeiglacial

transition and appears to be resulting, at least in the short term, in increased intrusive
activity and thusncreased magma storage capacity, as opposed to increasing the risk of

an eruption(Hooperet al,, 201).

Modelling and observations suggest that even small seasonal changes in ice volume can
increase the probability of, or even trigger volcanic eruptféitsno 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 glamiaiglacial unloading)

declines inc¢e volume since the Little Ice Age (~AD 1890), these studies suggest that
reducing ice volume is resulting in significant increases in melt generatior{Patgs

and Sigmundsson, 2008chmidtet al, 2013. However, there are no obseroaial

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 dieposits
areas proximal to volcano&Some dstal 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
periads 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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2.2.1.3Spatial 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 similao the modern era. This temporal limitation has been applied
because of the increase in frequencicefandic volcanism prior to 7000 years BP
during the transition from the last glacial period to the Holoc8eet{on2.2.1.3. This
review was conductegkrior to the commencement of fieldwork for this PhD project and
was updated last in autumn 2012. Tephra has also been identified in iceeapres
Gronvoldet al, 1995 and marine sedimenfs.g. Gudmundsdattit 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 spatiatemit 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 intervéCoulteret al., 2012.

The current database of cryptotephras referred to in this section wadetbanul

reported bySwindleset al (2011 and updated by the author of this review. Thenber

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 {7) and those observed to falit

over northern Europe in historical times<7). A thorough analysis of the spatial

distribution of northern European cryptotephras was conductedwsgonet al (2012.



~27~

Grimsvotn 2011

Eyjafiallajokull 2010 e Hekia 1947 | Symbol colour = Source volcano
Hekla 1845 i D> Aska 1675 " Hekla m Veidivotn/ Torfajokull
Katla 1755 : : : : : m Torfajokull ('_')r?ef_a]okull
Katla 1660 : B Snaefellsjokull ] Ey@fjalla}b’kull

Grimevata 1873+ PMG-SMOR-T2  ; i : ® Katla Askja
» P Hekla 151G : H m Unknown B Grimsvétn
Lach Portain B tephra: . :
: Oraefajokull 1362
: : p Symbol shape = Dating type
: : + Wiggle-match "“C dated
: I Hekla 1104 : : s Interpolated from age-depth model
100071 [ odyy : : : » Observed or historically dated
-Z4a H B H . . g .
Landnam i : : ; ® Dated through association with another tephra layer
Tiermuvk f(\;D 860 A} ADBEOB ! : < Directly radiocarbon dated
A4-85 : i : *
OWB-105 | : H i GRIP Ice core
DOM-3 : :
# DOM-4 :
2000 P
= lden Gar-ry
B : H
=X : H
z : :
n
=0
% H . H B
& ¢ BMR-190 : : :
# Microlite = OMH-185 Population 1
= GB4-150 (~SILK-UN) ! H
@ 3000 : :
o .
5 : ¢ Helda 3
(=] . .
=]
o
& Hekia-S/Kebister
4000
| Heda4d
6000 —
Hr;)y
éLairg B
Mja‘auv:mnA
70001 ‘ § LainEgA

o] 1‘0 26 3.0 40 SIO
Number of sites
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Figure 5. Map showing the distribution of sites where Holocene cryptotephras have been identified, based
on the Holocene cryptotephra databas8windleset al (2017 (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

NorthernEurope.

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 Holocenecandly,

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 diffesan 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, discreteasses often
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maintain their integrity rather than mixing, resulting in a patchy distribution of tephra
rather than a uniform dustirf@ookeet al, 2014. Furthermore, radionuclides fall out
preferentially during periods of rainfdMattsson and Vesanen, 198Bangdon and
Barber (200%suggest that a similar wastut effect may affect tephra deposition,
depositing more tephra from the atmosphere during rainfall events and resulting in

patdy tephra distributions.

Tephra layers from Hekla volcano dominate the geological record of cryptotephra layers
for Northern Europe in the mido late Holocene. Hekla is the source for just under

half of the cryptotephra layers found at five or moress(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 BRPilcheret al, 1995 (Fig. 7). In contrast, the Glen Garry tephra c. 2176 BP
(Dugmore et al., 1995although identified at 26 sites (Fig. 8) has a narrower spatial

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

47%

11%

m Hekla 0O Unknown @ Torfajokull ® Snaefellsjokull?
HAskja Oreefajokull  @Katla O Grimsvotn?

Figure 6. The distribution of eruptions among volcanic systems. A total of 17 explosive erup&otiseov
l ast 7000 years have resulted in tephra found at

where attribution to source volcano is tentative.
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Name Sites (n) Source Date Geochemistry Dating Method
Hekla 4 45 Hekla 23952279 BC Rhyolitic Wiggle-match‘C
Glen Garry 26 Unknown 16-260 BC Dacitic-Rhyolitic Wiggle-matchC
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‘C
Hekla-S/Kebister 19 Hekla 18001750 BC Dacitic-Rhyolitic Wiggle-matchC
Microlite 15 Snaefellsjokull? 755680 BC Rhyolitic Wiggle-match‘C
Askja 1875 13 Askja AD 1875 Rhyolitic Historical

Hekla 1510 13 Hekla AD 1510 Dacitic-Andesitic Historical

Hekla 3 13 Hekla 10871006 BC Dacitic-Rhyolitic Wiggle-matchC
Lairg A/Hekla 5 13 Hekla 49974902 BC Rhyolitic Wiggle-match‘C
Lairg B 10 Torfajokull 47744677 BC Rhyolitic Wiggle-match‘C
Oreefajokull 1362 9 Oreefajokull AD 1362 Rhyolitic Historical
GB4-150 (~SILK- 8 Katla 800758 BC Dacitic- Wiggle-match‘C
UN) Trachydacitic

BMR-190 7 Hekla 705585 BC Dacitic Wiggle-match‘C
AD 860 A 5 Grimsvotn? AD 776-887 Rhyolitic Wiggle-match‘C
Hoy 5 Torfajokull 46204230 BC Rhyolitic Directly *C dated
Table2Char acteristics of cryptotephra | ayers which occur

of widespread tephra layers in northern Europe have been dated using either historical rétaygkor
match“C. Data from this study (thesis) istrincluded.
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Figure 7. Diagram frorhawsonet 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 hast been foundgrey dots indicate all sites in the European tephra database

itz \

S T

/ / ==
Glen Garry /\ ]
/ / |

R \/\ [ ¢
”// i T ‘L :
/ / ,"/
/ “'/'
B¢
% sl

Figure 8. Diagram fromhawsonet al (2012 indicating the distribution of Glen Garry tephra, black dots
indicate sites where the Glen Garry tephra has been identified, white dotgérgltes where tephra has
been investigated and Glen Garry has not been fareg 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 foundae 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
phreatomagmatieruptions which have been shown to distrifute ash over long
distancegStevensoret al, 2012 Thordarson and Hoskuldsson, 2p0énly five

basaltic cryptotephra layers have been identified in Holocene records in northern
Europe: the Landndm (1079 + 2 BP) tephra thought to be from either the Veidivétn or
Torfajokull volcanic systenfCageet al, 2011 Hannonet al, 2001 Wastegard, 2002

the Mjauvgtn A (66686533 BP) tephra of unknown sour@lsenet al., 201Q
Wastegarakt al, 2007, Veidivotn 473 BRChamberst al, 2004 Davieset d., 2007,
and the Hov (6198720 BP) and BRACSH (22270 BP) tephra layers thought to be
from Grimsvotn(Reilly and Mitchell, 2015Wastegard, 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 excludatu<267). More information on the characteristicsse 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 Ir¢@maimberst al, 2004

Reilly and Mitchell, 201band ScandinaviéDavieset al, 2007. A number of pssible
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 acidiciemments (pH 4), than rhyolitic
glass(Pollardet al, 2003 Wolff-Boenischet 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 share&s@21ad 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 aiBtevensoret al., 2015.
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3) Density separation extraction methods might result in the tohetection of basaltic
tephra layers, especially in lake sediments (density separation is rarely required in

peats).

The work ofSwindleset al. (2011 andLawsonet al (2012 has gathered data from

many cryptotephra studies in northern Europe and highligheddw number of

basaltic tephas 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 oébaltic 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 thisthesis (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 acros all siteqFolchet al, 2013. Therefore a full spatial coverage of sites

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

analysis of cryptotephra distribution bgwsonet al (2012 indicates a number of gaps

in the spatial distribution of terrestrial tephra records (Fig. l@)sonet al (2012

strive to include an analysis of sites whereghta 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 cryptotepdistribution maps may be considered to represent

either: the 6trued margins of the spatial dis
artefact of sampling. Establishing the presence or absence of tephra horizons in these

6gapd r egi on sassessindnt ofathe lextent tofwbiah currdniedistribution

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 teeen sought. Should they be an artefact of sampling bias,

these 6gapb regions also offer the most pr omi

undiscovered tephra layers.
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Figure 10. A map of all European cryptotephra sites (autumn 2012) (filled cirgbedlalSjaps in tephra
records referred to in the text have been shaded blue. Triangle indicates the location of the Hekla volcano.

| focus on three spatial gaps in tephra records which offer the most promise for
identifying previously undiscovered cryptpteas. These regions contain peatlands
and/or lakes, some of which have not been subject to anthropogenic disturbance and

should provide records for the mit late Holocene.

2.3.1 Poland

A recent investigation has identified two Late Glacial tephragght to be of Icelandic
originin the South West of Polarffiousleyet al., 2013, this suggests that there is no
reason why Holocenkeelandic 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 recentulif 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 clo$e tedge of theidetectable
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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
(Wastegard, 2005A number of tephra isochrones including: Hekla 4, Hekla 3, Hekla
Selsund and Askja 1875 have been identified in Holocene re@iamistegard, 2005
However, records are clustered todaputhern 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) weh identified a number of previously

unrecognised cryptotephra layéPslcheret al, 2005. There is only one published

tephra record from the nordast cast of Sweden, which has a temporal extent of 700
years and where the Askja 1875 tephra has been ider{tildtield 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 Bilizivsonet al.,
2012. However, only one tephrostratigraphy existsthe South of Britain, from
Exmoor(Matthews, 2008 The datavhichis published in a technical report for English
Heritage spans only the last 2700 years. Cryptotephras have been observed in cores
from peatlands in Walg8uckley and Walker, 20Q2all 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 na begshiiallen,
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, suggestbéhatter is
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more likely. The identification of latglacial 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 lackypfotephras in these

regions in the&Swindleset al (201] 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 iderabimeeas

O0spati al oteppralayer$ (IhesisObjgctives 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 fallt from ash clouds and can be used to utaleds
the frequency of ash cloud events and other details, such as geochemistry, of the

eruptions from which they are derived.

24.1 Statistical modelling of theecurrenceintervals of volcanic ash cloud events

Given the social and economic cost of disiap 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 evefdsuptions 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 aecurrenceate for fiture eventgKiyosugi, 2013. Probabilistic modelling
allows for the quantification of uncertaintiessaciated with hazard assessments
(Rymeret al, 2009 Sandriet al, 2013.

Owing to the popularity of tephra for chronological control in northern Europe a large
amount of data on past Icelandic ash events is availabiadleset al (2011

compiled tephra records from northern Europe into a database spanning the last 7000
years. For thegriod with the best records (the last 1000 years) they calculated the
averageecurrencenterval 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 clad occurring.
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Swindleset al. (2011 calculated the chance of future eruptions in a gtiree period

using survival analysis. Survival analysis focuses on a failure (@it 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
suwival time is the repose interval between evéBanerjee, 20038 The enpirical

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 probattibtyT (repose

interval) exceeds a given time interval(@ox and Oakes, 1984

YO 0°Y 0o
The use of nomparametric methods is necessitated as distribution for the repose
intervals is not assumd@onnoret al, 200§. The survivor function at each repose
(time between eruption) is calculated as below (whase given repose interval from

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

0 Q

YO -
0

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 détae, 192). Examplesf commonly
utilised distributions for natural hazard modelling include the exponéBuahdleset

al., 201); Weibull (Dzierma and Wehrmann, 201&nd log logisic distributions
(Connoret al, 2009. 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 efuptions (or clustering). Finally, log logistic distributions allow

competing factors to be taken into acco{deierma and Wehrmann, 2012
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There are a number of assumptions which must be considered when utilising survival

analysigto forecast the probability of future events. These are:

1) The forecast will always representrenimum 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 (unquantifiedé wlois 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 (Connoret al., 2015 .

