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Abstract

Tephra (volcanic ash) encompasses airborne material from explosive volcanic eruptions that
can be dispersed by wind and deposited over large areas more or less synchronously. Despite
its destructive nature, tephras are of great use in terms of independently dating and
synchronizing different environments (land, ocean, ice). If deposited in sedimentary sites
relatively close to the volcanic source, tephras can be easily detected as discrete visible layers.
In further distal archives, however, only traces of tephras — often a lower number of fine
grained (< 100 microns) volcanic glass shards — can be found due to sorting processes during
the aerial tephra transport. The detection of these shards is quite difficult and may involve
long and complicated processing of the tephra hosting material, depending on the type of
sediments. Two types of methods are introduced for the tracing of non-visible tephras
(cryptotephras) encompassing the destructive and non-destructive processing of sediments.
The destructive methods comprise the time-consuming, successive removal of sediment
components (i.e., organics, carbonates, biogenic silica, minerals) by chemical and/or physical
separation, while the non-destructive methods include the scanning of sediments via optical
inspection, magnetic susceptibility and p-XRF elemental composition prior to tephra
separation.

Once detected and extracted, the geochemical fingerprinting of volcanic glass shards
allows an allocation of the tephra to its volcanic source and, if distinguishable, to an
individual eruption. The date of the tephra eruption can be imported into the sediment age
model allowing an additional dating of the sequence by an independent method
(tephrochronology). The application of tephrochronology encompasses a variety of scientific
questions in geology, palaeoclimatology, archaeology and neotectonics, which can be best
demonstrated by examples from the Eastern Mediterranean. This region is ideal for
tephrochronological studies due to the presence of high-explosive and frequently active
volcanoes in Italy, Greece and Turkey that produced large amounts of geochemically diverse
tephras during the Late Quaternary. Case studies involving the identification and application
of widely dispersed ashes are presented in this thesis including the tephra records of Lago
Grande di Monticchio in southern ltaly, the Sea of Marmara (Greece/Turkey) and numerous
other terrestrial and marine sites in southern Europe. Marker tephras like the Campanian
Ignimbrite (39.3 ka BP) from Italy and the Y-2/Cape Riva tephra (22 ka BP) from Santorini
emphasises the use as dating tools for the interpretation of e.g. abrupt climate changes and

their relationship to human evolution, the development of past sea levels (e.g, Sea of
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Marmara, Black Sea) and the estimation of marine reservoir ages, the clarification of the
chronostratigraphic position of palaeomagnetic excursions (e.g., the Laschamp and Mono
Lake events) and the synchronization of palaeoenvironmental records in the Eastern
Mediterranean in order to determine “leads and lags” of rapid climate changes. Annually
laminated lake records in favourable wind positions to active volcanoes such as the 133 ka
tephra record of Lago Grande di Monticchio are furthermore key sites for the over-regional
linking of sedimentary records from central and southern Europe. From the socio-
volcanological point of view, these records allow detailed insights into the frequency of
explosive eruptions of nearby dangerous volcanoes (in the case of Monticchio the Campanian
Province in southern Italy), and offer the potential to thoroughly investigate the relationship
between rapid climate changes and the environmental impact of large tephra events. Last but
not least, the study of the distribution of both visible and non-visible tephras contributes to the
knowledge of past wind systems that can be applied to recent ash dispersal models of the
2010 Eyjafjallajokull and 2011 Grimsvétn eruptions in Iceland and vice versa.
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Zusammenfassung

Bei explosiven Vulkanausbriichen entsteht Fallasche, die auch Tephra genannt wird und je
nach Windbedingungen tber weite Gebiete hinweg verteilt und +/- synchron abgelagert
werden kann. Neben ihren zerstorerischen Charakter sind Tephren wvon groRer
wissenschaftlicher Bedeutung, da sie als unabhdngige Zeit- und Synchronisationsmarker in
verschiedenartigen Ablagerungsraumen (z.B. Land, Meer, Eis) eingesetzt werden kénnen. In
sedimentéaren Ablagerungsrdumen nahe dem vulkanischen Ausbruchszentrum sind Tephren
oft als diskrete Lagen sichtbar. In entfernteren (distale) Archiven sind aufgrund der
Sortierungsprozesse wahrend des dolischen Tephra-Transportes dagegen meist nur Spuren
von Aschen — oft in Form von wenigen feinkdrnigen (<100 pum) vulkanischen Glasern — zu
finden. Das Aufspiren dieser Glaser kann sehr schwierig sein und beinhaltet je nach Art des
Tephra-fihrenden Sedimentes langwierige und komplexe Aufbereitungsprozesse. Hier
werden zwei Arten von Methoden zur Suche von nicht sichtbaren Tephren (Kryptotephren)
unterschieden: die destruktive Bearbeitung der Sedimente, die das sukzessive Entfernen von
verschiedenen Sedimentkomponenten (z.B. Organik, Karbonate, biogenes Silizium, Minerale)
durch chemische und/oder physikalische Separation beinhaltet, sowie vorgreifende
materialschonende Methoden wie z.B. das Scannen der Sedimentsequenz mit Hilfe optischer-
mikroskopischer Verfahren, der magnetischen Suszeptibilitdt und p-XRF Element-
zusammensetzung.

Nach dem Auffinden und der Extraktion von vulkanischen Glasern erlaubt deren
geochemischer ,,Fingerabdruck® eine Zuordnung der Asche zu ihrem Ausbruchszentrum und,
soweit moglich, zu einem bestimmten Ausbruchsereignis. Das Alter dieses Ereignisses kann
dann in das Altersmodell der Sedimentsequenz integriert werden und bietet somit eine weitere
unabhangige Datierungsmethode, die Tephrochronologie, an. Die Anwendung der
Tephrochronologie umfasst eine Reihe wissenschaftlicher Fragestellungen in den Bereichen
der Geologie, Palédoklimatologie, Archdologie und Neotektonik, die am besten anhand von
Beispielen im dstlichen Mittelmeerraum demonstriert werden kdnnen. Diese Region ist ideal
fur tephrochronologische Untersuchungen, da sie sich durch eine Vielzahl hochaktiver
explosiver Vulkane in Italien, Griechenland und in der Tirkei auszeichnet, die groRe Mengen
an geochemisch diversen Aschen wahrend des Spéatquartérs produzierten. In dieser Arbeit
werden Fallbeispiele zur ldentifizierung und Anwendung von weitverbreiteten Tephren

gezeigt, u.a. aus den Tephraprofilen des Lago Grande di Monticchio in Shditalien, des
v
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Marmara-Meeres (Griechenland/TUrkei) und anderer terrestrischer und mariner Lokationen in
Sldeuropa. Insbesondere anhand des markanten Campanischen Ignimbrites (39.3 ka BP,
Italien) und der Y-2/Cape Riva Asche (22 ka BP, Santorini) soll die Hilfe von Tephren als
Datierungsmittel  verdeutlicht werden, z.B. in der Interpretation von abrupten
Klimadnderungen und ihre Auswirkung auf die menschliche Entwicklung, von
Meeresspiegeldnderungen (z.B. Marmara-Meer, Schwarzes Meer) und der Abschédtzung von
marinen Reservoir-Altern, der KIlarung der chrono-stratigraphischen Stellung von
paldomagnetischen Umpolungen (z.B. die Laschamp und Mono Lake Exkursionen) und der
Synchronisierung von Paldoklimasequenzen im 6stlichen Mittelmeerraum zur Ermittlung von
,leads® und ,lags“ rapider Klimadnderungen. Jahreszeitlich geschichtete Seesediment-
Archive in gunstiger Windposition zu aktiven Vulkanen, wie z.B. das 133 ka umfassende
Tephra-Archiv des Lago Grande di Monticchio, sind dabei der Schlussel fur die Uberregionale
Korrelation von Sedimentprofilen in Mittel- und Sudeuropa. Vulkanologisch-soziologisch
betrachtet sind diese Archive von groRer Bedeutung, da sie detaillierte Informationen zur
Héufigkeit von explosiven Ausbriichen benachbarter, gefahrlicher Vulkane (im Fall von
Monticchio die Campanische Vulkanprovinz in Suditalien) liefern, und ferner die Méglichkeit
bieten, Zusammenhdange zwischen rapiden Klima&nderungen und den Umweltauswirkungen
von grofRen Vulkanausbriichen zu studieren. Zu guter Letzt tragen Untersuchungen zur
Verbreitung von sichtbaren Aschen und Kryptotephren zum Kenntnisstand vergangener
Windsysteme bei, die wiederum auf moderne Aschenverbreitungsmodelle (siehe Ausbriiche
des Eyjafjallajokull in 2010 und des Grimsvotn in 2011 auf Island) und umgekehrt angewandt

werden kdnnen.

v
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Habilitation Thesis 1. Introduction

1 Introduction

1.1 Principles of tephrochronology

Explosive volcanic eruptions can produce large amounts of volcanic ash, so-called tephra that
is dispersed synchronously over wide areas (e.g., Lowe, 2011). The crucial impact of airborne
tephra on the human society and economy has been recently demonstrated by the 14 April-22
May 2010 eruptions of Eyjafjallajokull volcano in Iceland, resulting in an interruption in
global air traffic for several days (e.g., Oxford-Economics, 2010; Oxford-Economics, 2011).
This rather moderate size event (VEI=3) had an ash dispersal that was greater than previously
reported for an event of this magnitude (Gudmundsson et al., 2012) and thus revealing a high
complexity of the distribution and fallout pattern over northern and central Europe depending
on prevailing and changing wind patterns (e.g., Langmann et al., 2012; Heinold et al., 2012;
Weber et al., 2012; Gudmundsson et al., 2012). The eruptions of Eyjafjallajokull are therefore
a unique example demonstrating the general lack in understanding these processes. Ash
dispersal models developed for the Eyjafjallajokull eruptions in a first step contribute a better
understanding of tephra distribution mechanisms of past eruptions that are, for instance,
recorded as individual ash layers in terrestrial and marine environments. Vice versa, the study
of proximal (near-vent) and distal (>15 km from the volcanic source) tephra deposits provides
not only valuable information about past wind systems as revealed by their distribution (e.g.,
Pyle et al., 2006) but also about the explosive behaviour of the source volcanoes (e.g., de Vita
et al., 1999; Cioni et al., 2003) and recurrence intervals of catastrophic eruptions (e.g.,
Palumbo, 1997). From a palaeoenvironmental perspective, in turn, the occurrence of
individual tephra layers in sedimentary archives (“tephrostratigraphy”), especially those with
a known age (“tephrochronology”), permits those archives to be synchronised (e.g.,
Thorarinsson, 1944). This methodology is now widely used to date and correlate glacial (e.g.
polar ice caps), terrestrial (e.g., lake sediments, loess sequences, soils, lava flows), and marine
sequences. Its application is mainly concentrated but not limited to questions in
palaeoclimate/-environmental research (e.g., Newnham et al., 1995; Lowe, 2011 and
references within), archaeology (e.g., Deino et al., 2010; Mdiller et al., 2011), and neo-
tectonics (e.g., de Lange and Lowe, 1990; Funk et al., 2006).

In order to use a tephra layer from a sedimentary archive as a reliable isochrone, reliable
dating and firm identification of each ash layer are crucial. Tephras can be dated by various
techniques including **C, K/Ar, laser **Ar/*°Ar, fission track, Thermo Luminescence (TL) and
Electro-Spinning Resonance (ESR) dating methods (e.g., Pillans et al., 1996). The

1
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Habilitation Thesis 1. Introduction

identification of tephra involves the determination of volcanic glass composition, referred to
as chemical “fingerprinting” (e.g., Lowe, 2011 and references therein).

Aside from precise dating and chemical identification, the detection and processing of
tephras for geochemical fingerprinting are crucial. Here, the search for non-visible tephras
(cryptotephras) usually involves a time-consuming, systematic processing of sediment
samples of long sequences (e.g., Turney, 1998; Blockley et al., 2005), which needs to be
diminished and standardised by, for instance, prior scanning and evaluation of
sedimentological data. The finding of cryptotephras is indicative of the future direction of
tephra studies in many regards, last but not least for the establishment of complete
tephrostratigraphies and detailed ash dispersal patterns of specific areas.

The Eastern Mediterranean is a unique area for tephrostratigraphical studies due to the
partly wide dispersal of chemical different ashes from high-explosive, frequently active Late-
Quaternary volcanoes in Italy, Greece and Anatolia/Turkey. In the past 60 years a large
tephrostratigraphic data-base and correlation ‘grid” has been established, mainly based on
more than 30 major distal tephra layers detected in Eastern Mediterranean Sea cores and
terrestrial records (e.g., Keller et al., 1978; Federman and Carey, 1980; Paterne et al., 1986;
Narcisi and Vezzoli, 1999; Druitt et al., 1999; Wulf et al., 2004, Siani et al., 2004; Wulf et al.,
2008; Calanchi and Dinelli, 2008; Giaccio et al., 2012). Recently, the study of cryptotephras
has developed as a standard procedure for analysing marine and terrestrial records, and it has
been shown that the number of cryptotephras preserved in those records can greatly
outnumber visible ones (e.g., Bourne et al., 2010). This has enhanced the use of
tephrostratigraphy as a tool for synchronising late Quaternary records in the Mediterranean.

1.2 Scientific goals

A major tephra program is provided by the UK RESET program (Response of Humans to

Abrupt Environmental Transitions; http://c14.arch.ox.ac.uk/reset/embed.php?File=) that has
been developed to systematically scan geological and archaeological records from Europe and
North Africa to detect non-visible distal tephras, and to examine both their major and trace
element glass compositions. Furthermore, a network of European scientists (Royal Holloway
University of London (RHUL), Oxford University, Instituto Nazionale di Geofisica e
Vulcanologia (INGV) Naples, Pisa and Catania, the Universities of Ankara, Edinburgh,
Keele, Pisa, Roma Tre) has been established working currently on proximal tephra deposits,

which will provide a reference major- and trace-element database against which to compare

2
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distal tephras. Until present, the RESET project has led to the discovery of multiple

cryptotephra layers in different terrestrial and marine sites in Europe and North Africa in the

time frame of the last 100,000 years leading to the conclusion that cryptotephras are more
widespread and numerous than previously supposed (Lowe et al., 2012). In this respect, the
medial-distal tephrochronological sequence of Lago Grande di Monticchio in southern Italy is

a key reference record for matching proximal and distal tephras with Italian provenance.

The progressive results of the Monticchio tephra record are documented in the three
enclosed manuscripts (Wulf et al., 2004; Wulf et al., 2008; Wulf et al., 2012). Moreover, the
applied tephrochronological methods and the main uses of tephra markers are thoroughly
discussed integrating results of tephra works from other sedimentary archives in Central and
Southern Europe (Wulf et al., 2002; Ramrath et al., 1999; Brauer et al., 2007b, 2007c;
Hamann et al., 2010; Kwiecien et al., 2008; Miuller et al., 2011; Roeser et al., 2012,
Neugebauer et al., 2012), the North Atlantic (Wulf et al., 2011) and the Americas (Haberzettl
et al., 2007, 2008, 2009; Wulf et al., 2007; Kienel et al., 2009). Hence, a major scientific goal
of this thesis is the evaluation of different methods and applications in the field of
tephrochronology/ tephrostratigraphy, which is thought as a guide for the detection and
extraction of visible and non-visible tephras in sedimentary records that are required to up-
grade the tephrostratigraphical frameworks. This work is absolutely pivotal to making
significant breakthroughs that will improve the dating and correlation of archaeological and
geological sequences in southern Europe and adjacent seas. Accordingly, the wider scientific
goals are:

e To contribute to important, long-standing questions about the timing, rate and natural
effects of abrupt environmental transitions (AETS) during the past 135,000 years. Tephras
in high-resolution terrestrial and marine archives are an outstanding dating and correlation
tool for determining durations and ‘leads and lags’ of abrupt palacoenvironmental changes
(see the international COST-INTIMATE program (INTegration of Ice-core, Marine and
TErrestrial record; http://cost-es0907.geoenvi.org/).

e To establish how these AETs may have affected human dispersal and development in
prehistory. Widespread dispersed tephras in the Eastern Mediterranean can be used to date
major phases of human immigration from Africa into Europe and their response to rapid
climate changes. The RESET project, for instance, developed out of the fact that marked
climatic changes have been proven to occur over as little as 20 years or less and that related

human responses are of relevance today because of modern global warming.

lw
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e To develop a more robust and complete record of past volcanic behaviour in order to
estimate eruption recurrence intervals, magnitudes of volcanic activity and patterns and
scales of ash dispersal. New tephra findings help to complement the record of explosive
volcanism in areas of intense activity such as the Eastern Mediterranean. The volcanic
record is used to determine the frequency and intensity of eruptions that is required for
volcanic risk assessment in densely populated regions (i.e., central-southern Italy with the
Mega-Cities of Rome and Naples). Dense pattern of tephra findings in addition with tephra
thickness and grain size information will give clues about tephra dispersal patterns. In
addition, the combination of high-resolution palaeo-records and tephra findings can
provide important information such as prevailing wind and precipitation patterns during the
time period of tephra eruption as derived from palaeo-proxy data of sediments.

e To provide more precise time-equivalent marker horizons (isochrones) for synchronising

diverse records (marine, terrestrial, archaeological) throughout southern Europe and for

potential bridging links to the Greenland ice cores.

. -
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Figure 1: World map with zoom into Europe showing the sites of tephrochronological investigations

mentioned in the manuscripts and text including main districts of Late Quaternary explosive
volcanism. TP = Tenaghi Philippon.
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1.3 Studied sites

The manuscripts of this thesis include tephra results from two sedimentary settings, each
located in a terrestrial and marine environment in the Eastern Mediterranean.

The major focus of the studies is set on the tephra record of Lago Grande di
Monticchio. Lago Grande di Monticchio is located about 120 km east of Naples in the Monte
Vulture volcanic complex in the region of Basilicata, southern Italy (Fig. 1, Table 1). It is the
larger of two small adjacent maar lakes that formed during the final phreatomagmatic
eruptions of Monte Vulture stratovolcano at 132 £ 12 ka BP (Brocchini et al., 1994; Stoppa
and Principe, 1998). Lago Grande di Monticchio is furthermore close (ca. 100-350 km) and in
a downwind position to the active explosive volcanoes of the alkaline Roman Co-magmatic
Province in central and southern Italy (Fig. 1). This favourable position resulted in the
recording of a large number (n=345) of primary distal tephra deposits in the annually
laminated lake sediments.

Lago Grande di Monticchio is furthermore a site of intense studies for palaeoclimate
reconstruction since the early 1980°s (e.g., Allen et al., 1999; Brauer et al., 2000; Brauer et al.,
2007a). A first sediment core of 25.5 m was taken in a fen at the western margin of the lake
(Watts, 1985), followed by three coring campaigns in the years 1990, 1994 and 2000 within
the lake basin of Lago Grande di Monticchio, which recovered a total of eight partly
overlapping sediment cores. The successive counting of varved sections and calculation of
sedimentation rates in sections of poor varve preservation dated the base of the 103.1 m long,
undisturbed composite sequence at 132,900 calendar years BP to the penultimate Glacial
period (Zolitschka and Negendank, 1996; Brandt et al., 1999; Brauer et al., 2007a). This
chronology was confirmed by independent dating methods such as radiocarbon dating
(Zolitschka and Negendank, 1996; Hajdas et al., 1998) and tephrochronology (Newton and
Dugmore, 1993; Narcisi, 1996; Wulf et al., 2004; Wulf et al., 2012).

Tephras in the Monticchio record are between 0.1 mm and >2 m thick and all originate
from Plinian to sub-Plinian eruptions of southern and central Italian volcanoes (Wulf et al.,
2004; Wulf et al., 2008; Wulf et al., 2012). Italian volcanism is subdivided into four provinces
(Tuscan, Roman, Campanian, Sicilian-Aeolian) that have been active with temporal offsets
since >7.3 Ma (Ferrara and Tonarini, 1985) and that produced particularly widespread tephra
markers such as the Campanian Ignimbrite (Phlegrean Fields, 39.28 + 0.11 ka BP; De Vivo et
al., 2001).

lon
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The second tephra study (Wulf et al., 2002) was carried out on marine sediments from the Sea
of Marmara (between Turkey and Greece, Bosporus Strait and Strait of the Dardanelles) (Fig.
1, Table 1). Three, up to 10.61 m long piston cores (20 KLG, 21 KL, and 40 KL) were
recovered during the R/V Meteor cruise M44/1 in January/February 1999 from a central
plateau rising several hundred meters above a deep basin of the central Sea of Marmara
between 566 m and 702 m water depth. Sediments are composed of silty clay of alternating
brownish-grey, olive-greenish-grey to black colours reflecting changing redox conditions in
the current bottom water. Based on radiocarbon dating the sediment sequences comprise the
last ca. 26 ka BP. One discrete tephra marker layer of 1 cm to 7 cm thickness occurs in all
three cores in-between or below a black horizon, which has been interpreted as the last
seawater ingression >10.6 ka BP ago (Aksu et al., 1999; Cagatay et al., 2000). The Sea of
Marmara is located in a more distal but favourable wind position to Italian volcanoes and
close by high-magnitude explosive volcanoes of the Aegean Arc (Fig. 1). The latter in
particular includes Thera volcano on the Island of Santorini, which erupted large amounts of
tephra during the past 360 ka BP (i.e., Minoan Tuff = Z-2 Ash, 3.6 ka BP; Cape Riva Tuff =
Y-2 Ash, 22 ka BP) (Druitt et al., 1999).