4) Changes in the rate oblcanism 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 preservatibmore recent events in the geological record.

5) One major source of error in many estimates of volcanic hagandrencas errors
in the date assigned to individual events/eruptions. Although some events can be
dated historically with a negligible temab uncertainty, events in the geological
record may be dated by other methods with various degrees of accuracy. The
recurrence model for northern Europe use@®yndleset al. (201) 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
geologicaland 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 ksed 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 mimum estimate. The reoccurrence estimat&windleset al (2011

was 56 + 9 yr. Reposetarvals ranged from 6 to 115 years. In 2011, just one year after
the eruption of THryeruptdd]the kexplasjvé ekuptibn result€lrinz ms v

transport of volcanic ash over northern Eur@@evensoret 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 ¢iupfrequency 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
thesisl will aim to further assess the bias in tfethern European tephra database on

which theSwindleset al (20110 model is based (Thes3bjectives 14). | 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). Finallyl will use the newdatabase 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 additionto 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 Si€ontent during the eruptidihangdon and Barber,

20049. It has been suggested that the examination of the geocheatidistal tephra,

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

formed(Ponomarevat al, 2015.

Shard concentrations (total numbers of shards
examined at a large scale for Glen Garry and Hekla tephras at sites in Scotland and for

the Hekla 1947 tephra across northern Ireldrashgdon and Barber, 200Reaet 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; @&fénces 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 regaglthe 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 ime 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, thera aneall number of studies

which have begun to report distal tepbhard sizeand morphology data. Information

on shard characteristics, in particular particle size distributions, has provediniseful
evaluating current methods for monitoring ash clouds using saté8itmgensoret al,

20195. Furthermore, although scanning electron microscope observations indicate the
irregular (norspherical) shape of cryptotephra, which is often chaiaetkby

fractured bubble walls, models of tephra fallout predominantly simplify tephra shards to
spheregCarey and Sigurdsson, 19&arkset al, 1999. Increasingly it is being

recognised that particle shape has a significantétrgrapredicted transport distances

in tephra fallout model@eckettet al, 2015. Dellino et al. (20139 identified a 400%
difference in the settling vetities of spherical and irregularly shaped shards of equal
mass, with irregularly slpeed shards travelling furthéfhere is a need to build on this
pioneering work with a comprehensive analysis of cryptotephra shard sizes from
multiple sites across nodin 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 cyptotephrasize and morphologynformation on the shard size and

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

and tephrochronologists.

2.5To 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 extentwhich theymight 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 ly: meteorological conditions such as wind and rain; vegetation; human
impact; and hydrological factors (e.g. peatland wtible movements) (Fig. 11).
Identifying reworking presents a key challenge in tephrochrondldggmoreet d.,
2011). In this section we discuss the reworking of tephras in peatlands, and then in
lakes.
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Figurell. A summary diagram of the factors influencing tephra deposition. Key referendéattd3on
and Vesanen (1988(2) Pougetet al (20141; (3) Bergmanet al (2009; (4) Payne andsehrels (201)
(5) Hodderet al (1991); (6) Techeret al (2001); (7) Thorsethet al (1995 (8) Swindleset al (2013.
Published in Watsoat 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 téphtsovebelow

levels of detection. Tephra fallout onto snow and subsequent reworking has been
invoked as a cause of fragmented or Opatchyd te
(Bergmaret al, 2009. 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 lakedsmentgDavieset al, 2007. Whether tephra

is deposited onto snow or dirgctinto 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 layer@oygle, 1999. Peatlads and lakes are often particularly

exposed, with few trees to reduce the reworking of tephra shards byBergimanet

al., 2009.

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

layers on peatlands during overland flow generated by precipitationr&distribution

of shards across the peatland surface may cause tephra layers to become spatially patchy
or to be washed from the peatland entiflgyne and Gehrels, 201@& study of the
tephrogratigraphy 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
(Swindleset al, 2013.

As well as moving across the surface of the landscape, tephriscanave 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 horizonshioigld be identified as
representing the event dgfeavieset 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 palesofaceand 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 ie lsgdiments including: downward
migration through soft sedime(avieset al, 2007); bioturbation; withinbasin

focussing; and movement by plant rofisvieset al, 2007 Davieset al, 2005. Pyne
O'Donnell (201} 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 redistributh 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 reded in lake and especially peat sediments have
potentially been subject to extended periods of exposure to low pH (bogs are typically <
pH 4:(Holdenet al, 2009) and microbial activity. Distal tephra layers are especially
vulnerable to geochemical attack given their large surfacqRoflardet al, 2003. At

low pH conditions rhyolitic tephras, which contain more silica, appear to be more stable
than basaltic tephrg®ollardet al, 2003 Wolff-Boenischet al, 2009. There is some

visual evidence for damage to kep shards in peatlanddd¢dderet 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 yeas (Dugmoreet al, 1993. However, the rate of chemical attack is governed by
temperaturéWolff-Boenischet al,, 2009, 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 experients (Thesis Objective 2).

In this section | 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 beetud@s 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 aarfal tephras and to record the
same tephrostratigraphy. A study of this type would allovtlferassessment 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
extraded from peatlands and lakes as sediment/peat cores. Coring protocols for
peatlands are reviewed Be Vleeschouweet al (201). The limitations of etracting

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

previousy (Section2.5)

2.6.1 Detection/ Extraction

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

geochemistry of cryptophra 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 all ow f esri ttunée. dTehtee ctteipohnr aof t e

identification process is pycally 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 sisareisorted
per cn? of substratéGehrelset al, 200§. Shards can be characterised based on
morphology and colour during the microscopy progeksken, 1972Schmid,

1981). This step is often conducted at a coarse resolutid® &n continuous
samples) and then core depths found to contain tephra-saengded at a fier
resolution (typically 1 cmjSwindleset al.,, 2010.

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

containing the peak in tephra shard concéiotnaThese samples are subject to

geochemical analysis.
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26. 1. 1 Thren® qmetckko ®d

The most established method for conducti |
bur n m@Eallam @ikher, 2002 Samples are ashed in a furnace at 600°C before

being washed in 10% HCI to remove carbonéleher and Hall, 1992 Where

diatoms or quartz (Sikpare presentadditiond treatment with dilute sodium hydroxide

(NaOH) may be required; this is particularly common for lake sedinieiatband

Pilcher, 2002 Samples are then mounted onides$ and shards are counted at-100

400x magnificatior{(Swindleset al, 201Q. Tephra shards extracted using this method

are not suitable for geochemical analysisl@mical alteration of alkalisccurs at

temperatures in excess of 350T@igmoreet al., 1995.

2.6.1.2 Density separation

Density separation using heavy liquids was originally developed for lake safikes.

method is particularly valuable for samples which contain large amounts of mineral
material or biogenic silicL.owe and Turney, 1997Turney, 1998. Density separation

for i nitial i1dentification can be conduct
met hodd foll owing the ashing and HCI tre:
which has been shown to reduce the shard count numbers for rhyolitic (Blotidey

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

geochemical analysis and is discussed further below.

2.6.1.3Extraction 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
(Lawsonet al, 2013. Samples are sjdxt to treatment with concentrated HhNand

H>SOQy to digest the peat substrate before washing through a fine Teflon sieve (typically
between 610 um) and rinsing thoroughly with water to remove any remaining acid
(Dugmoreet al, 1992 Hall and Pilcher, 2002 Samples containing biogenic silica may
require further washing with dilute NaQIRoseet al., 199§.
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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 skloiskley et al,, 2009.

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 ombrotrqgatiands)Rolandet 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 advocatdldnkley et al. (2009 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 NgH,W,O,]). Various cataminants 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 ¢emitor 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 cn? and are often only detected through magnetic separ@imvrieset al, 2001

Mackie et al,, 2003. Furthermore, the process of density separation can be challenging
when working on orgaridch 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 float§PyneO'Donnellet al, 2013.

2.6.1.4 Nondestructive 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 inchage: X

fluorescence; magtie susceptibility; Xray photography; and spectrophotometry.

Although nondestructive 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, notwalys reliable when detecting cryptotephra lay&shrels

et al, 2009. For example, Xay fluorescence does not detect tephra layers with low

shard concentrations (<850 shards®mand has difficulty detecting lighter elements
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such as silica, a major component of felsic tepfKgtanderet al, 2013. Similarly,

magnetic susceptibility is only sensitive to ferromagnetic materials, which do not
represent a ajor constituent of felsic (rhyolitic) tephra sha(tiscCantaet al., 2015.
Combining a number of different tephra detection methods (e.g. magnetic susceptibility,
visible to short wave infrared spectroscopdWIR) 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 equipmeriCaseldinest al, 1999 McCantaet al, 2015. More recently,
hyperspectral imaging has shown promise in detecting mantbpotentially

cryptotehra 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 imaghyimgrich et

al., 2019. Due to inconsistencies in these different methods and the need for access to
equipment, at prest the majority of cryptotephra studies utilise the destructive

detection metbds outlined in sectian2.6.1.1 and 2.6.1.2.

2.6.2 Major elements

Electron Probe MicréAnalysis (EPMA) is the most widely used procedure for

determining the major element geochemistry of cryptotephra glass shards. There are two
types of EPMA analysidVavelength 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 potehtrdluence of grain morphology, EDS is sequantitative

and thus not widely usegeiaflidasonet al, 200Q.

The process of WDS involves firing an electron beam at the sample (an individual glass
shard), which has been mounted in a Featling resin, exposed and polistied.

Dugmoreet al, 1992 Hall and Hayward, 20)4and measuring the intensity and
wavelength of resulting Xays. The electron bombardment of each element results in

the emission of a different-Kay wavelength. The abundanafeeach element is related

to the intensity of the resulting-#ay (Hunt and Hill, 199% The EPMA contains

crystals of precisely known composition which are used for internal calibrations
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allowing for the quantification of Xays emitted from unknown samples. ZAF, PAP or
X-PHI algorithms are usually applied automatically by probe softwarerteert the
intensity of the Xray into the concentration for a given elem@erlet, 1994.
Percentage abundances by m&gs») of around ten species (typically Fgka), TiOo,
SiOp, K20, Al203, N&O, CaO, MgO and MnO) are determined by the ana(lswe,
2011).

EPMA offers the ability to analyse small shards (beam sizes down to 3 um), a necessity
for cryptotephra work where shard sizes are commonly <10(Humt and Hill, 200}
Although there is no universally agreed standard for the number of shards to be
analysed from one tephra layer, typically arodBdshards is considered a suitable

minimum (Lowe, 2011 Shane, 2000Swindleset al, 201Q. Where layers are

particularly sparse an analysis based on fewer shards may be necessary, although larger
sample sizes are preferable to help reduce thecingbdeterogeneity due to chemical
variation of the magmas during the eruption, hydration, and shard surface roughness
(Hunt and Hill, 200}

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 oxidésaflidasonet al, 200Q Nielsen and Sigurdsson,

1981). Alkali migration is related to the intensity, duration and diameter of the electron
beam. Altering the focus of the&0pnream or o6rast
reduces the intensity of the bombardmemd thus alkali migratio(Hunt and Hill,

2007). However, wider beams, which cover a larger area of the sample provide less
precise analysi@Coulteretal., 2010 and are not practical for smaller vesicular shards.
Hayward (2012proposed and tested an analysis set up using low beam currents for
alkalis (<0.1 nA/ ur) to minimise Na mobilisation while using a beam size as small as

3 um. The beam current is then increasednalyse 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 resolt the inability of the probe to detect hydrogen and thus

water dissolved in the glagdunt and Hill, 1993 The range of KD contents for felsic
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glasses can reach®%b (Wallace, 200h Tephras can become hydrathding the
eruption, if magmatic water is not sufficiently outgassed from the magma before an
eruption, or in the postepositional environmerfPearceet al, 2004 Pollardet 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
(Pearceet al,, 2007 Swindleset al, 2010.

2.6.3 Trace elements

The major element composition of magma (angttephra) can be similar for different
eruptions, especially those from the same volcanic system. This can lead to false
correlation and incorrect stratigrap(Bearcest al, 2007 Tomlinsonet al, 2013.

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 elementstephrochronology include: Rb, Sr, Zr and Nb

(Lowe, 201). 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 innte composition of the source region of each individual eruption.
Therefore some magmas with a similar major elemental composition can contain
differences in trace elemental composit{@fian et al, 2008. Processes such as
fractional crystallisatiorran 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 analglk&n et al, 2008.