Other tephra archives discussed in this thesis comprise different lacustrine, peat or
marine sedimentary sites in Central and Southern Europe, the North Atlantic and the

Americas (Table 1, Figure 1). The results of respective tephra studies were published in a co-

authorship in international peer-reviewed journals or conference proceedings (see Table 1).

Table 1: Main characteristics of study sites mentioned in the text (see also Figure 1).

Site Coordinates of Setting Time range of Reference

coring site investigated tephras
Lago Grande di 40°56°N, 15°35’E Maar lake 0-133 ka BP Wulf et al. (2004, 2008,
Monticchio (ltaly) 2012)
Sea of Marmara 40°50°N, 27°46’E Inland sea 0-—26 ka BP Waulf et al. (2002)
Pianico-Sellere 45°48°N, 10°02°E Lake Ca. 400 ka BP Brauer et al. (2007b, 2007c)
(northern ltaly)
Lago di Mezzano 42°37°N, 11°56‘E Maar lake 0-—34 ka BP Ramrath et al. (1999)
(Central Italy) Waulf et al. (2008)
Tenaghi Philippon 40°58°N, 24°13’E Peat bog 7-73kaBP Muller et al. (2011)
(Greece)
I1znik (Turkey) 40°27°N, 29°32°E Lake 0 - 36 ka BP Roeser et al. (2012)
Black Sea 41°32°N, 30°53’E Inland sea 0 - 25 ka BP Kwiecien et al. (2008)
Levantine Sea 32°45'N, 34°39'E Inland sea 0-—27 ka BP Hamann et al. (2010)
Rehwiese (Germany) 52°25°N, 13°12’E Palaeo-lake | 11.5-12.9 ka BP Neugebauer et al. (2012)
HMO03-133-10 (North 63°40'N, 06°05'W Ocean 0-140 ka BP Waulf et al. (2011)
Atlantic)
Alberca (Mexico) 20°23°N, 101°12°W | Maar lake 0-—AD 1840 Kienel et al. (2009)
Rincon de Parangueo 20°25°N, 101°15°W | Maar lake 0-AD 1840 Kienel et al. (2009)
(Mexico)
Lake Nicaragua 11°53°N, 85°38°W Lake 0-11.3 kaBP Wulf et al. (2007)
Potrok Aike (Patagonia) | 51°37°S, 69°10°W Maar lake 0 - 55 ka BP Haberzettl et al. (2007-2009)

6

Scientific Technical Report STR14/01, Deutsches GeoForschungsZentrum GFZ. http://doi.org/10.2312/GFZ.b103-14010



Habilitation Thesis 1. Introduction

1.4 Structure of the Habilitation Thesis

This habilitation thesis is organized as a cumulative thesis. It is arranged into an introduction
(chapter 1) followed by the syntheses of the results of multiple tephra studies (chapter 2
“Discussion”), which is sub-divided in a method part (chapter 2.1) and an application part
(chapter 2.2). Chapter 3 encompasses a brief section about the challenges and perspectives in
tephrochronology (“Conclusions and perspectives”) followed by the list of references (chapter
4) and reprints of four first author manuscripts (chapter 5). Individual manuscripts were
published in high-rank international peer-reviewed scientific journals and were the results of
international and interdisciplinary collaboration projects. A brief outline of each manuscript
and the own contribution in context with the individual co-authors to the scientific results are

listed below.

Manuscript #1 — “Tephrochronology of the 100 ka lacustrine sediment record of Lago
Grande di Monticchio (southern Italy)” by Wulf et al. (2004) is published in the journal

“Quaternary International” and encompasses the description and dating of widespread
tephra marker documented in the 100 ka tephra key site of Lago Grande di Monticchio in
southern lItaly. This study is the basis for the tephrochronological dating of lacustrine
sediments. Co-Authors are A. Brauer and J.F.W. Negendank (project participants) as well as
M. Kraml and J. Keller, who provided geochemical data from marine archives for detailed

tephra correlation.

Manuscript #2 — “Towards a detailed distal tephrostratigraphy in the Central Mediterranean:
The last 20,000 yrs record of Lago Grande di Monticchio” by Wulf et al. (2008), published in
the “Journal of Volcanology and Geothermal Research”, is the development of a detailed
tephrostratigraphy of Late Glacial and Holocene tephra layers in the Central and Eastern
Mediterranean using the lacustrine site of Monticchio as key site for the synchronisation of
terrestrial and marine tephra archives. Co-Authors are M. Kraml and J. Keller (marine tephra
archives), who Kkindly provided chrono-stratigraphical and geochemical data for two

widespread marine ash layers from the lonian Sea.

Manuscript #3 — “The 100-133 ka record of Italian explosive volcanism and revised
tephrochronology of Lago Grande di Monticchio” by Wulf et al. (2012), published in

“Quaternary Science Reviews” is an important follow-up of the results of

tephrochronological studies of the 100 ka tephra sequence of Lago Grande di Monticchio
7
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published in Wulf et al. (2004) and Wulf et al. (2008). Manuscript #3 presents the tephra
results of the extended 100-133 ka Monticchio profile and updates the tephrochronological
framework for the entire 133 ka palaeoclimate record. My contribution as first author was the
major-element glass analysis and correlation of Monticchio tephras as well as the
interpretation of data. Four out of the twelve co-authors are members of the Monticchio
project (J. Mingram, S. Lauterbach, S. Opitz, and A. Brauer) who helped to establish a
detailed varve chronology and thus provided the timing of tephra deposition. Three co-authors
from the Royal Holloway University of London (P. Albert, C. Satow, and E. Tomlinson)
collaborated closely in the analysis of trace element data of individual glass shards of
widespread tephra layers and therefore contributed to a firm geochemical correlation of
crucial tephra markers. Further five co-authors provided valuable non-published geochemical
and chronological data of distal marine (J. Keller and M. Paterne) and proximal-distal
terrestrial (G. Sottili, B. Giaccio, and M. Viccaro) tephra correlatives that helped to establish a

reliable Monticchio tephrochronology.

Manuscript #4 — “Marine tephra from the Cape Riva eruption (22 ka) in the Sea of Marmara”

by Wulf et al. (2002), published in the journal “Marine Geology”, gives a first time detailed
description and precise land-sea correlation of a widespread Santorini ash (here labelled as
Marmara Sea Tephra, MST) that has been detected as a valuable time marker in sediment
cores of the Sea of Marmara (Eastern Mediterranean). As first author | contributed to the
manuscript the description and interpretation of petrographical and geochemical data of the
MST tephra and the background research of the proposed tephra correlative. Three co-authors
from the Albert-Ludwigs-University Freiburg (M. Kraml, M. Schwarz, and J. Keller)
provided valuable geochemical data of the Y-2 tephra correlative from proximal and distal
marine sites for comparison. The interpretation of sedimentological data of the cores and the
resulting palaeoceanography of the Sea of Marmara were obtained by four co-authors

involved in the initial coring project (T. Kuhn, M. Inthorn, 1. Kuscu, and P. Halbach).

[ee)
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2 Discussion

This chapter presents a synthesis of tephra results as obtained from the sedimentary records of
Lago Grande di Monticchio, Sea of Marmara and other terrestrial and marine archives from
Europe and the Americas, and is subdivided into a methodical (2.1) and an application part
(2.2).

2.1 Methods in tephrochronology

Tephra studies use a series of methods for the identification and extraction of volcanic ash
material in different sedimentary archives. As illustrated by a series of experiences, these
methods depend on the combination of both the composition of tephra and the type of the
tephra hosting sediments. Since some of the tephra processing procedures — particular those
for cryptotephras — are quite time consuming, it is necessary to perform an evaluation of
sample material prior to extensive processing. In the following, a compilation is given for the

tracing and processing of tephra layers in various sedimentary environments.

2.1.1 Identification of tephra

The detection of tephras encompasses various techniques ranging from simple optical
identification of volcanic glass (the main tephra component beside phenocrysts and lithics),
the use of changes in physical-chemical sediment parameters to sediment-destructive
methods.

Optical methods

Tephras in distal lacustrine and marine sedimentary settings can be often distinguished from
their host sediments by colour and /or grain sizes. Colours may range from white, pinkish,
brown, grey to black, while grain sizes of tephra components are often coarser (fine silt to
coarse sand) than the embedding sediments. In order to define a clastic layer as a tephra, the
presence of volcanic glass is evidentiary. Attention has to be paid in terms of the
interpretation of “primary” tephra fallout (deposition directly from the ash cloud) and
“secondary” tephra material that has been re-deposited by intra-basin (i.e., subaqueous
currents, turbidity currents) or catchment area processes (i.e., input by heavy rainfall, storms,
or landslides). In the North Atlantic region, for example, secondary tephra deposition is
enhanced by the rafting and subsequent melting of tephra-laden icebergs leading to a spatial

9
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offset and a time lag between eruption and deposition over timescales of centuries to
millennia (e.g., Lackschewitz and Wallrabe-Adams, 1997; Brendryen et al., 2010). The
microscopic inspection of potential tephra material is therefore essential to identify
sedimentary matter such as reworked terrestrial plant remains in the lacustrine or ice-rafted
debris in the marine setting that hint to a secondary deposition of tephra material. The study of
large scale thin sections produced from undisturbed sediments can give extra valuable
information about both tephra components and the depositional process (i.e., grading
generated by the deposition of turbidity currents). Those thin section analyses can also be
helpful for the detection of thin tephra layers that are not visible by naked eye. Here, the
systematic scanning at high magnifications (200x to 500x) can be successful, but is difficult

for diatom- and clastic-rich sediments.

Magnetic susceptibility

Depending on the composition of host sediments, a thin tephra layer (>0.1 mm) can be traced
on the basis of its physical properties, i.e. by anomalous intensities in magnetic susceptibility
(MS). In general, the intensity in MS depends on the concentration of magnetic minerals in a
tephra. Those encompass Fe-Ti-Oxides and Fe-Sulphides that occur among the pheno-
/xenocrystal assemblage and/or are present as microcrystal inclusions in juvenile (glass)
components (e.g., Franz et al., 1997). The total concentration of magnetic minerals may also
be an indicator for the chemical composition of a tephra, for instance the higher the
concentration, the darker the glass, the more mafic is its composition.

Commonly, a tephra can be easily detected in sediments that are characterised by low
concentrations of magnetic minerals such as organic-rich and evapoclastic deposits. For
example, the relatively thick phonotrachytic Campanian Ignimbrite (CI) and the rhyolitic Y-2
ash layer from Santorini (22 ka BP) produced high MS signals in the peat sequence of
Tenaghi Philippon (Greece) (Muller et al., 2011; U. Miller, personal communication 2008),
but also thin ash layers (1 to 2.5 mm) such as the Central Mexican andesitic and rhyolitic
tephras in the evapoclastic maar lake sequences of Hoya Alberca and Hoya Rincon de
Parangueo (Kienel et al., 2009) can be traced this way.

Tephras deposited in sediments that are dominated by a regular input of Fe-Ti-Oxide
rich clastic material (i.e., volcanic craters lakes, maar lakes) are more difficult to detect just on
the basis of changes in the magnetic susceptibility. In the maar lake sediments of Lago
Grande di Monticchio, for instance, magnetic susceptibility signals of K-alkaline tephras are

often superimposed by increased MS values of the epiclastic material that has been re-
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deposited from the catchment area into the lake basin (Brandt, 1999). Another example from
Lake Iznik (western Turkey) nicely demonstrates the correlation between the Fe-Ti-Oxide
concentration in glass shards of tephras of different composition and their responding MS
signals in clastic sediments that are dominated by metamorphic, sedimentary and volcanic
rock fragments. Here, the Fe-Ti-oxide-rich glass shards of the rhyolitic Y-2 tephra are pointed
out by a high peak in MS, while the juvenile components of the tephriphonolitic AP2 tephra
from Vesuvius (ca. 3.5 ka BP; Rolandi et al., 1998) are characterized by low concentrations of
magnetic microcrystals and thus produce decreased (negative) MS values compared to the
host sediments (Roeser et al., 2012).

The detection of tephras on the basis of abrupt changes in magnetic susceptibility
values not only depends on the type of host sediments but also on the thickness of a tephra
layer. In general, cryptotephras are difficult to trace by this method, particular if the host
sediments are rich in Fe-Ti-Oxide minerals. The finding of anomalous MS peaks, however,

always requires a confirmation by microscopic inspection.

H-XRF scanning

A new approach in tracing visible and non-visible tephras incorporates the evaluation of
elemental composition data of host sediments that can be obtained by non-destructive pu-XRF
core scanning (e.g., Francus et al.,, 2009; Kylander et al., 2011). High-resolution XRF
scanning of sediment cores has its main application in the reconstruction of climate variability
(Francus et al., 2009) and is today a routine measurement. The common core scanning uses
200 um to 1 mm intervals, which are sufficient enough to detect thin tephra layers that are not
visible by naked eye. The tracing of cryptotephras, in turn, requires a higher resolution p-XRF
scanning that can be obtained at 50-500 pm intervals on polished sediment blocks that have
been prepared for the large-scale thin section preparation for microfacies analysis (Brauer et
al., 2000). This method, however, is extremely time-consuming (ca. 0.5h to 5h per 1 cm
section) and requires a thorough pre-evaluation of proxy data of the potential tephra-bearing
sediment sections and a temporal localisation by the sediment chronology (i.e., varve
counting).

The detection of a single tephra layer by XRF scanning is based on anomalous counts
of specific chemical elements relative to its host sediment. The type of element depends on
both the composition of the tephra and its hosting sediments. Table 2 provides an overview of
tephras of different glass composition (mafic to felsic) and their relationship to different types

of embedding sediments. Volcanic glass of basaltic to andesitic composition, for example, is
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characterized by high Fe, Ti and Ca concentrations, but not all of these elements may peak out
in the XRF core scanning data. Marine calcareous sediments from the North Atlantic, for
instance, occupy numerous dispersed and macroscopic visible basaltic tephras from Iceland
that show increased counts of the elements Ti, Fe, Cl and Mn (Wulf et al., 2011). Those XRF
signals, however, are absent for cryptotephras. Tephras of basaltic-andesitic composition
documented in the organic-rich sediments of Lake Nicaragua show only high element counts
in Fe and Ca (Wulf et al., 2007). In the varved evapoclastic sediments of central Mexican
maar lakes, in turn, the andesitic tephra layers from Paricutin and Colima volcanoes are only
traceable by the relative enrichment of the element Fe (Kienel et al., 2009). High counts in Ca
synchronize with the Paricutin tephra, but this signal is clearly produced by the seasonal
calcite layer in which the tephra is deposited (Kienel et al., 2009). Other examples are given
from K-alkaline tephras detected in the sediments of Lago Grande di Monticchio. Primary
fallout and reworked layers of the relative coarse grain phonolitic to trachytic ashes all feature
high counts in K regardless of the composition of host sediments (organic, clastic to
evapoclastic). Tephras deposited in calcareous sediments show in addition depletion in the
elements Ca, Mn, Sr and Ti which make up the actual sediment composition (e.g., Wutke,
2012). One of these tephras, the tephriphonolitic AP2 tephra, has been successfully XRF
traced as a non-visible tephra in sediments of the distal site of Lake Iznik, western Turkey
(Roeser et al., 2012). In this clastic-rich archive, the AP2 tephra is indicated by increased
counts of the elements K and Zr as well as decreased values of Rb, Sr, Zr, Cd and Cl. In the
organic and diatom-rich lake sediments of Lago Grande di Monticchio, in turn, the very same
but 3 cm thick AP2 tephra is characterized by increased counts in K, Si, Ca, Al, P, Mn, Sr, Fe
and Ti, while S and Cl counts are decreased (Fig. 2).

Another example is given by the widespread phonolitic Laacher See Tephra (LST,
12,880 calendar years BP; Brauer et al., 1999a,b) from the Eifel Volcanic Field in western
Germany (e.g., Schmincke et al., 1999; van den Bogaard and Schmincke, 1985). The LST was
analysed in two lacustrine archives in northern (Rehwiese) and western Germany (Lake
Meerfelder Maar, Eifel) (Neugebauer et al., 2012), both characterized by discriminative
sediments varying from Fe-rich organic to calcareous and organo-clastic deposits,
respectively. It is noticeable that the LST is generally pointed out by relatively high counts in
Si, Ti, Al and K in both sites, although the glass composition of the LST is slightly variable.
Other elements such as Mn additionally trace the LST in the organic to siderite/calcite-rich
sediments of Rehwiese, while in Lake Meerfelder Maar also an enrichment of Ca, Ti, Rb and

Sr as well as a decrease in Mn and Fe can be observed.
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Habilitation Thesis 2. Discussion

As demonstrated by several studies, tephras of felsic composition are more difficult to
detect by XRF core scanning (Table 2). Several dacitic to rhyolitic vitric ash layers identified
in Laguna Potrok Aike, for instance, reveal none or only slight decreased signals in Fe, Ti, Ca,
K, Mn and Sr within the organo-clastic lacustrine host sediments (Haberzettl et al., 2007,
2008). In the calcareous clastic sediments of the Black Sea, the elemental composition at the
position of the two 1 and 5 mm thin rhyodacitic tephra layers Z-2 and Y-2 (Santorini) is not
distinguishable from the host sediments (Kwiecien et al., 2008). However, thicker deposits (7
cm) of the very same Y-2 tephra show increased peaks in Zr and Cl but decreased signals in
Al, Ti, Fe and K in the clastic sediments of Lake Iznik (Roeser et al., 2012).
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Figure 2: Magnetic susceptibility and p-XRF element profiles (Si, S, K, and Ca) of the AP2 tephra
from Vesuvius (ca. 3.5 ka BP) in a polished sediment block from core LGM-L in Lago Grande di
Monticchio.

In summary, certain elements determined by p-XRF core scanning are useful tools for
tracing visible and non-visible tephras in sediments. The type of element is interpreted to
depend on both the tephra glass chemistry and the composition of tephra hosting sediments.

Increased counts of the elements Fe, Ti and/or Ca are, for example, expected for tephras of
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mafic composition (basalts to basaltic andesites). The element K, in turn, is a valuable
indicator for K-alkaline tephras, while silicic glass shards (dacites to rhyolites) are rather
difficult to trace. Regardless from their glass composition, some tephras show increased
counts in chlorine (CI), which may be falsely interpreted as an element that is enriched in
volcanic glass. High CI counts obtained on polished sediment blocks can rather be related to
resin which is unfolded in core sections that are characterised by cracks and vesicles occurring
along with grain sizes changes of sediments (i.e., coarse grained tephra material; P. Dulski,
personal comment 2012). In marine and saline lacustrine sediment cores those spaces can be
filled by secondary precipitated NaCl crystals resulting in higher counts of CI during p-XRF
core scanning. The success of tephra tracing by pu-XRF core scanning also depends on the
thickness of the ash layer and grain sizes of tephra components, for instance, the thinner
(<Imm, cryptotephras) and finer grained the more difficult is the detection by p-XRF-
scanning.

As a conclusion, the results of pu-XRF measurements can be used only as a qualitative
tool for the detection of tephras. Though a rough petrological classification of tephras seems
to be possible by the XRF data, glass chemical compositions can be best obtained by high-

precision microanalysis.

Sediment-destructive methods

Components of non-visible cryptotephras are usually dispersed in the sediments and may
encompass only a few glass shards. Therefore, they are often hard to trace just on the basis of
microscopic inspection, magnetic susceptibility or pu-XRF core scanning data. A different, but
more time consuming method for tracing cryptotephras is the systematic sampling (i.e., 1 cm®)
and destructive processing of tephra hosting sediments. The extraction of volcanic glass
basically encompasses the removal of sediment components other than volcanic glass shards.
The type of procedure strongly depends on the composition of sediments and includes several
steps that may be combined with each other (see the following chapter 2.1.2).

2.1.2 Tephra sample preparation

The extraction of glass shards of visible and non-visible tephras for determining the
geochemical fingerprinting requires “clean” and concentrated samples. Thus, depending on
the grade and type of contamination with embedding sediments a tephra sample can be pre-

treated by several subsequent procedures (Fig. 3).
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Sieving

It is recommended to wet sieve pure tephra samples into a well sorted grain size fraction in
order to remove the clay fraction and to facilitate the preparation of polished resin blocks or
thin sections. The range of mesh sieve sizes can be chosen in terms of the mean grain sizes of
the tephra samples, i.e. 63-125 um or 125-250 um. The search for cryptotephras applies the
smallest mesh sieve sizes of 20-80 pum or 20-100 um. In order to avoid contamination with

former samples, the use of disposable polyester mesh sieves is recommended.

Chemical removal of organic matter and carbonates
Prior to sieving, samples rich in organic matter and/or carbonates are treated with “mild”
chemicals such as diluted hydrogen peroxide and/or hydrochloric acid in order to dissolve the
respective components. These processes also facilitate the dispersion of consolidated samples
such as clumps of fine grain clays or dry-freezed sediments. Both chemicals can be applied
successively with a rinsing process in between.

In detail, tephra samples contaminated with organic rich sediments are treated with a
5-10% hydrogen peroxide solution. Depending on the grade of contamination the sample is
treated for 0.5 — >5 hours before thoroughly rinsing and sieving the residual tephra material.
An alternative method is the combustion of abundant organic matter in, for example, peat
sequences at 600°C for 4 hours in a muffle furnace (e.g., Pilcher and Hall, 1992). Tephra
samples contaminated by calcareous matter (i.e., calcite precipitates, lime shell organism) are

diluted in 10% hydrochloric acid for up to 24 hours.