Analysis of trace elements is a relativaelew 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 raf@@earceet al, 201). Developments in hardware

are increasingly enabling the analysis of smaller shards. Analysis of shards with beam
diameters of between 42D um using Laser Ablation Inductively Coupled Plasmasvias
Spectrometry (LAICP-MS) is now possibléPearceet al, 2007; Tomlinsonet al,

2010. Fractionation effects caused by the formation of a thin medtificreasevith

decreasing beam diametéPearceet al, 201).
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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 thandl@P-MS (Pearceet al., 201), rather than

abl ation, S| MS remeve sampglesmatariglt Teerprocegs®f sputtering is
less damaging to small and thin shard4@5.um) which are too small or thin to undergo
analysis using LACP-MS (Lowe, 201).

The utility of trace element®s provide information whickvould allow two tephras with
similar major element glass geochemistry to be distinguishedeen questionad the
substitution of major elements for trace elemeatsfollow systematic pathways
(Pollardet al, 200§. However, trace elements have been successfully employed to
discriminate between eruptions of similar major elemental composition such as those
from the Yellowstone Caldera tephi@earceet al, 2008 and Mexican tephra&uhr

et al, 2010Q. Despite the promise of trace elemental analysis, there is little work on the
trace elements of Holocene Icelantiiphras, the majority of which can be

distinguished based on major elemglatssgeochemistry. As a result there is a lack of

trace element comparison data from dated erup(idalt and Pilcher, 2002

Further work on the trace elemental composition might allow cryptotephra layers
containing glass strds 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 northin 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 4mlots/tri-plots of major elements. Biariate oxide plots such as

FeO vs.TiQ and TAS plots (Sie@vs NaxO+K>0) allow for an informed but ultimately
subjective decision on the similarity of a known and unknown tei@trarman and

Grattan, 1999Stokeset al, 1993. Another simple means of assessing the similarity
between two sets of geochemical data is the use of similarity coefficients and the

coefficient of variatior(Froggatt, 199
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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 subjectiiStokeset al, 1999. Similarity coefficient (SC)
analysiswilprd uce a 6éscored of similarity, wher
samples are identical across all eleméntsve, 201). However, the point at which

t wo samples are considered to be @di ssi mi
from 0.92(e.g. Froggatt, 19920 0.96(Lowe, 201). As with the use of bplots, the

number of elements included in coefficients of variation (CV) and similarity

coefficients can affect the outcorf@harman and Grattan, 199®%0 consensus exists

on the best combination of element oxide concentrations for these ar{atyses

2011D).

Cluster analysis works by @uping entities which are similar. Although cluster analysis
takes account of the entire dataset and can be more objective than SC and CV
calculationgFroggatt, 1999 uncertainties are not always staffdugetet al., 20141).

One method of assessing the uncertainties associated with the clustering of objects is the
use of bootstrap resamplifuzuki and Shimodaira, 200@ his allows for a

guantitative 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 asignments. 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 geochemidata(Pougetet al, 2014aTryonet 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
experse and time involved itfC sample preparation and analysis necessitates the
development of agdepth models, whereby a number of radiocarbon dates are dispersed
within a profile and the ages between these points are inf@laauw and Christen,

2005. Manyage depth models for peat and lake sequences are based on-gwenmid
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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 datedut also other information in order to obtain a smooth overall curve) is
usually conducte@Bennett, 1994 Ages for cryptotephra layers derived from these
traditional agedepth models may have large uncertainty depending on the spécing

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.
Wigglemat chi ng t ak e swiagdgvl aenstGacghanduat fdsttorhterm 6
atmospheri¢“C fluctuationgKilian et al, 1995. Theefore wiggle match dating is

most effective where there are excursions in‘t@ecurve and when many closely
spaced“C measurements are availatBaauwet al, 2003. All wiggle-matching
variations consider unalibrated radiocarbon dat@Blaauwet al,, 2003. Using a

Monte Carlo process, the depth (or age} is then stretched or compressed in order to
align best with thé*C calibration curvgBlaauwet al, 2004. Developments on these
models have drawn upon Bayes theorem. By incorporating information from past
evidencee.g. accumulatiorates(not the radiocarbon data) (tpeor) with the

information from our radiocarbon data (ilelihood) we can asss the probability of

a particular set of parameters (ff@sterion (Blaauw and Christen, 201Ramsey,

2009. Giventhe errors associated with radiocarbon measurements, and the non
monotonic nature of th¥C calibration curve, it is possible that models whereby age
does not increase with depth could be computed. Incorporating information about
accumulation rate (theripr) allows for the dismissal of agkepth models which appear

to be ecologically unlikely, thus reducing the model uncertgBlgauw and Christen,
2011D).

2.6.5.1 Examples of wiggimatching 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 wiggkach techniqueBilcher

et al (1999 refined the date of the Hekla 4 eruption from 42360 BP to 4260 +/10
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BP. Similar research has refined the dates of the first millennium BC tephras in Ireland
(Plunkettet al, 2009 and the Glen Garry tephra in ScotlgBdrberet al, 2008.

2.7 Conclusion

In this chapter) 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. | have also reviewed methods relevant to cryptotephra research.

Our increasing economand 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 layass 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 stodrepical
peatlands can offer opganities to further understand past volcanic ash
clouds and the peintial impacts of theseventg(Section 2.2).

ii.  There is experimental and (limited) field evidence for the remobilisation and
reworking of tephra in botpeatlands and lakes. These findings have led to
calls for multiple core studies and
cryptotephra record$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 rewothang, t
has been no comprehensive study looking at peatland and lake sltesein ¢
proximity. Such a study might identifyhether peatlands or lakpseserve
the most detailed tephrostratigraphy. Furthermore, despite experimental and
visual evidence for tephra geochemical damage in peatlands a study
comparing the geochemistry of tek@me tephra in different environments
hasnot been conductg@ection 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 recor8patial 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 irsiatise and

temporal gapgnay confirm the extent of cryptotephra deposits from Iceland, or lead to
the development of new tephrostratigraphies possibly extending the knowrutistrib

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 rexfordieanism

I.  The frequency of Icelandic volcanism increased at the end of the last glacial
period due to thenloading of ice from the lithosphef8ection 2.2.1.2)
However there has been no research into the potential impactaller
magnitude changein surface loading (ice mass), such as those which have
occurred during the Holocene, tire frequency of volcanic eruptiar@ne
problem with examining past records of eruption frequency is that the
proximal geological record can be confounded by theien 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 voleamts@

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 atmosphenindellers, satellite monitoring
specialists antephrahronologistgSection 2.4.2)Current research on
cryptotephrashard 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

Mi croscopic tephra | ayers ( éequivalgntt ot ephr a:
stratigraphic markers ilised 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 layersmde discontinuous even within the same region.
Understanding the deposition and pdspositional redistribution of tephra is vital if we

are to use cryptotephras as records of ash cloud occurrence and chronostratigraphic
markers. The discrete nature ephra layers also allows for detailed study into

processes of deposition and reworking which affect many palaeoenvironmental proxy

records

We undertook a muktore study in order to examine the historical tephrostratigraphy of
a raised peatland in Nortitrelreland. 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 deliveryhe 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. Theseditgaifferences may

confound the interpretation of skdacounts 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 presencé three historical tephras in 14 cores enables a sfatiporal
analysis of the longerm apparent rate of carbon accumulation (LARCA) in the

peatland. Substantial spatial and temporal variations in LARCA are identified over the
last ~450 years. This Higvariability needs to be taken into account when designing

studies of peatland carbon accumulation.

Highlights

Threetephra layersvere dete@d in 14out of 15cores from the same peatland
Tephra shard counts (per unit area) varied by an order ofitmdgmetween 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 spatiallfeamabrally
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3.1 Introduction

Tephra layers preserved in European peatlands provide both a valuable
geochronological todle.g. Davies, 2015; Dugmoet al, 1995; Laneet al, 2013)and a
record of past volcanic activity and ash dispersal e(&windleset al.,, 2011b)

Tephra deposited onto a peat surface far from the volcanic source is typically fine
grained (<125 Om in size) and acooswerali ngl
to beprimary air fall materia(Davieset al, 2007;cortra Swindleset al, 2013a)jnd 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
sedimentgDavieset al, 2007; Grigget al, 2014; Pye-O'Donnell, 2011)Although
tephra layersn peatlands caaccasionallyspan a depth & few centimetreghe peak

IS most ofterconfined to anarrowhorizonin thicknesgSwindles and Plunkett, 2011)
These factors suggest that peatlands should actexscellent 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 (Swindfeal, 2011; Lawsoret al, 2012).

One major issue with this approach is ttigfptotephra layers in peatlandan be
discontinuous even ovemall distances (hundreds of mestto kilometres(Bergmanret
al., 2004; Langdon and Barber, 20Q4yhich requires an explanatioft a regional
scale sme spatial variation in tephra horizomde attributed tbuctuation of the
volcanic plume heights during the eruptiannd speed and direction variabiljty
atmospheric processés.g. clouds and icgnd precipitatior{Fig. 1), which can
influence ash cloud densi($chumanret al, 2011) alter ash cloud trajectory and in the
case of rainfall, increase the fallout of partigle&ttsson and Vesanen, 1988} a
local scale,le interaction of wind andegetatiormayproduce localised airflow
patterns whichiesult intheuneven delivery ofephrato thegroundsurface(Boygle,
1999; Pougett 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 thénfluence of local factar. Key references (IMattssonet al,, 1988 (2) Pougett
al., 2014; (3) Bergmaet al, 2004; (4) Paya and Gehrels, 2010; (5) Hoddsral, 1991;(6) Techeret

al., 2001; (7) Thorsetket al, 1995; (8) Swindlest al, 2013a.
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Even once the tephfeas been deposited on the peat surface, the peat is unlikely to act
asa straightforwardpassive archiveReatlandsre complex ecosystems with dynamic
topography, hydrological regimes, accumulation rate and vegetation composition
(Swindleset 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 thpeatland surfacd=(g. 1) 1 albeit probably to a lesser extent than

in lacustme or marine environments

Previous studies of regional tepluecurrence ave focused predominantly on gie
cores fromdifferent siteLangdon and Barber, 2004hconsistent tephra records in
two cores fronKlocka bog, Swedersuggest that tephra @arrence may vary at much
smaller scaledn this instanceéephrafell ontoa prolonged snowpadka. 7 months)
and was subsequently-despersed by wind and meltwater, leading to ksita variation
(Bergmaret al, 2004) The majority of Holocene Euroae tephrastudies have been
carried out irmid-latitude peatlandf_awsonet al.,, 2012) which ardesslikely to have
been affected by prolonged snow covestudy of two cores from Fallahogy bog in
Northern Irelanccomparable to the study IBergmanetal. (2004)found much less
within-site dissimilarity, raising the possibility that, where prolonged snow cover is

rare, tephra stratigraphies may be more consi§iRadet al, 2012)

Tephra shards are commonly counted in order to determine the deghkashard
concentration in the vertical profile. Recently, these counts have been used to infer ash
cloud fallout over a region (Res al, 2012). Understanding the spatial variation in

tephra shard concentrations in peatlasdmportant if it is to beassumed thahey

represent a record of adensity during an eruption evegiavieset 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 repressagrd of ash cloud

density, is fundamentathenattempting to useountsfrom one core per sit®

compare ash cloui@llout across many sites in a regi@g. Langdon and Barber, 2004,
Reaet al,, 2012)
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The main aim of this study is to assess thagiapvariability 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 preg®ation in peatlands

Much of our current understanding of tephra preservation in peatlands is based on
experimental evidence rather than detailed study of natudepgsited tephra.
Laboratory and artificial fiel@xperiments indicate that although thajanity of tephra
shards remain at the palasarface during incorporation into the peat matrix, some
migrate vertically (both upward and downwa(Bayne and Gehrels, 2010; Pagtal.,
2005) This would support the common assumption that the peakhratepard
concentrationsrather than the first occurrence of shards, coincides wittintirey of

theash fall event.