Liquid density separation

The extraction of glass shards in mineral rich sediments requires the processing of liquid
density separation. This method modified after Pilcher and Hall (1992), Turney (1998) and
Blockley et al. (2005) uses the density liquid sodium-polytungstate (SPT) to separate heavier
minerals such as pyroxenes, amphiboles and Fe-Ti-Oxides from lighter components such as
diatoms, feldspars, quartz and volcanic glass. SPT uses DI water for density calibration and is
applied to smaller samples (0.5g — 1g) that are common in tephra studies. The liquid density
separation is applied after the chemical pre-treatment and sieving of the tephra sample and
comprises two successive steps of standardised processing (for details see Blockley et al.,
2005). In a first separation process a 1.95 g/lcm® SPT solution is used to separate residual
organics from the tephra material. The second process commonly applies a 2.55 g/cm® SPT
solution that is supposed to separate the lighter volcanic glass from the heavier components.
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However, experiences have shown that non-vesicular, dark glass shards can be concentrated
in the heavy sample fraction due to the higher density of these shards (e.g., Icelandic basaltic
tephras, rhyolitic Vedde Ash, 12.1 ka BP). In these cases, both density fractions have been

checked for glass shards.

Magnetic separation

Samples rich in light minerals such as feldspars and quartz are difficult to separate from
volcanic glass due to their similar densities. In these cases, samples > 0.5g can be further
processed by a magnetic separator accounting the fact that feldspars and quartz are
characterised by non-magnetic properties in comparison to most Fe-Ti-oxide bearing glass
shards. However, this procedure requires a careful treatment in order to avoid sample loss or
contamination. In a test, magnetic separation has been successfully applied to the extraction of
glass shards of the phonolitic Laacher See tephra in quartz rich sediments. Here, a Frantz
Isodynamic Separator was used with an amperage setting between 0.4 and 0.8 A, a tilt of 11°
and a slope of 13°. This method has also been turned out to be useful for the separation of
Icelandic basaltic glass shards from mineral rich marine sediments (A. Griggs, personal

comment 2012).

Removal of biogenic silica

Sediment components made up of biogenic silica (i.e., diatoms, chrysophyte cysts) can be
abundant in lake sediments and are not removed during the sieving and liquid density
separation processes due to glass-like properties. Diatoms, for example, show light densities
between 2.0 and 2.25 g/cm® (e.g., Hurd and Theyer, 1977; Blockley et al., 2005), are optical
anisotropic and reveal relatively small grain sizes (20-40 um) that are in the range of
cryptotephra shards. If abundant in a sample, the identification and extraction of volcanic
glass is often difficult. However, biogenic silica can be dissolved in a 0.3M NaOH solution
when heated in a water bath at 80°C for 3 hours (e.g., Rose et al., 1996). Alternatively, a
treatment with a 2M NaCOg solution in a water bath at 70°C can be applied; this methods is
less destructive and requires a longer (>5 hour) sample processing (G. Schettler, personal

communication, 2011).
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Figure 3: Flow diagram showing the principles of tephra sample preparation and analysis in
sedimentary cores.
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Thin section preparation

The micro-analytical geochemical fingerprinting of tephra individual glass grains requires a
smooth surface for measurements. Therefore, tephra grains need to be embedded in resin and
mounted on a carrier, grinded to their surface which then will be fine polished. Depending on
the amount of tephra material, different types of carriers can be used. Large amounts of
volcanic glass samples commonly use the mounting on 2.8 x 4.8 cm frosted glass slides, on
which the sample can be simply spread. Small quantity samples (less than 50 glass shards) are
extracted under the microscope by handpicking using either a dry single-hair brush or a silica
needle syringe (wet sample, C. Lane, personal comment 2010) and transferred to frosted glass
slides or 1-Zoll epoxy stubs. Glass shards are concentrated in a marked area on the centre of
the sample holder, carefully covered by resin and dried over several hours before the grinding
and final polishing procedure (A. Bourne, personal comment 2012).

A different method has been applied to tephras that were detected on large scale thin
section during microfacies analyses (Wulf et al., 2004). Here, the glass extraction procedure
could be completely avoided by simply producing new 2.8 x 4.8 cm thin sections from the
sediment blocks used for large-scale thin section preparation. This method has the advantage
of systematically analysing different levels of the tephra deposit (i.e., top and basal parts) and
it was successfully applied for the < 100 ka distal tephras of the Lago Grande di Monticchio
record (e.g., Wulf et al., 2004; Wulf et al., 2008).

2.1.3 Tephra characterisation

Geochemical fingerprinting

The chemical composition of a tephra can be used to define its volcanic source and, if
distinctive enough, its eruptive event. Methods applied mainly on proximal tephra deposits are
X-ray fluorescence spectrometry (XRF), instrumental neutron activation analyses (INAA),
and inductively coupled plasma mass spectrometry (ICP-MS) (e.g., Borchardt et al., 1971;
Poli et al., 1987; Civetta et al., 1997; Landmann et al., 2011). Those methods have their
limitations, because large tephra samples are required that are susceptible to contamination
effects and that are often not present in distal volcanic archives. Therefore, methods such as
electron probe microanalyses (EPMA) and laser ablation (LA) ICP-MS techniques are applied
now to the analysis of individual volcanic glass shards for identification of distal tephras on
the basis of their major- and respective trace-element composition (e.g., Smith and Westgate,

1969; Pearce et al., 1999). If sufficiently large chemical data-sets can be generated from
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various sites, then the chemical signatures obtained from several distal tephras can be assessed
for matching chemical signatures. However, the frequent lack of individual micro-analytical
glass data of proximal tephra deposits makes it often difficult to assign distal ash layers to
specific volcanic events (e.g., Wulf et al., 2012).

The determination of the major and minor element composition of individual glass shards
of a tephra preferable uses a high-precision electron probe micro-analyser with wavelength
dispersive spectrometer (EPMA-WDS) or in some cases semi-quantitative SEM energy
dispersive X-ray microanalysis (EDX) that may produce high-quality data if cross-checked
with EMPA and adequate glass reference samples (e.g., Sulpizio et al., 2010b; Wutke, 2012).
In general, data obtained by EPMA-WDS is comparable throughout different instruments and
laboratories if using similar analytical set-up conditions (e.g., Hunt and Hill, 1993; Hunt and
Hill, 1996). A common set-up in volcanic glass analysis is the use of a 15 kV voltage, a
varying beam current between 5 to 20 nA and beam sizes between 5 and 20 um depending on
the size and vesicularity of glass shards. However, in order to reliable correlate tephras among
different archives an interlaboratory comparison is necessary. An important step in
undertaking such a comparison is the use of a geochemical homogenous secondary standard
in order to check the quality of EPMA conditions prior to sample measurements (Froggatt,
1992). Glass standards applied for tephra studies are mainly rhyolitic in composition and
include the KN-18 comendite obsidian from Kenia (Nielsen and Sigurdsson, 1981), the MPI-
DING glasses (i.e., Atho-G and StHs6/80-G; Jochum et al., 2005), the Beloc meteoric glass
standard (Jéhanno et al., 1992), the Vedde ash standard (Bard et al., 1994) and the Cannetto
Lami obsidian from Lipari (Aeolian Islands, Italy) (Hunt and Hill, 1993). Detailed studies of
the Lipari obsidian (Hunt and Hill, 1993; Hunt and Hill, 1996; Hunt and Hill, 2001; Brauer et
al., 2007c) demonstrated the strong relationship between certain analytical setup conditions
and the widely recognized loss of sodium and (to a lesser extent) potassium during EPMA
measurements (e.g., Keller, 1981; Nielsen and Sigurdsson, 1981) (Fig. 4a, 4b). This loss in
alkalis and the related increase in SiO, concentrations are strongly related to the intensity and
diameter of the incident electron beam and exponentially related to the duration of exposure to
the beam (e.g., Hunt and Hill, 2001; Brauer et al., 2007c). The largest effects, thus, are
recognized with decreasing beam diameters; they are visible at beam sizes <15 pm and
significant at beam diameters < 10 um (Fig. 4a).

The increase of beam intensities, in turn, seems to hardly influence the mobility of sodium
when using beam diameters >10 pum (Fig. 4a), but may result in a strong decrease of fluorine
concentration (Fig. 4b).
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Figure 4: a) + b) Results of the EPMA measurements of the Lipari obsidian reference standard using
different analytical set-up conditions. c¢) + d) Comparison of major elemental glass data of three distal
tephra layers - TM-24a, TM-24b and TM-27 - from the Lago Grande di Monticchio record analysed
by EPMA at the GFZ Potsdam and the University of Oxford using a 15 kV voltage and varying beam
currents and beam sizes (data from Wulf et al., 2012). e) + f) Comparison of major elemental glass
data of the S1 tephra (8.8 ka BP) obtained by EPMA at the GFZ Potsdam (unpublished data) and ETH
Zurich (Hamann et al., 2010) at a 15 kV voltage and different beam currents and beam sizes.

The application of different analytical setups for a single tephra can provide different results

as demonstrated by an interlaboratory comparison of distal tephras from the Monticchio
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record (Wulf et al., 2012) using a CAMECA SX-100 instrument at the GFZ German Research
Centre for Geosciences in Potsdam and a JEOL JXA-8600 instrument at the University of
Oxford, UK (Fig. 4c and 4d). Here, not only deviations in Na,O and SiO, concentrations are
visible, but also a systematic offset in Al,O3 concentrations occurs. Similar effects are
observed for an EMPA comparison between the GFZ and ETH Zirich (Switzerland)
laboratories (Fig. 4e and 4f). The examples presented express the strong need for the
verification either by using comparable analytical setup conditions across different
laboratories or by data cross-checking with identical international glass standards, which is
only given for some labs, so far.

The determination of the major and minor element glass composition is in most cases
sufficient for the correlation of tephras with their volcanic sources. However, the attribution to
specific volcanic events sometimes requires further geochemical discrimination that can be
obtained by LA-ICP-MS trace elemental data of single glass shards (e.g., Pearce et al., 1999;
Pearce et al., 2007; Pearce et al., 2011). The results of tephra studies of the Lago Grande di
Monticchio record, for example, have shown that most tephras originate from Campanian
volcanoes (n>250) and that the chemical signatures of those tephras, mainly phonolitic to
trachytic in composition, are difficult to discriminate from each other only on the basis of
their major-element glass composition. Due to the relatively close position of Monticchio lake
to the source volcanoes, some of the Campanian tephras have been identified using additional
discriminatory tools such as the presence of certain diagnostic phenocrysts and lithic clasts,
the observation of the structure, grain size distribution and precise stratigraphic position of
each tephra layer. In hyper-distal archives, however, that additional information is limited,
and tephra correlation mostly relies on comparison of glass chemistry. Accordingly, pilot
projects in close cooperation with members of the RESET consortium have been conducted to
test the potential for precisely linking Monticchio tephras with proximal and distal tephras
from other sites in southern Europe. Using trace-element glass data obtained by LA-ICP-MS
techniques, Tomlinson et al. (2012) and Wulf et al. (2012) have confirmed and/or re-allocated
the provenance of several of the major visible Campanian tephras at Monticchio originally
determined by Wulf et al. (2004), whilst experiments conducted by Smith et al. (2011)
indicate the necessity to revise the provenance attributions of some of the Holocene
Campanian tephras within the Monticchio sequence. These proof-of-concept results have
demonstrated the viability of this new technique at least for the analysis of Monticchio tephras
as well as the urgent need to use this approach to test the provenance allocations based on
EMPA major-element composition in general.
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Glass shard morphology

In addition to the geochemical fingerprinting the analysis of the morphological features of
volcanic ash components can be of great value for the correlation of tephras (for more details
see Lowe, 2011). The classical particle shape analysis involves simple measurements of the
circularity, compactness, elongation and rectangularity that allow a good discrimination
between juvenile clasts related to different eruption processes, such as magmatic and
phreatomagmatic eruption styles (e.g., Dellino and La Volpe, 1996; Eiriksson et al., 1996). A
new approach, the fractal geometry analysis, is another popular technique with the potential to
quantify fragmentation and transport mechanisms of pyroclastic particles (e.g., Maria and
Carey, 2007), which has been successfully applied for the supportive correlation of the

Holocene marine S1 tephra with a specific Anatolian volcanic event (Hamann et al., 2010).