Shards are also likely tmove laterallyacross a peatlarah a variety of scaled ephra
shards may bdeposited differently and/anoved to such an extent ththie number of
shardin some areas of the peatlamecomes too low to be detected and analysed using
current methodéPayne and Gehrels, 201@ur understanding of cryptotephra
redistribution on peatlands extends only to ther#ét@ovement of tephra by wind at
microtopographical scales. Experiments suggest thatzosiyall proportion of tephra is
transportedver the short distance (<3 indm hummock to hollowPayne and

Gehrels, 2010)There is evidence that tephra may mavevan smaller scalea few
centimetres or leysSimulatedrainfall onto thin (1 mmjephra layerfias been shown

to generate patches of high and low teglmacentratioracross a peat surfa@@ayne

and Gehrels, 2010Theseexperiments 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
peatlands, they are experimental and represent both a simplification of reality and a
compression of time. Evidence from naturallgposited tephras which have been

subject to peatland processes over a period of hundreds of years is needed to dnderstan
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the interaction and overal/l I mpact of

worl dé scenari os.

Research into the spatial variation of other palaeoenvironmental proxies found in
peatlands, specifically pollen and charcoal, suggests that tmorercores taken in
close proximity usually display the same general trends in reconstructions but show
minor differences which might affect detailed interpretafcfnEdwards, 1983; Innes
et al, 2004; Lawsoret al,, 2005; Turneet al, 1989) The reslution of these studies is
restricted by the dating methods available. In a more recent &ladyw and
Mauquoy (2012)sedwiggle-match radiocarbon dating/hich offers a more precise
chronological frameworkand identified variation in arboreal pollezcords from four
cores across the same peatland over centennial timestthlesgh trends wermore
consistenbver millennial timescales. Withisite variationn peatland proxy records
over centennial timescalesay limit the temporal resolution oafaeoenvironmental

studies.

Unlike palaeoecological proxies, hist@itephra layers are unique in representing a
discrete depositional everdther than a continuous influallowing for easier
identification of reworking process@dousleyet 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 recor@cf. Irwin, 1989; Turneet al, 1989)

3.1.2Carbon storage in European peatlands

Peatlandsepresent an important global carbon store and as such the accumulation of
carbon in pat has been the focus of laigmle studiege.g. Charmaset al, 2013;
Turunenet al, 2004; van der Lindeet al, 2014) Althoughregional climate is often

the major control on carbon accumulation rgdagnan and Garneau, 201#jternal
peatland processes can also exert an influesyatial differences in carbon
accumulation within a peatland could leaditwepesentativeestimates based on one

corebeingextrapolated over a large area.

t

h
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There has been only limited investigation into variatiolong-term apparent rate of

carbon accumulation (LARCA) within oneeatlandsite, the majority of studies

focusing on igh-latitude peatlandg.g. Belyea and Clymo, 2001; Ohlson and @kland,
1998; Turuneret al, 2004) For exampleTurunenet al (2004)identified spatial

variation in carbon accumulatiavithin Canadian peatlands dated usitf§b and“C:
hummocks had significantly higher carbon accumulation rates than hollows over the last
150 yearsHowever, the large uncertainty in radiometric age estimates, and their cost, is
a |imitation to this approach. tAmndtbherf | ine o
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 thicknesst of p
subsequently accumulated are determined. Peat LARCA estimated using this approach
variedby a factor ofiive (over 125 years of peat growth) in 151 different cores from the
same 20 rharea ofa boreal bogOhlson and @kland, 1998)lowever, this techgue

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 faittude, unforested peatlamdthin a

secure chronological framework. The same approach could be applied at many other

peatlands where there is a wadkolved cryptotephra record.

3.1.3 Hypotheses

Using data from 15 cores from an ombrotrophic bog, we tested the following null

hypotheses:

1 Tephra layers show no spatial variation within the peatland in terms of:
1 Presence/absence
9 Total shard counts relating to a given eruption (TSCs, defined as the total
number of shards > 10 em associated with
peat wth surface area 1 én
1 Tephra layers from different eruptions recorded in the same peatland do not have
significantly different TSCs.

1 LARCA shows no spatial variation.
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3.2 Study site

Fallahogypeatlands an ombrotrophitowland raised bog located north of Portglenone,
Northernireland §4.912°N, 6.562W). The peatland is located in the Lower Bann
valley, a lowlying area with a mean annual rainfall of ~1000 mm (average from 1941
to 1970)(MetOffice, 1976) The main domef the peatland is intact, although there has
been a limited amount of cutting on the laBtant communities range froBphagnum
magellanicumandSphagnumubellumdominated hollows, to hummocks dominated by
Ericaceae an#riophorumsp.The site has bedhe focus okeveralpalaeoecological
studies(e.g.Barbeet al, 2000; Reat al, 2012; Rolanet al, 2014)

3.3 Methods

3.3.1Field sampling

A Russiantype corer(Jowsey, 1966yvith a 50cm-long barrel was used to retrieve 15
short coresRandom amping locations weraelectedusinga randonmumber
generatorentered into a handheld GR®d located in the field (Fig¢). Samples were
taken as close to the pselected point as possilfl@aximum 5 m distantwhilst
accounting for the need to extréi@m areas of similar micrtopographyin this
instanceSphagnunfiawns were sample{e Vieeschouweet al, 2011)

To investigate movement of shards on a microtopographical scale three transects from
hummock to hollow were investigated. Each transectsuageyedthedominant

vegetation was described and threeeBlong cores were extracted from different
microtopogephical zones. Only the FAL_1 tepl{tater identified as Hekla 1947 tephra

see sectiod.3) was investigated in these cores.
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Fig. 2. Map indicatinga) the location of the 16oresamping sites in Fallahogy peatland b) the location
of Fallahogy and Dealsland peatlands within Northern Irelandre evidence of peat cutting and

drainage is evident around the edgeBalfahogypeatlandas illustrated

3.3.2Tephra analysis

In the laboratory, samples were prepared usingohiek burrbmethod(Pilcher aml

Hall, 1992; Swindlegt al, 2011a) 1 cm? contiguous samples were ashed at 550°C and
treated with 10% HCI. To aid shard identification, samples wgentlysievedat 6 pum

to remove finer silt and clay fractioremd thecoarse fractiomounted onto slies.

Absolute tephra counts (shards >10 pm®mvere conductedt 200x magnificatiomn

a standard Leica binocular microscop@heroidatarbonaceousapticles(SCPs)were
countedn the tephra slides and are reported as caumés Total shard counts (TSCs)

for each tephra layer cftotal 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 aysis were extacted from core Avhich showed three

distinct peaks of tephrd&ig. 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 sectiof.9.1.). Due to theabundane of roots in the top of the peat profied

low shard concentratiom the second peak4115 cm), densitgeparatioriollowing the
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method ofBlockley et al (2005)was unsuccessful. Insteaktraction for geochemical
analysisfor all sampledollowedthe acid digestion methdg®ugmoreet al., 1992)
Samples were treated witilot concHNOs and SOy acids, diluted with water and
sievedat 10 um The coarse residue wassedthoroughly withcleanwater. There is
experimental evidence that exposurediia and particularly alkaline treatmeriits

the removal of diatomesan alter tephra geochemis{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 analysiEPMA) aregeochemically indistinguishable from shards
extracted using density separat{®olandet al, 2015) This suggests that chemical
alteration durindhe acid digestion methasl minor and unlikely to affect the
assgnment of a tephra to an eruption event.

Samples were mounted onto glass slides using EpoThin resin, ground to expose the
shardgcf. Dugmoreet al, 1992) and polished to a 0.25 pm finish. EPMA was
conducted at the Tephra Analytical Unit, University dirtburgh. All analyses were
conducted with a beam diameter of 5 &m,
Al, Si, K, Ca, Fe) or 80 nA (P, Ti, Mn) (Hayward, 2012). Secondary glass standards,
basalt (BCR2G) and rhyolite (Lipari) were analysed before after EPMA runs of
unknown glass shard analyses.

3.3.3Carbon accumulation

It was assumed that the pealkeafh tephra layer represented the year of the eruption
(cf. Payne and Gehrels, 2018ulk density was calculated orcn® samples taken
contiguou$y between the tephra peakslayers which were subsequently identified as
those from the eruptions of Heklaib10 and 194{see sectiod.3). Samples were

oven dried at 105°C and dry weight was divided by volume to determine bulk density.

Carbon contet was estimatedsing losson-ignition (LOI) which offers an
approximation of organic matter content. The equatiddobket al (1999)was used to
convert LOI into %Carbon. This equation was developed from td&orland soils and

has been successfully diggl in studies of carbon content on blanket peatlands in the
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UK (Garnettet al, 2001; Parry and Charman, 201Byrthermore% Carbon results
obtained for Fallahogy using this equation were in line tyjtical organic carbon
contens in northern peatlas (Charmaret al, 2013) LARCA (g C m? y!) was
calculaged by dividing the cumulative carbomass over given periodoy the number of
years(Clymoet al, 1998) Apparent total carbon accumulated (ATCA) was calculated
as the sum of the total carbon accumulated in each’ intenval between the peak

shard concentrations of the FAL_1 and FAL_3 tephras.

3.3.4Plant macrofossils

In order b reconstruct thenicrotoppgraphy at the coring locatiat the time of tephra
deposiion, plant macrofossil analysis was conduab@dsamples corigponding to peak
tephra shard concentrat®for the 1510 and 194tuptions of Hekla (see sectidrB).
Samples of c. 3 chof peat vere sieved at 125 um, floated in etf-dish and examined
at 1050x magnificationusing a standard binocular microscogelume percentages
were assigned using a modified version of the quadrat leaf count metBacbefet al
(1994) Moss leaves and elermal tissues were picked and mounted onto slides for
identification at higher magnificatio®phagnunwas identified to section or species

when possible.

3.3.5 Statistical methods

Cluster analysis with bootstrap resampl{&gizuki andShimodaira, 2006and PCA
were applied, but did not hetpeatlyto discriminate between the three tephras

(supplementary file, Fig.S1, S2).
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34 Results and Discussion

3.4.1 Stratigraphy

The tephrostratigraphic and SCP profiles for 15 cores (narr@jl ake displayed in

Fig. 3.Although here is some variation in the depth of the tephra lagéisut one of

the coresontain three peaks in tephra abundaf¢e three tephra layease moe

distinct in some cores than others. This is most likely due to differences in local
accumulation rate and vegetation composition. In some instdrelEAL_1 and

FAL_2 tephra 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 recoaddeast in areas of this

peatland where peat accumulation is slower.
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Fig. 3. (2 Panels) iagramsshowing tephrosatigraphy and gheroidalCarbonaceousdrticle (SCP)
profiles for the 15 peat profilefNote horizontal scales for SCP profiles vdrgibels 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 peakalbuarlesstephra shards which have not been geochemically
analysed (UNKL1). Geochemical samples were obtained ftephra peaks i€ores A and K(labelled
FAL 1, FAL 2 and FAL_3.

Some cores (D and G) show sligleveations from the majority of profiles. In core G,

the top of the FAL_1 tephra peak was not recoveardthere 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 ttog of core G is abserthis 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 isgpported 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 s abundanMenyanthes trifoliatad b o g beand epi dermi s corres
the FAL_3 tephra layer and Sphagnum sec@iospidata corresponding with the

FAL_1 tephra. All cores were extracted from lawn microforms at the time of coring,
therefore a transitiobetween 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 accumulatioelated to the temperature ridering 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&f 48 is distinct from

those detected in other cotasth in terms of colour and morphology. The anomalous
tephrostratigraphy of core C might be attributed to a-gepbsitional disturbance in

peat accumulation. Disturbance events, such as fire and bog bursts, can occur naturally
(e.g. Caseldine and Gear&p05) 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 accumulatiarfor this reason core C was excluded fsarhsequent analyses

3.42 Shard morphology

Sharddrom all three tephraare predominantliight brown and morphologically
similar (Fig. 4).Shard size rangdrom 15 to 155 pmndicating that relatively large
shards can be transported long distangasicularly if shard terminal velocity is low

due to a high degree of vesiculari§tevensoret al., 2015)
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Fig. 4.Scanning electron microscope imagesypical tephra shards @osed for geochemical analysis
(a) Hekla 151Qb) Hekla 1845 (cHekla 1947 White scale bars are 10 um.