2.1.4 Tephra correlation and databases

The allocation of tephras to a provenance and a certain volcanic event requires the availability
of an adequate geochemical-petrological data set (preferable EPMA glass data) of tephra
equivalents from proximal and distal sites. For European tephras, those data sets are mostly
accessible for single widespread and well-studied marker layers such as the Late Glacial
Laacher See tephra (van den Bogaard and Schmincke, 1985; Schmincke et al., 1999; Riede et
al., 2011; http://www.tephrabase.org/), the 3.6 ka Minoan ash from Santorini (e.g., Druitt et
al., 1999), the 12.1 ka Vedde Ash from Iceland (e.g., Lane et al., 2012a) or the Campanian
Ignimbrite (Phlegrean Fields, Italy, 39.3 ka BP; Civetta et al., 1997; De Vivo et al., 2001;

Giaccio et al., 2008). For the North Atlantic volcanic region (e.g., Iceland, Jan Mayen) a
comprehensive geochemical EPMA data set of tephras is available for the last ca. 300 ka BP
(e.g., Haflidason et al.,, 2000; Wastegard and Rasmussen, 2001; Wallrabe-Adams and
Lackschewitz, 2003; Wastegard et al., 2006; Brendryen et al., 2010; Larsen et al., 1999; Zillén
et al., 2002; Kristjansdottir et al., 2007; Wastegard and Davies, 2009; see also

http://www.tephrabase.org/). In the eastern Mediterranean, numerous visible and non-visible

tephras in distal terrestrial and marine sediment records have been EPMA fingerprinted for the
time interval of the last 200 ka BP so far (e.g., Federman and Carey, 1980; Narcisi and
Vezzoli, 1999; Wulf et al., 2004; Wulf et al., 2008; Bourne et al., 2010; Wulf et al., 2012), but
respective EPMA glass data of proximal deposits for detailed comparison are only provided
for the last ca. 40 ka BP (e.g., Turney et al., 2008; Smith et al., 2011; Zanchetta et al., 2011).

This in particular applies for tephras from the Italian peninsula and is well demonstrated by
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the results of tephra studies of the Lago Grande di Monticchio sediment sequence (Wulf et al.,
2012). Here, so far only 28 out of 345 tephra layers (18 layers < 40 ka BP) could be reliable
correlated with known and well dated eruptive events due to the lack of comparable single
grain data of proximal deposits (Wulf et al., 2012). In this regard, a major contribution will be
made by the upcoming EPMA database of the “RHOXTOR research network” (RESET
program, http://c14.arch.ox.ac.uk/rhoxtor/embed.php?File=).

The correlation of tephras based on glass chemical composition uses simple bi-plots of
major, minor or trace elements (see Fig. 4) that can be generated by the programs like Excel
or IGPET (Carr, 2012). Statistical techniques to aid correlation may involve similarity
coefficients (Borchardt et al., 1971) that have been successfully applied for the comparison of
mainly distal Campanian and Etnean tephras (e.g., Wulf et al., 2008), or coefficients of
variation that are useful for the identification and quantification of the abundances of
dispersed ash of multiple volcanic sources in marine sediments (see details in Lowe, 2011).
Again, those statistical methods are only meaningful, if the glass composition of distal and
proximal tephra deposits were obtained by comparable analytical conditions of EPMA

instruments.

2.1.5 Dating of tephra

Beside the geochemically-based correlation, the stratigraphical position and the dating of an
assigned tephra event need to be carefully evaluated. The age of a tephra can be established by
radiocarbon dating of associated organic material or for older deposits by K/Ar, laser
OAr/PAr, fission track, TL or ESR dating of primary mineral constituents. Those dates,
however, can exhibit large statistical errors due to contamination effects, such as the presence
of volcanic CO, distorting radiocarbon results (e.g., Deeming et al., 2010), or the limiting size
of minerals and/or the inclusion of secondary xenocrystals in K/Ar and “°Ar/**Ar dating (e.g.,
Villa, 1991). A better resolved age estimates is achievable if the tephras are associated with
annually-laminated archives, as for example in polar ice cores, lake sediments or deep marine
deposits (e.g., Gronvold et al., 1995; Brauer et al., 1999a; Wulf et al., 2004; Bahk et al.,
2000).

Potential problems associated with the tephra radiocarbon dating are well
demonstrated by the Avellino Tephra of Vesuvius (ca. 4 ka BP). Here, numerous *“C dates of
proximal and distal deposits, obtained during the past four decades by different analytical

techniques (conventional and AMS radiocarbon dating), provide a wide age range of 1300
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years of tephra deposition. Some of those dates require a re-evaluation due to the
improvement of **C age precision by the recent development of the analytical precision, and a
reliable **C tephra date can only be approved if dated independently by other dating methods.
The precise dating of the Laacher See tephra, as an another example, took more than five
decades and used three different dating techniques (**C, **Ar/*°Ar and varve counting) that
provided a concordant timing of the eruptive event of 12.88 ka BP (van den Bogaard, 1995;
Brauer et al., 1999a; Baales et al., 2002).

Eastern Mediterranean K-rich tephras that are older than the **C dating range (>40 ka
BP; Lowe and Walker, 1997) are commonly directly dated by *Ar/*°Ar and K/Ar (whole
rock, K-feldspar, K-rich volcanic glass), whereby the *Ar/*°Ar dates on individual sanidine
phenocrysts have been proven to provide the most reliable dates (e.g., De Vivo et al., 2001;
Giaccio et al., 2012). However, since the dating of finer grains (< 200 um) is quite complex
(e.g., Kraml, 1997), most timings of distal tephras are derived from age interpolation of
sapropel and/or oxygen isotope chronologies (e.g., Keller et al., 1978; Paterne et al., 1986,
1988, 2008). This dating method in particular applies to the timing of older Icelandic tephras
that lack in K-rich components (e.g., Wastegard and Rasmussen, 2001; Brendryen et al.,
2010).

If well established, high-resolution varve chronologies from sites close to active
explosive volcanoes such as the Eifel maar lakes in Western Germany (e.g., Zolitschka et al.,
1995; Brauer et al., 1999a) or Lago Grande di Monticchio in southern Italy are another
extremely valuable tool for independently dating younger and older tephras (e.g., Narcisi,
1996; Wulf et al., 2004; Wulf et al., 2012).
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2.2 Application of tephra studies

Tephra layers from different sediment archives that have been successfully correlated with
reliable dated volcanic events can be used as valuable dating and synchronisation tools in
order to answer a series of scientific questions in geology, volcanology, geomorphology,
pedology, glaciology, palaeoecology, palaeoclimatology, palaeolimnology and archaeology.
The application of tephrochronology in regional palaeoenvironmental studies includes, for
example, the dating of the hydrological variability of lakes (e.g., Haberzettl et al., 2007, 2008)
or the reconstruction of storm frequencies and magnitudes (e.g., Page et al., 2010 in Lowe,
2011). In southern Europe, tephra studies encompass a wider field of application in the dating
and synchronisation of both terrestrial and marine sequences. The majority of
palaeoenvironmental records in the Eastern Mediterranean are composed of homogeneous
(non-varved) sediments recovered from holomictic lakes or marine environments that are
often difficult to date. Many longer chronologies are established by orbital tuning based on
biostratigraphies and oxygen isotope curves (e.g., Paterne et al., 2008; Belmecheri et al.,
2010; Maller et al., 2011), while radiocarbon dating of shorter sequences (<40 ka BP) can
reveal inherent sources of errors such as the contamination of samples with “old” (hard water
effect; e.g., Oldfield et al., 1997) or “dead” carbon (mixing with older volcanic COg; e.g.,
Hajdas et al., 1998). This latter problem can be avoided by “C dating exclusively terrestrial
macrofossils, which are, however, rare in the oceans and in the central and deepest parts of
lakes. In this respect, the finding of tephra layers is extremely helpful to support and /or
establish independent chronologies for both the dating of sediments and the evaluation of
radiocarbon-based age models. Examples for this nature of tephra application are in particular
given from the marine and terrestrial environment in the eastern part of the Mediterranean
Sea. The finding of the so called Y-2 tephra (Santorini, ca. 22 ka BP) in marine sediment
cores from the Sea of Marmara — a sea enclosed between the normal marine Aegean Sea in the
south and the brackish Black Sea in the northeast (Fig. 5) — was used, for instance, to establish
a reliable time and correlation marker in the north-eastern part of the Mediterranean Sea by
importing the weighted mean of radiocarbon age obtained on the firmly correlated terrestrial
counterpart into the rather “weak” age model of the sediment sequences (Wulf et al., 2002).
Furthermore, this tephra study enabled the detailed correlation of single cores from the Sea of
Marmara, which in turn was applied for the reconstruction of the Late Glacial-Holocene sea
level in this region. The very same Y-2 tephra in addition to the younger Z-2 Ash from