3.4.3 Shardgeochemistry 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 daciémdesite comgsition (Fig. 5; full geochemical dataset is
provided in the supplementary file, table S1). The geochemistries closely resemble
thoseof tephra fronthe Hekla(H) eruptions in 1510 and 194Dugmoreet al, 1995;

Hall and Pilcher, 2002; Larsest al,, 1999 Pilcheret al, 1996; Swindles, 2006J here

is good evidence, supported Y€ 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(Lawsonet al, 2012) Distinguishing betweeRAL_1 and FAL_3based orto-
variationmajor elenent diagramgroveddifficult (Fig. 6), although some

discrimination can be observed between the geochemistry of FAL_2 and the other
tephras (Fig. 6¢, d). FAL_2 also has a generalldnigiC, FeQ and BOscontent than
FAL_ 1 and FAL 3.
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3.4.4 SCPs as a method of distinguishing between historiedéiposited tephras

Where shards from diffen¢tephrasare not easily distinguishdxy theirgeochemistry

in some instanceSCP profiles can be used to complement geochemica(S\atadles

and Roe, 2006)SCPs provide a chronological marker for the last ~150 yBarsberg

and Wik, 1984)appearing in this region AD 1850 and reacimg peak abndanceAD

1978 + 6 yeargRose and Appleby, 2005)he 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 offefurther information for the dating on peat profiles, they
must be interpreted with cautibbecaus&SCPs are themselves subject to movement in
the peat matrix. In some instances it appears that the peak in SICR978 + 6 yeark
coincides with the peak tephra concentration for the FAL_1 event. Given that there
were no large eruptior silicic tephra in Iceland in the 1970s or 1980arsenet al,
1999) andgiven thamo claims ofcryptotephra layers in Irish peatlandser tharHekla
1947 tephrdnave ever been made in the literatue infer that the apparent
coincidence of the SCP and tephra peaks is an artefact of 8itslexv rates of peat
accumulation between 1947 andl@78, or ii) the differential vertical movement of
tephra and SCPs. 8udifferential movement might resdétom differences in the

deposition (continuous vs. one evemprphology, density or size of SCPs and tephra.

3.4.5 Possible sources for FAL_2

AlthoughFAL _2 has a slightly different major element geochemistry @ightly
higher TiQandFeQ) to FAL_1 and FAL_3it shows some similaritgndtherefore
maybe derived from the same volcanic systéunrthermore, the Hekla volcano has
produced the majority of widespread mid to late Holocene cryptotephras, many of
which are of a bmodal compositionThere werdive recorded eruptions from Hekla
between 151@nd B47 which produced silicic tephrilanyeruptionsproduced low
tephra volumes or hatbminantfallout pathwaygoward the north of Iceland.arsenet
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al., 1999; Larsemt al, 2014) Apart from H1845 there is no solid documentary or
geochemical evidence that any of these tephras reached nsirtfivepe. However,
there is documentamgvidencefor the falloutof tephra on the Faroe Islandigring AD
1845, suggesting thégphrafrom the H1845 eruptiotravelled somelistancean a
southeasterly directior{Connell, 1846)A report of tephran theOrkney Islandsdated
by interpolation to ca. AD 1800 and with a simigggochemistryo that of H1947 and
H1510, has been tentatively linked to the eruption of H{8v&stegard, 2002)lo

further support assignment to H1845, FAL_2 was plotted againstdjor 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 eruptiekla 1845.

It appears that H1845 may be an unaognized tephra in N. Irelan@ihe sharadount

totals for this tephra at Fallahogye generally low (<40 shards €jnLow shard
concentration and a similar geochemistry to other historical Heklaa®epiay 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 H184%ephracorrespond$o, and provides a dating isochrtor
palaeoenvironmental studies concerned with the end of the Little Ice Age as thell as

Irish famine of 18451849 which was a periodf great hardship, economic and social

importance in Irish historgO'Rourke, 1994)

Based on the SCP profiles, anmation 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)Ve suggest that SCfratigraphis may be
valuablefor distinguishing tepra shards from the eruption of H1845AL_2) which

occur at the beginning ¢the SCP profile in this region.
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3.4.6 Do cryptotephra layers in peatlands reflef@llout concentrations?

3.4.6.1Within-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
suggestshat insmall, unforestedyndisturbed peatlandike Fallahogywhere there is a

low chance of snow cover at the time of tephra deposition, the presence or absence of
tephra from a givenraption can be highly consistent from one core site to another
extraction of almost any single core from an undisturbed are& éfatahogy 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 cergimigpeatland surface)
ranges from 97 to 508 shards€fmedian 143). Shard counts for H1947 and H1845
also show an ordesf-magnitude variation in different cores, with counts dfZ36 cm

2 and 10156 shards crarespectively (Fig. 7). Some small vaion 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 i 8t@s for the H1510 tephra
indicated that, ovescales of tens to hundreds of metthsre is no spatial

autocorrelation in shard couns=0.82) This suggests that any systematic sorting of
shards is predominantly occurringsamaller or larger scale¥ariation inthe total

number of tephra shards relating to a given eru@eross different cores in a peatland
may plausibly be due to three sets of processaseven deposition from the
atmosphereij) lateral movement of tephra over the surface effibatland 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 ¢oomsfor Hekla 1510,
1845 and 1947 eruption8pparent total carbon accumulated between 1510 and 1947 is also shown.

Circle sizes are proportional to total shaaiints 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 yeais at a

of 4 (conversely, mafic tephras deteriorate more rap{tglff-Boenischet 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 dissoluti
cannot be ruled out, it is unlikely. No visible signs of damage to tephra (e.qg. silica gel
layer formation or pittingcf. Blockleyet al, 2005)were identified during microscope

analysis.

Following deposition, @y lateral transport of tephra is likgio occurrelatively quickly
because there is evidence that tephra is rapidly incorporated into the peat matrix
Experiments indicate that tephra deposited onto a peatlanmkoesiate downward by
upto 6 cm in less than 2 yediRayneet al, 2005) Even allowing for subsequent
decomposition, long terme@at accumulation at Fallahogy over the 1a&0f0 years has
been relatively rapith comparison to northern peatlands in gengralyears crm;
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(Rolandet al, 2014)) Therefore tephra is likely to lecorporated into the peat more
quickly than in peatlands where accumulation ratesoarer, which is typically the

case at higher latitudegariation in TSC across the peat surface at the peatland (macro)
scale might be facilitated during periods whiea watettable 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 relaty 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 o relationship between total shard count for the H1510 and H1845
tephras and distance from the edge of th
supplementary file, Table S2). However, for the most recent eruption (H1947) there is a
weak relationshippetween 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 sipe.

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 weakmiom
pattern of distribution, whilst the earlier two tephras do not. There is noneede
Fallahogy that the peatland topographthat macrescalehaschangedubstantially
over the last 500 years. However, thersame &idenceof a change in watdable
depth Fig. 8b shows theeconstructed watdable depth at Dead Islahdg, justl.2 km
south of FallahogySwindleset al, 2010) Duringthe Little Ice Age (LIA, c. 14001
1850 AD) a periodcharacterised by wet and cold conditiovisich has beementified
across multiple sitei;m Europe(Blundell and Barber, 2005; De Vleeschouweal,
2009; Turneet al, 2014)andlreland(Swindleset al, 2013b) the Dead Island Bog
reconstruction suggests the watigle was at or above the peat surfg@eindleset al.,
2010) Between 1845 and 1947 the watable dropped considerably, whicbuld 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 thapparentumulative carbon accumulation between AD 1510 and AD 1947
in 14 cores at Fallahog¥he peak shard concentrations for tephra from the eruptions of Hekla 1510,
Hekla 1845 and Hekla 1947 are used as chronological tie p@iht&/atertable depth reconstruction

data from Dead Island bog (~1.2km from Fallaho@xindleset al, 2010)baseddn the transfer
function of Charmaret 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 laye 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 cous for each event. This may reflect the differences in watde (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 hotiw microforms are common on many peatlai@dlahogy has a

well-defined hummock, hollow and lawnicrotopography (see secti@h Hummocks
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represent raised features where vascular vegetation types dominate and might therefore
be expected to preferentialiyap 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 hollow@rwin, 1989) However, the continuous deposition of pollen

can make it difficult to decipher whether the differences in concentration are attributable
to differential deposition, postepositional redistribution or dissimilarities in

accumulation rates.

All cores in this study were extracted from lamicroforms However peatland
microforms have been shown to migrate or alter over tifettridgeet al, 2012) A
different micrdopographyat the coring location at the tinaé tephra deposition might
explain thedifferences in shard countswas initially suggested that the cyclic
regeneratiof hollows into hummocks was selgulating, driven by faster rates of
peat accumulation in hollow®svald, 1923; Von Post, 191®ollowing increasing
evidence that humocks are longerm features controlled mainly by changes in bog
surface wetness, the theory of cyclic regeneration has largely been disrggantbed,
1981; Svensson, 1988; Walker and Walker, 1981jmmocks a now considered
long-term features linketb climate rather than the product afitogenic peatland
proceses However there is no simple sequent@itransitional relationship of
hummock to hollow microforms with tim@hlson and @kland, 1998)

Plant macrofossil analysis was conduatedhe 14andomly distributed cores at depths
corresponding to the peak shard concentration in the FAL_1, FAL_2 and FAL_3 tephra
layersto assess whether the microtopography at each coring locatiah&aged

significantly since the FAL_3 tephra laydihe resuli 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 soarmabiguous

indicators ofverywet conditions corresponding witheH1510 tephra laydisee

sectiord.1). However there does not seem to be an exceptionally large or $B&ll

for theH1510 tephra in this core.

On thethreehummockto-hollow transectglabelled HH 1, 2 and 3)ephra was more

abundantn cores wher¢he surfacevegetation typat the time of coringvas at least
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partly composed dbphagnungFig. 9). The vegetation appears to be more important

than the downslope movement, in that, whgykagnumappears in the vegetation
community on the miglope(e.g.HH3), the presence @phagnunaeters further

downslope movement. Our results are in agreement with those of an experimental study
into the trapping of SGHN Sphagnunpeat(Punning and Alliksaar (199,/vhich

found that the majority (>99%) of SCPs wér@pped by th&phagnum
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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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3.4.6.2Within site vs. between siariation

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 lowsan the variation between sites. Tephra
from the eruption of H1947 has been identified in 12 peatlands across Northern Ireland
(Reaet al, 2012), with TSCs appearing to vary along a West to East gradient. Higher
concentrations in western sites weretipteted as reflecting higher ash fallauthis
region(Reaet al, 2012) The range of SCswassmallerin the 15 cores at Fallahogy

than the rangef TSCsacross thd 2 different peatlands in Northern Ireland (Fid).

This suggests than this instaice regionalscalefactorssuch as precipitation and ash

cloud density had a greater influencetoa spatial distribution of SCsthanlocal

(within-site) processes
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Fig. 10. Histograms showing the total shard counts for the a) Hekla 1947 erupti®odres at
Fallahogy (13 cores from this study and 2 cores examined byefRéa2012)) and b) at 12 other sites
across Northern Ireland (Reaal., 2012).

Neverthelessusing theT SCsfrom one core to infer ash fallout concentration dtier
entirepeatland is not advisabtkie 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 shamuats 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.
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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 coresuiegd 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. MaAWhitney tests indicatedsagnificant difference
between eachair ofevents f < 0.05 n=14 [n =13 for H1947). H1510 has the highest
shardcounts followed byH1947 andH1845(Fig. 12). The same pattern of relative
abundance has been foundnanyother Northern Irish peatlangBeaet al, 2012;
Swindles, 2006)
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Fig. 12. Boxplots showing the total shard counts for Hekla 1947, Hekla 4B8d31ekla 1510 eruptions in
13 cores at Fallahogfaoxplot 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 themaximum and minimum.