Santorini (ca. 3.6 ka BP) was used to estimate sea surface radiocarbon reservoir ages in
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sediments of the nearby Black Sea (Kwiecien et al., 2008) (Fig. 5). Here, the radiocarbon ages
of terrestrial tephra equivalents were compared with “C ages of marine ostracod and
gastropod shells indicating an offset of ca. 1450 **C years during the Last Glacial, a gradual
reduction of the reservoir age to ca. 1000 *C years in the Bglling-Allergd warm period and to
ca. 400 *C years in recent times. The knowledge of radiocarbon reservoir ages are crucial not
only for the interpretation of radiocarbon chronologies of marine sediment sequences but also
for the understanding of biological-chemical-physical processes on land and in the Ocean
basin that can lead to a more detailed interpretation of abrupt climate changes in the past
(Kwiecien et al., 2008).
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Figure 5: Tephrostratigraphical linking of the Lago Grande di Monticchio record with selected
terrestrial and marine palaeoclimate sequences in the Eastern Mediterranean. References: Lago
Grande di Monticchio, Italy (Wulf et al., 2004; Wulf et al., 2008; Wulf et al., 2012); Lake Ohrid,
Macedonia/Albania (Sulpizio et al., 2010b); Tenaghi Philippon, Greece (Miiller et al., 2011); Megali
Limni, Lesvos Island, Greece (Margari et al., 2007); 21KL, Sea of Marmara (Wulf et al., 2002);
MDO04-2788/2760, SW’ Black Sea (Kwiecien et al., 2008); M72/5-22/24/25, SE’ Black Sea (Kind,
2008; Nowaczyk et al., 2012); Lake lznik, Turkey (Roeser et al., 2012); Lake Golhisar, Turkey
(Eastwood et al., 1999); Lake Yammolneh (Develle et al., 2009); GeoTl SL112, Levantine Sea
(Hamann et al., 2010); RC9-174, Levantine Sea (Keller et al., 1978); V10-58, Aegean Sea (Keller et
al., 1978); BAN-8401, Bannock Basin (Vezzoli, 1991).
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Vice versa, a finding of a thitherto unknown distal Early Holocene tephra layer (S1-tephra) in
a south-eastern Levantine Sea core (Fig. 5) could be precisely dated by radiocarbon dating of
planktonic foraminifera (Hamann et al., 2010) by using a reservoir age of ca. 400 *C years
which, in turn, resulted from tephrochronological constraints of Adriatic Sea cores (Central
Mediterranean; Siani et al., 2001; Siani et al.,, 2004). The detailed source allocation in
Anatolia and the dating of the S1-tephra is in strong agreement with a distal tephra finding on
land (Develle et al., 2009) (Fig. 5) and therefore provides both a new time constrain for the
proximal tephrostratigraphical record and a reliable Holocene synchronisation marker for
the very eastern part of the Mediterranean Sea linking the marine record with terrestrial
profiles from the Near East (Develle et al., 2009).

Another example from the Black Sea sediments demonstrates the use of the enormous
widespread Campanian Ignimbrite (CI), in combination with 16 independent radiocarbon ages
and tuning to the NGRIP time scale to precisely date the spatial dynamics of the
geomagnetic field during the Laschamp excursion (ca. 41 ka BP). This chronology, on the
one hand, places the virtual geomagnetic pole data (VGPs) obtained from several individual
lava flows from the Massif Central (France) into a chronological order which has not been
achieved unambiguously before by radiometric dating (see Nowaczyk et al., 2012, and
references therein). On the other hand, the finding of the CI together with the Laschamp
excursion and Dansgaard-Oeschger climatic oscillation validates the *Ar/*°Ar age of ClI
proximal deposits (39.28 + 0.11 ka BP **Ar/*°Ar, De Vivo et al., 2001, versus 39.4 ka BP in
Black Sea sediments) and for the first time places the CI in a clear and direct stratigraphic
context with those events. Accordingly, the CI eruption occurred between Greenland
Interstadial 9 and 8 in the middle of the cooler Heinrich event H4, approximately 1600 years
after the Laschamp event (Fig. 6). This information will facilitate the finding of the CI as a
cryptotephra in high-latitude, northern-hemispheric climate archives (i.e., North Atlantic
sediment cores, Greenland ice core records), which is essential for the over-regional linking of
palaeoclimate signals. A similar chronostratigraphic validation of the CI is provided by the
Tenaghi Philippon peat sequence in Greece (Muller et al., 2011) (Fig. 6). Here, the Cl and Y-2
tephras in combination with a high-resolution AMS radiocarbon chronology dated the high-
resolution pollen record, which, in turn, was used to study the effects of abrupt climate
changes and major volcanic eruptions on human evolution during the last Glacial period.
The site of Tenaghi Philippon in the Eastern Mediterranean is of particular interest because
this area served as a gateway in the process of immigration of Anatomically Modern Humans
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(AMHSs) from Africa into Europe ca. 60 to 48 ka ago. The results of the Tenaghi Philippon
pollen record strongly contradict the hypothesis that the combined effects of natural hazards —
like the CI volcanic eruption (Golovanova et al., 2010) or the Laschamp-Mono Lake
geomagnetic events (Valet and Valladas, 2010) — and the severe climatic cooling during
Heinrich Event H4 (ca. 40 ka BP) triggered the extinction of the Neanderthals in Europe.
Miiller et al. (2011) and Lowe et al. (2012) rather suggest that the earlier successive spread of
AMHs during a period of extreme and rapid climate changes (i.e., Heinrich Event H5 climatic
deterioration to warmer Greenland Interstadial 12, 48-47 ka BP) led to a competitive

exclusion of the Neanderthals.
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Figure 6: Chronostratigraphical position of major tephras (red bars) and tephrostratigraphic linking
of selected terrestrial (a-c) and marine (d) palaeoclimate records in the Eastern Mediterranean as
well as proposed position of the Campanian Ignimbrite (CI) in NGRIP Greenland ice core (¢). Data
from a) Brauer et al. (2007a), Wulf et al. (2004); b) Vogel et al. (2010), Sulpizio et al. (2010b); c)
Muller et al. (2011); d) Kwiecien et al. (2009), Nowaczyk et al. (2012); e) North Greenland Ice Core
Project Members (2004).

Moreover, the presentation of a clear chronostratigraphic position of the CI within and not as
proposed by Fedele et al. (2008) at the onset of the Heinrich event H4 in the terrestrial pollen
records of Tenaghi Philippon (Mdller et al., 2011) and Lago Grande di Monticchio (Brauer et
al., 2007a) and as well as in the high-resolution Black Sea sediments (Nowaczyk et al., 2012)
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(Fig. 6) rules out an interaction of the CI eruption (volcanic winter) with the atmospheric
systems that may have triggered or accelerated the hemispheric climatic deterioration.
Nevertheless, the CI eruption must have had a strong but short-termed impact on life and the

environment near the volcanic source.

Italian marker tephras like the CI/Y-5 (39.3 ka) in Tenaghi Philippon (Muller et al.,
2011), the AP2 tephra (Vesuvius, ca. 3.5 ka BP) in Lake Iznik in north-western Turkey
(Roeser et al., 2012) and the Y-6 tephra (Pantelleria, ca. 45 ka BP) in Megali Limni/Lesvos
Island, Greece (Margari et al., 2007), enable not only the correlation of marine and terrestrial
records in the very eastern part of the Mediterranean but also the supra-regional linking with
palaeoenvironmental records from the Balkans, the Italian peninsular and Central
Mediterranean Sea cores (Fig. 5, Fig. 7). Here, the high-resolution tephrostratigraphic record
of Lago Grande di Monticchio in southern lItaly is in a particular key position for the
synchronisation of widespread Italian tephra markers (e.g., Zolitschka et al., 2000; Wulf et al.,
2008). So far, a total number of 32 out of 345 distal tephra layers in the Monticchio record can
be used for linking Eastern Mediterranean records for the last ca. 110 ka BP (Fig. 5, Fig. 7).
The Monticchio tephra record not only synchronizes short and longer marine and terrestrial
sequences that are located in a favourable wind position east of Monticchio and adjacent
volcanic sources (i.e., southern Adriatic Sea cores, Lake Shokra, Lake Ohrid, Lake Prespa,
Tenaghi Philippon, Lake Iznik), but also closely ties up circum-Central Mediterranean
archives (Fig. 5, Fig. 7). Relatively thick, widespread tephra markers are the Y-1
tephra/Biancavilla Ignimbrite from Mount Etna (ca. 17.4 ka BP), the Campanian Y-3 and Y-
5/CI tephras (ca. 30.7 and 39.3 ka BP), the Y-7/Monte Epomeo Green Tuff from Ischia (ca.
56 ka BP) and the Campanian X-5 and X-6 doublet tephra layers (ca. 105.6 and 108.3 ka BP,
respectively). Those tephras, originally defined by Keller et al. (1978) in lonian Sea cores,
provide the fundamental basis for the Central Mediterranean tephrostratigraphical framework.
The recent finding of numerous Italian cryptotephras in the marine and terrestrial environment
now enables a more detailed correlation of the Monticchio sequence with long (>100 ka BP)
palaeoclimate records from the Central Adriatic Sea (Bourne et al., 2010), the Tyrrhenian Sea
(e.g., Paterne et al., 1986, 1988, 2008) and the Balkans (e.g., Wagner et al., 2008; Sulpizio et
al., 2010b) (Fig. 7). Further findings are expected in the more distal sites of Tenaghi Philippon
(M. Hardiman, personal comment 2012), the Aegean Sea (C. Satow, personal comment 2012)

and the Sea of Marmara (Wulf and Catagay, in progress).
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Figure 7: Tephrostratigraphical synchronisation of terrestrial and marine sediment records in the
Central Mediterranean. References: Lago Grande di Monticchio, southern Italy (Wulf et al., 2004;
Wulf et al., 2008; Wulf et al., 2012); PRAD1-2, central Adriatic Sea (Bourne et al., 2010); MD90-917,
southern Adriatic Sea (Siani et al., 2004); Lago di Mezzano, central Italy (Ramrath et al., 1999); Lago
di Albano, central Italy (Calanchi et al., 1996); Sulmona Basin, Central Italy (Giaccio et al., 2012);
San Gregorio Magno basin, southern Italy (Munno and Petrosini, 2007); KET 8004/DED 87-08,
Tyrrhenian Sea (Paterne et al., 1986, 1988, 2008); M25/4-13, lonian Sea (Keller et al., 1996; Kraml,
1997); Mljet, Croatia (Jahns and van den Bogaard, 1998); Langsee, Austria (Schmidt et al., 2002);
Lake Bled, Slovenia (Lane et al., 2011a); Lake Shokra, Albania/Montenegro (Sulpizio et al., 2010a).
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A large breakthrough in terms of a transalpine tephra synchronisation was made by the
findings of Late Glacial Italian marker tephras, the Pomici Principali tephra (PP, 12.1 ka BP)
and the Neapolitan Yellow Tuff (NYT, 13.6 ka BP) in combination with the Icelandic Vedde
Ash in Lake Bled, Slovenia (Lane et al., 2011a) (Fig. 7). The Younger Dryas “Vedde Ash”
(VA, 12,121 + 114 years BP GICCO05, Rasmussen et al., 2006) has so far been used as an
important stratigraphic marker for the dating and linking of the terrestrial records in Central
and Northern Europe (e.g., Mangerud et al., 1984; Birks et al., 1996; Wastegard et al., 1998;
Wastegard et al., 2000a; Wastegard et al., 2000b; Davies et al., 2001; Blockley et al., 2007;
Koren et al., 2008; Lane et al., 2012a, 2012b) with marine sequences from the Norwegian and
North Atlantic Seas (e.g., Ing6lfsson et al., 1997; Knudsen and Eiriksson, 2002; Austin et al.,
2011) and Greenland ice cores (e.g., Gronvold et al., 1995; Mortensen et al., 2005; Lane et al.,
2011b). In several terrestrial archives in Central Europe, the Vedde Ash co-exists with the
Late Allergd “Laacher See tephra” (LST, 12,880 calendar years BP), allowing “differential
dating” of the temporal section of the Late Glacial to Interglacial transition (e.g., Blockley et
al., 2007; Lane et al., 2012b). Each tephra has been exceptionally well dated and therefore
forms an essential anchoring point in annually laminated sediments for the determination of
ages and durations of stadials and interstadials such as the transition of the warmer Allergd
period to the cooler/drier Younger Dryas (e.g., Rasmussen et al., 2006; Brauer et al., 1999b;
Lane et al., 2011b; Neugebauer et al., 2012). In order to estimate the environmental impact of
current global warming, this information is essential to understand the process of climate
change, for example the order and duration of responses of changes in atmospheric carbon
dioxide concentration, air and deep-water temperatures, ice volumes (Shackleton, 2000),
aquatic biological systems and vegetation on land. For the Late Glacial period, the existence
of such “leads and lags” is indicated by the significant difference of the dating of the Younger
Dryas onset in varved sediments in Lake Meerfelder Maar (12,679 calendar years BP; Brauer
et al., 1999b; Brauer et al., 2008) and Rehwiese palaeolake (12,675 calendar years BP;
Neugebauer et al., 2012) in W’ and NE’ Germany, respectively, and in the NGRIP Greenland
ice core (12,846 + 138 calendar years BP; GICCO05; Rasmussen et al., 2006). This time lag of
ca. 170 years in the terrestrial records might not be explained by dating errors of the
independent chronologies alone, but may rather suggests a longer response of lake systems in
respect to atmospheric changes in the North Atlantic region. However, in order to test this
hypothesis of hemispheric climatic non-synchronicity further independently dated, high-
temporal (preferable varved) and tephra bearing sequences for this time interval are required

from Europe (i.e. NE’ Germany and Poland).
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Further challenges of palaeoclimate research are the study and interpretation of past climate
transitions that approximate today’s climate conditions, i.e. the transition from the last
Interglacial (Eemian, MIS 5.5) into the cooler Early Glacial period (Early Weichselian, MIS
5.4). In the Eastern Mediterranean, this transitional period is marked by the eruption of two
widespread Italian tephras, the X-5 and X-6 tephras (Keller et al., 1978), both precisely dated
by *Ar/*°Ar and/or varve counting at 105.6 ka BP (X-5) and 108.3 ka BP (X-6) (Kraml,
1997; Giaccio et al., 2012; Wulf et al., 2012) (Fig. 8).
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Figure 8: Chronostratigraphic position of the X-5 (=C-27=TM-25) and X-6 (=C-31=TM-27) tephra
layers in sediments of the (a) lonian Sea (Kraml, 1997), (b) the Tyrrhenian Sea (Paterne et al.,
2008),(c) Lago Grande di Monticchio (Brauer et al., 2007a; Wulf et al., 2012), correlated with (d) the
5%0 record of the NGRIP Greenland ice core record (North Greenland Ice Core Project Members,
2004), modified after Giaccio et al. (2012). Note that the Monticchio and Greenland records are
plotted against their own independent time scales, while the Central Mediterranean marine records
are plotted against core depths.

Similar to the Late Glacial tephra pairs “LST/Vedde” in Central-Northern Europe, the X-5/X-
6 couplet has the potential as a dating and synchronisation tool for determining “leads and
lags” of rapid climate and environmental changes in the Eastern Mediterranean at this

important climatic boundary (e.g., Brauer et al., 2007a; Giaccio et al., 2012). The Monticchio
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record is so far the only terrestrial sequence in the Mediterranean that provides both a high-
resolution palaeoclimate record of the Last Interglacial/Early Glacial transition and a clear
stratigraphic position (Fig. 8) and independent varve dating of the X-5 and X-6 tephras (Wulf
et al., 2012). The Monticchio ages and stratigraphic positions of the X-5 and X-6 tephras are
consistent with the chronostratigraphic position of tephras within MIS 5.4 in adjacent lonian
and Tyrrhenian Sea sediments (Fig. 8). Furthermore, wiggle-matching of &'%0 curves of the
same (lower resolution) marine records with the NGRIP Greenland ice core places the tephras
within the C-24 cold event (X-6) and Greenland Interstadial G124 (X-5). A comparison of
proposed tephra ages estimated from the Greenland Ice Core Chronology (North Greenland
Ice Core Project Members, 2004) with varve ages inferred from the Monticchio chronology
exhibits a deviation of ca. 1000 years (<1%) for each tephra, whereupon the ice core ages
appear older (Fig. 8). These age differences can be either related to dating errors (up to 5% for
both chronologies) and/or to lagged climatic responses in the Eastern Mediterranean.

In order to test any of these hypotheses further long and high-resolution palaeoclimate
sequences from this region are required. From the terrestrial environment, Lake Ohrid in the
Balkans (Fig. 5) has already proven a longer but incomplete record documenting at least the
X-6 tephra (Sulpizio et al., 2010b). The Tenaghi Philippon peat bog in Greece (Fig. 5, Fig. 6)
has the potential for both high-resolution palynological dating of the sequence and the finding
of the X-5 and X-6 cryptotephras (U. Mdiller, personal comment 2012). A long lacustrine
record in the Western Mediterranean, the Villarquemado palaeolake in NE Spain, also covers
the Last Interglacial-Glacial transition dated independently by OSL (Moreno et al., 2012) but
difficult to confirm by tephrochronology due to the lack of Italian and Greek tephras in the
western part of the Mediterranean. The high-resolution marine record PRAD1-2 from the
Adriatic Sea, located near the Monticchio site, covers the last 370 ka BP (Piva et al., 2008a, b)
and has already proven its tephrochronological potential for the last 105 ka BP (Bourne et al.,
2010). The extension of the PRAD1-2 tephra record (A. Bourne, personal comment 2012) will
contribute to a better understanding of the temporal shifts of palaeoclimate signals during the
Last Interglacial/Early Glacial period as inferred from the Monticchio record.

Apart from its role as a regional and supra-regional synchronisation tool, the Monticchio
tephra record provides a number of further applications. Those encompass, for instance, the

o verification of the varve supported sedimentation rate chronology of sediments by
establishing an independent tephrochronology (Wulf et al., 2004; Wulf et al., 2012),
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e the development of a detailed tephrostratigraphy of Campanian explosive eruptions for
the last 133 ka including the discovery and varve dating of so far unknown tephra
events (Wulf et al., 2006; Wulf et al., 2008),

o the establishment of a time series of tephra events to determine frequencies of e.g.
Campanian volcanic activities and to check on the theory whether climate/sea level
changes have impacted the explosivity of Mediterranean volcanoes as postulated by
McGuire et al. (1997) (see Vos et al., 1999, Wulf et al., 1999),

e the provision of a large set of EPMA glass data serves as a data base for comparison
with other terrestrial and marine records (see upcoming RESET data base) and

e the study of environmental impacts of major tephra events in the distal Monticchio
location (Wutke, 2012).

Thus, the Monticchio tephra record has been proven an exceptional key record for the

understanding of both palaeoclimatic and volcanological processes in the Mediterranean.
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3 Conclusions and perspectives

The use of tephras as reliable dating and correlation tools in sedimentary archives has turned
out to be less problematic for the time frame of the last 200 ka BP, though in particular older
tephra deposits often lack in single grain geochemical (glass) data and/or
chronostratigraphical information. Some issues can also arise for tephra deposits that show
initial stages of glass chemical alteration and thus prohibit a reliable correlation with proximal
and distal equivalents. Those are mainly tephras deposited in a saline to hypersaline milieu
(i.e., evapoclastic sediments of Mexican maar lakes; Kienel et al., 2009), or in terrestrial
environments that are prone to weathering (alteration by humic acids) such as open-access
soils, loess and palaeo-lake deposits (e.g., Pouclet et al., 1999; Brauer et al., 2007b). The
combination of both, the lack in chemical-chronostratigraphical data and glass chemical
alteration can lead to a serious misinterpretation of the timing of tephra deposition, as
demonstrated by the case study of the Interstadial record of the Pianico-Sellere palaeo-lake
(Northern Italy) (e.g., Pinti et al., 2001; Brauer et al., 2007b; Brauer et al., 2007c; Pinti et al.,
2007; Roulleau et al., 2009). However, these problems can be only overcome by the
development of detailed tephrostratigraphies of older deposits that include high-precision

dating and single grain major (and trace) elemental glass data.

Large effort was made during the last decade to improve the European
tephrostratigraphic framework. The finding of new visible and non-visible tephras in high-
resolution sedimentary records in the Eastern Mediterranean region in the frame of the
RESET and INTIMATE projects contributed to an increased awareness of the importance of
tephra studies by the palaeoclimate and volcanology communities. However, the trend of
finding cryptotephras of even smaller grain sizes now raises a number of issues that are
related to the processing and analysis of tephra glass shards. In terms of an analytical
restriction, large effort was recently made to develop new techniques to overcome the limiting
10 pm beam size during EPMA and LA-ICP-MS measurements (e.g., Hayward, 2011; Pearce
et al., 2011). Therefore, the main future challenge of tephra research will be the development
of the existing and/or new techniques for tracing and extracting cryptotephras of grain sizes
smaller than 20 um. This is also an important factor for the reconstruction of tephra dispersal;
this general lack in knowledge can be overcome, for instance, by the study of recent eruptions,
e.g. the Icelandic eruptions of the Eyjafjalljokull in April/May 2010 and Grimsvétn in May

2011 (Kerminen et al., 2011). Volcanic ash dispersal maps generated by satellites and aircraft

36

Scientific Technical Report STR14/01, Deutsches GeoForschungsZentrum GFZ. http://doi.org/10.2312/GFZ.b103-14010



Habilitation Thesis 3. Conclusions and perspectives

monitoring suggest a wide tephra dispersal of these rather medium sized eruptions. It is one of
the challenges now to confirm those maps by tephra findings in artificial traps (pollen traps,
etc.) and in high resolution lake and ocean deposits (see current ICLEA projects). These
studies in combination with an improvement of geochemical data sets and radiometric dating
of proximal and distal tephra deposits will help to establish a dense, over-regional
tephrostratigraphical network and more detailed ash dispersal maps in both Northern and
Southern Europe. The improvement of the accuracy and precision of age determination of
sediment sequences (i.e., *C, *Ar/Ar), U-Th, OSL) together with a dense
tephrostratigraphic framework over large areas such as the Greenland — Near East transect
enable the direct correlation of palaesoclimate records from remote regions on a common time
scale, without using the palaeoenvironmental record itself as a correlation tool (i.e., wiggle
matching of §'®0 signals). This is the only way to determine and quantify leads and lags in
climate change, which are essential for the understanding of future environmental impacts in
response to current global warming. In order to meet the increasing demand from society to
improve predictions of future climates, the quantification of time lags of subsequent climate
and/or environmental changes is crucial for the detection of future precursor changes at an

early stage that can help society to adapt to new climatic conditions.
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