The higher TSC#r H1510 may reflect the nature of the eruption which hadieh
larger recorded tephra volume (0.32%nvhen compared with #9047 (0.18 krf) and
H1845 (0.23 krf) (Larsenet al, 1999; Larsemwt al, 2014) The eruption of H1510 is
alsoinferred (on the basis of its deposits in Iceland) to havealradre intense Plinian
phase thai1947(Larsenet al, 2014) perhaps resulting imoredistal tephra
transport. Less information is availalaleout the naturef the eruption of Hekla in
1845 although it is described as having wide tephra dispersal within Ic@lansenet
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al., 2014) The estimated tephra volume for H1845 is similar to (within ethatof
H1947, which is not reflected in the TSC for theagtons 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 fiate (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 agsiom 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 difiees in the degree of atmospheric pollution

in different regiongRose and Harlock, 1998oseet 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 8&@Rsdrom 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 acrosspeatland. 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 correlatiware conducted: i) between total tephra shard
countsand total SCP amtsin the whole core; ii) between total shardintsat one

point in the core and total S@Buntsat the same depth (1947 tephra peak). In both
cases there was no significant relasioip between theotintsof 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 depotd (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, densitgr 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

3.4.9.1Spatial trends irmpparentcarbon accumulation

Carbon accumulation in peatlandscontrolled by the balance betwemnganic matter
production and deca¥Clymo, 1984) Rates of production and decay vary according to
peatland microtopography due to differences in vegetation comyrandtwatettable

position(Belyea and Clymo, 2001)

The average peat accumulation rate at Fallalbegpyyeen 1510 and 19420 years cm

1y was in the range of 1@0 years cm, which istypical for peatlands in Norérn

Ireland (Swindles and Plunkett, 2010). Peat accumulation ratepgasientotal carbon
accumulation(ATCA) varied spatially (Fig7). TheATCA between 1947 and 1510
ranged from 4.0 to 17.8 kg C#nalthough ATCA in the majority of cores was around
the average of 8.6 kg C'm

These results indicate that ATCA in this peatland is spatiatighie 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 Szl (
test,p-value 0.60). There is also no relationship betw&EGA and elevation or
distance from the peatland ed@RC,supplementary fileTable S2. Instead,

differences in accumulation might be occurringaomicroform 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 (seection4.1). Core D has the lowest ATCA of all the cores
between 1510 and 1947 (4.0 kg G)malthough 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 wetdibons during the LIA.
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Core K is of particular interest as it showsachhigherLARCA thanthe 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 anaysisSCP chronology confirm
assignment to H1510 eruption (supplementary file, Fig. S4) and therefore we can be
confident in théhigh rate of peat accumulation between 1510 and 1845 (0.094 cm year
b, It would appear the cause is localised as other cocaseldnearbydo not show
elevatedpeataccumulatiorrates Largeproportionsof unidentifiable organic material in
plant macrofossil sampléom core Ksuggest high levels of decay. High rates of peat
accumulation have been shown to occur where the ml@ateveen production and

decay is optima{Belyea and Clymo, 2001\Ve suggest that a high ratelitter
productivityby vascular plantsQallunavulgarisroots were abundant in plant

macrofossil samples$jasresulted irhigh peataccumulation at this cimg location,

despite a relatively high rate of decay.

3.4.9.2Temporal trends impparentcarbon accumulatiomate

When considering recent temporal changes in the rate of carbon accumulation, it is
important to note that apparent carbon accumulati@s rabuld 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 higherniththe 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 oxygenzaoee.

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'cang10.06 cm yed
respectively (Fig. 8). The difference in peat accumulation is reflected in LARCA values
of 166 (151G 1845) and 28 g C m? y! (18451947).The slower peat accumulation

during the period 1510 to 1845 might be attributed to a reduction in primary

productivity due to the LIACharmaret al, 2013) however it is difficult to untangle

the possible climatic link from the impact of increased tionelecomposition to occur

in the deeper peatshiiee cores shoyslightly) higher rates of accumulation during
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1510 1845 than during 18451947, perhaps indicating some degree of autogenic

variation in the balance of primary production and decay.

3.5 Conclsions

1. Using geochemistry and SCP profiles we have detectegi3a layershatcorrelae
to the Hekla eruptions of 1510, 1845 and 1947 in 14 cores from the same peatland
Suggesting that in smallargelyundisturbedmid-latitude peatlans] the presence or
absence of tephra from a given eruptiam be determined, with a high degree of
certainty, by analysing a single core.

2. Shard counts for a given eruption showed an eofl@nagnitude variation between
cores from the same site, suggestiifterential deposition or lateral pest
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 differestiales

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
medianshard 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 meteorologpecalitions,
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 atsi 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 (tepronology) is widely
applied in the study of past environmental changes. We describe the first cryptotephra
(nonvisible volcanic ash horizon) to be identified in the Amazon basin, which is
tentatively attributed to a source in the Ecuadorian Easternll€mad0i 1°S, 78

79°W), some 506600 km away from our field site in the Peruvian Amazouot

discovery 1) indicates that the Amazon basin has been subject to volcanic ash fallout
during the recent past; 2) highlights the opportunities for using cryptatephdate
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
paleeoenvironmental 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

Tephrochronologydating sedimentary sequences using volcanic ash layers) is a
particularly useful method for dating and correlating records of past environmental
change'3. Although the majority of volcanic ash (tephra) falls out close to the volcanic
source, fine ash (<hm) can have an atmospheric residence time in the region of hours
to months, during which tephra may be transported thousands of kilorhetrésgh

concentrations fine ash is a hazard for the health of humans and arémeleven far
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from the volcart source ash can be present in concentrations which can induce engine

failure in modern jet aircraft

Following the initial discovery of microscopic tephra shards from Icelandic volcanoes

in distal lakes and peatlands of Ireland and Scoti&nsich nvisible isochrons,

commonly referred to as O6cryptotephrasd have
marine sediment$!!. Cryptotephras can often be linked to a source region or even

specific eruption(s) based on their glass geochemistry. Adgan geochemical

analysis techniques, predominantly through Electron Probe Micro Analysis (EPMA)

now allow for precise and accurate analysis with beam sizes as small a@£.3 um

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. Tepisa laye

which transgress continental boundafi&¥ 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 Chjmdorth Americat®, New

Zealand'” and Far East Russt& There have been several studies of macroscopic

tephra layers in South Amerieag.'®?° but cryptotephra studies have been confioed

the regions of Argentina and Patagoti¥ To t he aut horsé knowl edge

no previous published studies of cryptotephra occurrence in the Amazon basin.

There has been much recent interest in tropical peatlands agphesent globally
important carbon sinks, support important ecosystems and are currently threatened by
climate change and human activitfésit has been estimated that tropical peatlands
contain approximately 88.6 Gt of carbon, equivalent to up to 19 % of the global
peatland carbon poot*?*and can be found in both lowland and upland areas in SE
Asia, Africa and Central and South Amerf€&’. A variety of peatlands have recently
been discovered in the subsiding Pastdaaaiion basin in Western (Peruvian)
Amazonia incluéhg minerotrophic palm swamps and ombrotrophic domed #3gs

The Pastazdlarafion basin was recently identified as the most cadleoise landscape

in Amazonia, storing 892 535 Mg C h&! *°. There have been a small number of
studies of the ecology amleoecology of Amazonia peatlands owing to their potential

as archives of past environmental chaffgé®3. Such studies are rare and thus
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important as they can provide a letegym baseline for recent climate changes in tropical
Amazonia and globally. élvever, tropical peats are notoriously difficult to date due to

the presence of large roots leading to deep biological altefation

Here we present a new discovery of a historyptotephra layer from a domed peatland

in the Peruvian Amazon. The preserof 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.

Aucayaceu (offwatthe nativeso or fAwater of t
western Peru that currently operates as an ombrotrophic 'raised bog' Sy#tésn

situated on alluvial fan sediments between a stream of the Pastaza fan and the Tigre
River (Figure ). The peatland began as a nutrient rich minerotrophic system that
gradually became an ombrotrophic raised bog through its developmental Fistory
Aucayacu represents the deepest and oldest peatland that has been discovered in the
Amazon basin (~7.5 miitk) 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®,
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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 witldregstern Cordillera is indicated in red,

gridlines are at 10° intervals, b) False colour Landsat TM RGB image (Orthorectified2\\F=$h 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. Geologioafe$. Locations of Holocene locations
downloaded from th&mithsonian 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
Russan D-section corer with a 56m-long chambe?*3° Peat moisture content and
losson-ignition were calculated at 2 cm intervals followitigind peat humification

was determined following’. The core was dated using AME dating of extracted

wood andmacrofossils‘C dates were calibrated using IntCafis Clam v.2.2%.

Age-depth models using linear interpolation were constructed.

The core was analysed for tephra using the gbigk techniqué?. After burning, the
residue wasieved at 15 um ian 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 @ettion of the peak tephra shard concentration,

tephra was extracted for geochemical analysis following the density separation method
of 4%, The peat sample was sieved between 80 and 15 pum. Further extraction was
conducted using various densities of LSTwyeluid. A cleaning float of 2.0 g cth

was used to remove organic material a further float at of 2.2%g@ms also required to
remove abundant phytoliths. Finally tephra was floated off at 2.5%aomi rinsed
thoroughly with deionised water. Samplesre mounted onto glass slides using

EpoThin resin, ground to expose the sharéi$! and polished to a 0.25 pm finish.
Analysis was conducted by EPMA at the Tephra Analytical Unit, University of
Edinburgh. Analysis setup followed the methodbeamdiameter was 5 pm with 15

kV and variable beam current AifNa, Mg, Al, Si, K, Ca, Fe) t80nA (P, Ti, Mn).
Secondary glass standards, rhyolite (Lipari) and basalt {BGRwvere analysed before

and after the unknown sampl@$e tephra geochemical datas compared with the
Smithsoniandés Gl obal Volcanism Program (.
and the Large Magnitude Explosive Volcanic Eruptions (LaMEVE) database, which is
part of VOGRIPA Project?. This resource and other published literatueze searched

for tephra geochemical data to identify a source volcano and/or eruption. Totat Alkali
Silica (TAS) and geochemical-piots were constructed for comparison of the

published tephra geochemical data with geochemical data from the AUCL1 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 theni core from Aucayacu there were no visible tephra layers;
however, two microscopic tephra layers were encountered B téh and 780 cm

(Figure 2). No tephra shards were identified in samples outside of these depths. The
tephra layer at 205 cm (AUC1) had a sufficient concentration for analysis (44 shards 5
cm®); however the lower layer only contained 2 shards and was not sudablether
analysis. The shards of AUC1 were all transparent and vesicular, with a mean size of 53
mm, median = 50m, maximum = 12%m, and minimum 2%m or lessij = 40). There

is no clear event in the core properties (moisture contentplegmition 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 tephrostratignam = number of tephra shards counted in the 8sample,
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, basedwlinear interpolation between the current surface (date of
sampling = 2012) and twdC dates, suggests a date range of AD 1T&ED for the
AUC1 tephra (Figure 3). We note that the date at 21 cm runs to the modern period;
however, thé“C date at 50 cmrpvides a solid constraint to the tephra being dated to

within the last ~800 years.
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Fig 3. Agedepth model based on linear interpolation between the current surfat’€atates at 21 and
50 cm. Based on our age depth model the peat depth contaieiteptira is dated to between AD 1769
and 1970.

4.4 Discussion

Our discovery represents the first report of cryptotephra layers from AmaBasid

on the distances travelled by other cryptotepht&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 wifiteHowever 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 atggiesterly)

wind conditions.

In an attempt to identify a source region and/or volcano for the AUC1 tephra we

searched the Smithsonian Global Volcanism Datatfdse volcanoes in Colombia,
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Ecuador or Peru, which had recorded eruptive activity arountthtieeof 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 PgBg&ochemical analysis of the
AUCL1 tephra illustrates that it is rhyolitic with silica conteii&%. Geochemical data

is provided in supplementary tableCnly 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 r@asgygetermined by XRF)

can erupt rhyolitic glass which is the dominant constituent of distal cryptotéphras

We examined the magnitude of eruptions around the time of the AUC1 tephra
deposition. 16 of the volcanoes had no eruptions which were estitndiedarger than
VEI 3, of the remaining volcanoes, 1 was in Ecuador (Cotopaxi), 1 in South Peru
(Tutupaca erupted between AD 1787 and $§Qéhd 1 in Colombia (Dofia Juana
erupted AD 18971906. Thee is evidence of distal ash deposition from Tutupaca at
multiple locations including Arica (165 km from the véfguggesting ash from this
eruption was carried toward the South, the opposite direction to Aucayacu peatland.
Although Dofia Juana was activetween 1897 and 1906 and activity peaked during
1899, contemporary reports do not indicate significant ash cfduds

Following this initial search we focussed on the volcanoes of Ecuadorian Eastern
Cordillera as: 1) They are closer to Aucayacu peatiaad Colombian and Peruvian
volcanoes (c. ®00km 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 recadgadions with a
magnitude of VEI 4 (AD 1744, 1768 and 18%73) 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 thé3Wrestthis
reason we focused our search to the East and specifically three large rhyolitic centres:
Chalupas, Cotopaxi and Chacafal(’S, 7879°W). Eruptions of Cotopaxi show
characteristic rhyolitic and andesitic bimodal magmatism during the Hol6¢and

multiple effusive and explosive eruptions of the volcano have been recorded in
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chronicles sinc&534, with the largest historical event occurring in AD 1768 (VEI =4)
49 These eruptions were of andesitic bulk rock geochemistss information is
available about historical eruptive activity at tblealupas volcano, which is adjacent
Cotopaxi.The Clacana caldera complex is an eroded caldera complex of Phocene
Holocene agé*. Chacana stratovolcano (0.3778.25°W, elev. 4643 m) has been the

source of multiple lava flows during the 18th centtfry

Unfortunately only XRF bulk rock geochemical data is available for previous eruptions
of Chalupas and Chacafa Although XRF data indicates that these volcanoes have
previously erupted bulk rock of rhyolite composition, due to the contamination of
phenocystals 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 CotopaxiAlthough this is similar to our AUC 1 data

for some elements (Figure 5), Cotopaxi rhyolites typically have a log@ndlue than

the AUC 1 tephra (Figure 4).
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Fig 4. Total Alkali Silica (TAS) plot indicating the geochemistry of the Aucayacu tephrdsshar
determined by EPMA plotted against the whole rock geochemistry of volcanic rocks from the €hacana
Chalupas caldera region determined by XRF#¥ fluorescence} and glass geochemical data for
Cotopaxi determined by EPMA (Cotopaxi IIA and IIB segoesfrom the Holocene and late Pleistocene
52 Major element totals are normalised to 100%. Annotations follow standard terminology e.g. RHY =
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Fig 5. Cavariant plots of (a) Ca@%), MgO (%) (b) FeO(%), TiO, (%) values of the Aucayacu tephra
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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 proxynaf 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 asiderable proportion of the Holocene (peat

initiation at c. 8870 cal. BF¥). However, further work on a network of peatlands and
lakes of Amazonia is needed to understand the-temg tephra record across the

region. One problem is the current lack aéphra geochemical database (e.g.
Tephrabase for Eurog) 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 eitheiblessdamage e.qg. silica gel layer
formation or pitting(cf.*®) or geochemical changes (e.qg. 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 chenmidabialogical attack) 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 sggatiporal variability in
ecologi@l dynamics and responses of ecosystems to changing climate. Furthermore, the
AUCL1 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 receshanges, 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 reworkng 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 represemenuivocal 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 overlaiby 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 spatiattents of ash clouds®. 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 fromshort to longterm®”*8 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
communites 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 ynlae. When combined with palaeoecological records,
cryptotephra layers offer the opportunity to consider plant community responses to

volcanic events?0

As well as highlighting the opportunities for the development of tephrochronology for
the datingof 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 intéhe 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 volcaniciaity that the most likely source for the AUC1
tephra is a volcano in the Ecuadorian Eastern Cordil@EE, 7879°W).

This represents the firdiscovery of a historimicroscopic 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 bfrpeat 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.

Distd 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 iportant 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 (O6tephrochronologyd),
replicability of tephra records from lake seeints and pats particularly in sites >1000

km from source volcanoe$o address this, we examine the tephrostratigraphy of four
pairs of lake and peatland sites in close proxinatgne anothef<10 km), and evaluate
the extent to whickhemicroscopic (crypte tephrarecordsin lakes and peatlands

differ. The peatlands typically record moeceyptaephra layers than nearby lakes, but
cryptaephra records from higlatitude peatlands can be incomplete, possibly due to
tephrafallout onto snow and subsequent redittionacross the peatland surfdmye

wind andduring snowmeltWe find no evidence for chemical alteratiorgtdfssshards

in peatland or lake environments over the time scale of this studytprate

Holocene). Instead, the low number of basaltiptotephra layers identified in distal
peatlands reflects the capture of only primphrafall, whereas lakes concentrate
tephra falling across their catchmewtsich subsequently washes into the lake, adding

to the primary tephra fallout receivedthelake A combination of records from both
lakes and peatlands must be used to establish the most comprehensive and complete
regional tephrostratigraphies. Velsodescribe two previously unreported late Holocene
cryptotephras and demonstrate, for the firee, 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) laykes for

dating and correlation of stratigraphic profiles. The technique was inideligloped

using visible tephra layers in Icelatithorarinsson, 1944but the discovery of
Icelandictephra layers on the Faroe Islands and in Scandinavia allowed the extension of
tephrochronology into regions further away from source volcafegderson, 1966;

1968) The potential of distal tephrochronology was further advanced by the discovery
of microscopic | ayers of volcanic ash (06
marine cores across the North Atlantic and northern Euiopgmoreet al, 1995;
Gudmundsdattiet al, 2011) Widespread tephrand cryptotephriayers can now be

used to correlate stratigraphic sequences in different depositional environments and
provide tie points for climate reconstructions across redibasieset 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 fre§@uandies

et al, 2011,2013b) there remain a number of qtiess over thehronostratigraphic
reliability of cryptotephra layers in terrestrial archives. There is evidence for the gradual
in-washing, withirbasin focussing and+@eposition of cryptotephra layers in lakes
(Davieset al, 2007; PyngO'Donnell, 201). In peatlandswhich have been proposed to
record primary tephréall material, patchy tephra distribution patterns can occur due to
fallout onto snow(Bergmanret al.,, 2004) and there is evidence for the movement of
tephraderived glasshards across ¢tpeat surface by wind or wat{@ayne and

Gehrels, 2010; Swindle=t al, 2013a; Watsoast al, 2015) Furthermore, despite the
dominance of basaltiover silicicvolcanism in Iceland and the potential for
phreatomagmatic eruptions which have been showdistribute fine ash over long
distances, onlfive cryptotephra®f basaltic compositiohave been detected M
European sites over the last 7000 yearsstly in lake sedimenfsawsonet al., 2012)

This is in contrast to ~80 silicic cryptotephrasiethhave been widely identified in both
peatlands and lakes (silicic > 63% SiOugmoreet al, (1995)).

In this paper we investigate Holocene tephra records from lakes and peatlands in close

proximity to one anothef<10 km apart). Based on the assumptihat both lake and
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peatland have receivelde same primary tephfall depositswe aim to evaluate
whether they record the samedifferenttephrostratigrapks In addition, we evaluate

the differential preservation gfass (tephra3hards in lakesersus peatlands.

5.2 Site description

Four pairs of siteg northern Européeach comprised of one lake and one peatland)

were identified using the following criteria: 1) close proximity (< 10&par}; 2)

coverage of a range of meteorological conditions (e.g-laigfnde sites where tephra

might be more likely to fall out oatsnow seeFig. 1); and 3) coverage of a range of
different peatland and lake types (spanning a range of preservation conditions including
acidic peatlands and alkaélakes). Sites were favouredpfior information on basal

age or outline chronology wavailable. A brief description of each site is given below;
sites are listed according to their location on a sadst to northeast transect.

Detailed information on site characteristics can be found in Table 1 and photos of each

site can be found iRig. S1.
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Distance
_ Lake or Location Elevation _ PH Mean annual | Mean annual | water | Length between
peatland | (decimal degrees)| (ma.s.l.) . " (cm) (cm) ake and
sampling) (mmy?) peatland
(L/P)
Claraghmore Lake L 54.631°N, 7.450°W Small lake 6.5 o 350 450 0.3 km
. AT 4°C in January
_ 15°C in July Bearmg of
Claraghmore Bog P 54.633°N, 7.454°W Raised bog N/A NA 910 310
Malham Tarn Lake L 54.096°N, 2.165°W Small marl lake 8.2 250 310 0.5 km
380 1502 6.906 Bearlng Of
Malham Tarn Moss P 54.097N, 2.173W Raised bog N/A NA 640 282°
Lake Svartkélsjarn L 64'2620'\]’ 260 Small lake 6.7 2°C with 312 203
19.552°E average ~9 km
temperatures
64.181°N Acid b »0 of 12°Cn Be?;igg o
4 -181°N, cid bog January and °
Degerd Stormyr P 19 564°F 270 complex 4.3 s in}:]ul)} NA 440
Sammakovuoma 66.992°N, 7.0
Lake L 21 500°E Small lake 210-3 °CF 350 240 1.9 km
237 480 15°C Bearing of
Sammakovuoma p 66.995°N, Acid bog 59 -1.5 NA 440 280°
Bog 21.457°E complex '

Table 1. Location and characteristics of each of the lake and peatland sites included in this study. Shading indi¢angsahegadland and lake sites. The climatic data refer to
the followingperiods and sources: 11:951-1980(Sweeney, 1997 = 196312000(Burt and Horton, 20038 = 19592000(Burt and Horton, 2003% = 19611990 (Alexandersson
et al, 1991) 5 = (19611990)(Norwegian Meteorological Institute, 2016 19621990(Tveito et al, 2000)
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Fig. 1. Map showing the location of lake (greyuarg and peatlandwhite 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 tephmasorthern Europe.

5.2.1Site 1: Claraghmore, Northern Ireland

Claraghmoréog is an intact raised bdgrevious palaeoecological studies suggest
site contain® peatrecord spanning much of the Holocd®éunkett, 2006; 2009)
Claraghmore Lake isne of two small lakes which lie at the bottom of a shallow slope
immediately adjacent to the peatlandeTake isapproximately 100 metres in length
with a maximum water depth of 3.5 m at the time of sampling, doordeedby
QuercusandCoryluswoodland Thelakemargins areharacterised biens containing
Cyperacea@andPoaceaelake sediments are composedjgitja. To thebest of our

knowledgethis study represents the first palaeoenvironmental investigation of this lake.
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5.2.2 Site 2: MalhamEngland

Malham Moss is an ombrotrophic raised bog adjacent to Malham([é&e) Over the

last c. 8000 yearSphagnunpeat has accumulated in Malham Maggo a depth of up

to 6 m(Pigott and Pigott, 1963Malham Tarn is ~600 meters in length andldie
sediments, which span more than game composed mainly &haramarls.The

average water depth is ~2.5 The lake is fed by springs and its waters are alkaline (pH
= 8.2: Pentecost(2009). Previous palaeoecolmgl research suggests a basalfage

the lake sediments of ¢.12 000 gaBP (Nufiezet al, 2002)

5.2.3 Site 3: Lake Svartkalsjarn and Degerd Storm@weden

Degero Stormyr and Lake Svartkélsjarn are locatedaivasterbotten region of
northernSweden. Degerd Stormyr is an apiehtland complex with an area of 6.5%km
and peat depth ofi8 m. The deepest pdads an age of c. 8000 calBP (Nilssonet

al., 2008) Lake Svartkalsjarn is a small lake with a total area of c. 0.G5datchment
area of ¢2.5 knt and a water depth of 3.1 m at the time of sampliage sediments
are composethainly of gyttja. Previous paleoecological research suggibsts
lacustrine sedimemecord(2.2 m) spans the period frob®,000 calyr BP to present
(Barnekowet al.,, 2008)

5.2.4 Site 4: Sammakovuoma, Sweden

The Sammakovuoma sitesnorthern Swederepresent the most northerly locations in
this study. Radiocarbon dating suggests a peatland age of 936@B&a(depth 4.6 m)
(Matts Nilsson, personal commLake Sammakovuoais a small lake (c. 400 m in
length) with a water depth of 3.5 & the time of samplind.ake sediments are
composednainly of gyttja Thecatchmentvegetation comprises forest dominated by
Pinus The lake catchment also contains areasogfand fen.To thebest of our

knowledgethis study represents the first palaeoenvironmental investigation of this lake.
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5.3Methods

5.3.1 Field sampling

Where possible, cores from peatlands were extracted from areas containing the deepest
peat. Lake cores weextracted 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 {3ectian corer with either a 50 or 100 cm barrel len@dmple

diameter 5 cm and 9 cm respectivdbljowing the parallel hole methgde

Vleeschouweet al, 2011)

5.3.2 Organic matter content

Organic matter content was determirtbtbughlossortignition (LOI) which was

conducted on adjacent® cm intervals on all cores. Samples were oven dried at 105°C
for 24 hoursweighed and combusted in a furnace at 550°C for 4 hours following
procedures described in detail@mamberst al (2010)

5.3.3 Tephraanalysis

All cores were sutlsampled at 510 cm intervals, then combusted at 550°C and treated
with 10% HCI(Hall and Pilcher, 2002; Swindles al, 2010) Samples containing
mineralogical material dsiogenicsilica required sieving at 10 um in an ultrasooéth

(no coarse sieving e.g. 1/ required)and, in some instances (all lake sites and the
Swedish peatlands), separation using heavy liquid floaté@ilmckley et al., 2005) Al
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
x400magnification. Wherglass shards werdentified, subsampling was repeated at 1
cm intervals. Comparing the number of shards (n shatpdsghe peak sample

identified in a lake and peatland is not possible due to the difference in dry bulk density

between peat and lake sediments. Howgeweorder to give some indication tfe
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relative concentrations of glaskards in peatlands and lak#eetotal shard counts for
eachcryptaephra layepercn? (total tephra depositeper square centimetre of
peatland/sediment surface) were calculated by summinguineericalglass shard

counts for all the depth samples within that layer (Table 2).

Tephra shardsom peatlands with low minerogertontentwere extracted for
geochemical anasys using the acid digestion meth@lgmoreet al, 1992) Samples
were treated with conc. HN@nd BSQ; before sieving the residue at 10 pm and
rinsing with deionised wateGamples containing minerogenic material were extracted
using heavy density lidds (cleaning float 2.25 g chretaining float 2.50 g cr)
(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 Sample Tephra(s) Age Geochemical Total Total References
sediment/ ID composition shards shards
peat (cm) (cm®) analysed
(n)
Claraghmore 44-48 CLA- Oreefajokull c. AD 1362 Rhyolitic 30 7 Dugmoreet al, (1995); Hall and Pilcher,(2002); Larsenal, (1999);
bog BlA 1362 1 Basaltic shard Pilcheret al,, (2005); Pilchert al, (1995, 1996)
Hekla 15107
5861 CLA- Unknown #4 721-726 cal yr BP (724 BP) Mixed composition 75 20 n/a
B Mix?
7377 CLA- Hekla 1104 AD 1104 Rhyolitic 21 4 Hall and Pilcher, (2002); Larsest al, (1999); Pilcheet al, (2005);
B2d Pilcheret al,, (1995, 1996)
87-90 CLA- MOR-T4 c. AD 1000 Rhyolitic-Dacitic 20 20 Chamberet al, (2004)
B3
108110 CLA- AD860B AD 846-848 Rhyolitic 51 12 Hall and Pilcher, (2002); Pilchet al, (1995); Swindles, (2006)
B4A
241-244 CLA- Microlite 2705- 2630 cal yr BP Rhyolitic 13 17 Hall and Pilcher, (2002); Swindles, (2006)
BSA GB4-150 2750- 2708 cal yr BP Dacitic-Trachydacitic
415418 CLA-_ Hekla 4 4345- 4229 cal yr BP Rhyolitic-Dacitic 73 29 Dugmore and Newton, (1992); Pilcharal, (2005); Pilcher and Hall,
BG-B?A Silk N2 4345- 4229 cal yr BP Dacitic-Trachydacitic (1996); Plunketet al, (2004); Zillenet al, (2002)
868870 CLA- Lairg A 6947- 6852 cal yr BP Rhyolitic 79 4 Dugmoreet al, (1995); Hall and Pilcher, (2002); Pilchetral, (2005);
BSA Pilcheret al, (1996)
Claraghmore 110113 | CLA-L1 | Unknown #3 Post AD 1000 Basaltic 141 19 n/a
lake
145149 | CLA-L2 MOR-T4 c. AD 1000 Rhyolitic-Dacitic 42 2 Chamberet al, (2004)
206-208 CLA-L3 Hekla 4 4345- 4229 cal yr BP Rhyolitic-Dacitic 26 1 Dugmore and Newton, (1992); Pilctedtral, (2005); Pilcher and Hall,
(1996); Zillenet al, (2002)
328331 | CLA-L4 Lairg B 6724- 6627 cal yr BP Rhyolitic 275 21 Dugmoreet al, (1995); Pilcheet al,, (1996)
332-338 CLA-LS Lairg A 6947- 6852 cal yr BP Rhyolitic 723 20 Dugmoreet al, (1995); Hall and Pilcher, (2002); Pilchetral, (1996)
Malham Moss | 123125 MM—lA Glen Garry 2210- 1966 cal yr BP Dacitic-Rhyolitic 131 12 Dugmoreet al, (1995); Dugmore and Newton, (1992); Pilcher and
Hall, (1996)
323328 MM-ZA Hekla 4 4345- 4229 cal yr BP Rhyolitic-Dacitic 221 10 Dugmore and Newton, (1992); Pilctetral, (2005); Pilcher and Hall,
(1996); Zillenet al, (2002)
577-580 MM-3A Lairg B 6724- 6627 cal yr BP Rhyolitic 23 4 Dugmoreet al, (1995); Pilcheet al.,, (1996)
595598 MM—4A Lairg A 6947 6852 cal yr BP Rhyolitic 152 10 Dugmoreet al, (1995); Hall and Pilcher, (2002); Pilchetral, (1996)
Malham Tarn 135145 MT-1 Glen Garry 2210- 1966 cal yr BP Dacitic-Rhyolitic 85 15 Dugmoreet al, (1995); Dugmore and Newton, (1992); Pilcher and
Hall, (1996)
Degerd Stormyr 42-44 A | Askja 1875 AD 1875 Rhyolitic 103 16 Larsenet al, (1999); Oldfieldet al, (1997); Pilcheet al, (2005)

SV-B1
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7174 SV—BZA Hekla 1158 AD 1158 Dacitic 186 15 Hall and Pilcher, (2002); Larseast al, (1999); Pilcheet al, (2005);
Hekla 1104 AD 1104 Rhyolitic Pilcheret al, (1995, 1996)
152-154 SV—B3A Hekla 3 3037- 2956 cal yr BP Dacitic-Rhyolitic 51 21 Lawsonet al, (2007); Zillenet al, (2002)
180183 | gy.psA S/HKelélg 405371 38868(;.—1; yr BP (3968 Dacitic-Rhyolitic 42 5 Dugmoreet al, (1992); Wastegarett al, (2001); Zillenet al, (2002)
ebister
190193 SV—BSA Hekla 4 4345- 4229 cal yr BP Rhyolitic-Dacitic 35 16 Dugmore and Newton, (1992); Pilcharal, (2005); Pilcher and Hall,
(1996); Zillenet al, (2002)
237-240 SV—BGA Lairg A 6947 6852 cal yr BP Rhyolitic 50 23 Dugmoreet al, (1995); Hall and Pilcher, (2002); Pilchetral, (2005);
Pilcheret al, (1996)
Svartkalsjarn 11-18 SV-L1 Hekla 1104 AD 1104 Rhyolitic 246 21 Hall and Pilcher, (2002); Larsest al, (1999); Pilcheet al, (2005);
lake Hekla 1158 AD 1158 Dacitic Pilcheret al, (1995, 1996)
41-44 SV-L2 QUB 570 c. 2500 2000cal yr BP* Dacite Andesite 147 20 Pilcheret al, (2005)
Group 2 (c.
AD 650)?
(Unknown
#2)
79-82 SV-L3 Hekla 4 4345- 4229 cal yr BP Rhyolitic-Dacitic 303 21 Dugmore and Newton, (1992); Pilctetral, (2005); Pilcher and Hall,
(1996); Zillenet al, (2002)
108113 SV-L4 Unknown #5 c. 60005000 cal yr BP* Rhyolitic-Dacitic 16 7 n/a
123128 SV-L5 Lairg A? ¢. 65006000 cal yr BP* Rhyolitic 40 10 Dugmoreet al, (1995); Hall and Pilcher, (2002); Pilctetral, (2005);
Pilcheret al, (1996)
Sammakovuomg  46-49 SBlA Hekla 1104 AD 1104 Rhyolitic 109 20 Hall and Pilcher, (2002); Larseast al, (1999); Pilcheet al, (2005);
peatland Pilcheret al, (1995, 1996)
67-70 SBZA SN-1 12321226cal yr BP (1229 BP) Trachydacite 193 26 Larsenet al, (2002);Holmeset al, (2016)
(Unknown
#1)
Sammakovuomg 1517 SL-1 Hekla 1104 AD 1104 Rhyolitic 539 8 Hall and Pilcher, (2002); Larseast al, (1999); Pilcheet al, (2005);
lake Pilcheret al, (1995, 1996)
3942 SL-2 SN-1 17811721 cal yr BP (1752 BP) Trachydacite 285 19 Larsenet al, (2002);Holmeset al, (2016)
(Unknown
#1)
109113 SL-3 Hekla 4 4345- 4229 cal yr BP Rhyolitic-Dacitic 828 35 Dugmore and Newton, (1992); Pilcharal, (2005); Pilcher and Hall,
(1996); Zillenet al, (2002)

Table 2.Cryptotephra layerdetected in peatland and lake sites as part of this study. *= based ondeptgeodel oBarnekowet al (2008. Ages shown in Italics are based on

depth

method alonéc.f. Dugmoreet al., 1992) oracid extraction followed by density separation. All other tephras were extracted using density separation only, Ritbcklizget al,
(2005)

age mo d e | (l'inear interpolation) from ot her cedforgedchemica analysis hy thenacid exaactiop r o b a t
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Glassshards were mounted onto glass slides (Dugrabat, 1992) or into blocks (Hall
and Hayward, 2014). All samples were polished to a @r&Jinish. Major element
geochemistry for all samplexcluding those from MalhaMoss was analysed using a
Cameca SX10electron probe micro analyser (EPMA) at the Ursity of Edinburgh.
Small shard sizes necessitated the useaobwbeam sizes (5 pm) and the beam
current was varied during each analysis to limit volatile elemena(de) loss
(Hayward, 2012)Glass shards from cryptotephra layers identified inndiad Moss

were analysed using a 10 um beam onJE®L JXA823CEPMA housed at the
University of Leeds. In both locatioysnalyses were conducted at 15 kV (full analytical
conditionsarelisted in Table S1). Secondary glass standérsri obsidian and BR-

2G: Jochunet al, (2005))were analysed before and after EPMA runs of unknown
glass shard analysesssignments to specific eruptions were based on stratigraphy and
visualcomparison of tephra geochemistry with the Tephrabase database (Mdeatpn

2007) and published literaturesing biplots of oxides

5.3.4 Radiocarbon dates

Five radiocarbon dates were obtained for peatland sites on-gbmwed vegetation

macrofossils which were picked from sieved samples (>125 um) under a low power
microscopeOne radiocarbon date was aioted for Claraghmore lakn this instance

the lack of plant macfossils in the lake sedimentcessitated the extraction of a bulk

sample Samples ofdke sediment and peat were-fneated using the stdard acid

alkali-acid treatmentdi gest ed i n hot (80eC) 1M HCI for
for a further 2 hours and thentreated with 1M HCI. Samples were rinsed thoroughly

with de-ionised water between each acid/alkali stage and were submitted to Direct

AMS, Seattle USA for!‘C dating. All dates were calibrated using Calib 7.1 (Stuiver

and Reimer, 1993) and the IntCall3 atmospheric curve (Reina¢r 2013).
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5.4 Results and discussion

5.4.1Tephra correlations

Site 1: Claraghmore

Claraghmoréogcontains tephra from nine eruptions in the form of exgiaptotephra
layers(CLA-B6-B7 contains tephra from two eruptions) (&ig and 3). The majority of
thecryptotephra layeridentified at Claraghmotaog are silicic, of Icelandic
provenance, anthave previously been documented at other sites across Irélanaiall
number ofiight brown shards in the top few centimetres of peat at Claraghmore bog
were too sparse for geochemical analysis (3 shard¥. dihese 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 IrdRadet al, 2012)
Spheroidal carbonaceous particles (SCPs) were identified alongside these shards,
suggesting thahey were deposited after the Industrial Revolution which supports
tentative assignment to the AD 1947 eruptiothefHekla volcanqSwindles and Roe,
2006; Swindle=t al,, 2015)
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Fig. 2.Diagram showing theephrostratigraphgnd lossor-ignition valuesat Claraghmore a) lake andli)g Tephra codes are indicated in black. Where assignments to a known
tephra isochron have been made based on glass geochemistry and stratigraphy, these arainglikzgede the tephra code. Tephras which could not be assigned to a known
tephra isochron ar e mar kSanpleacsntaiibgadesodsvardd5 shardbprenindicebed by ardasterisk. An area of increased mineral input has been

highlighted @ the top of the lake profile. Radiocarbon dates are reported as the calitiratede



























































































































































































































































































































































































































































































































































































































