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Abstract 

Distal tephrochronology relies on the synchronous dispersal and deposition of volcanic 

ash or tephra (i.e. < 2mm) from explosive volcanic eruptions (Plinian/sub-Plinian). 

Tephrochronology correlates tephra layers to proximal source volcanic eruptions, where 

proximal age is well constrained, allowing tephra layers to be used as robust age 

markers. Tephras layers are recorded in a variety of distal environmental archives, thus 

tephrochronology provides an independent time framework for interpreting 

palaeoenvironmental proxies in marine and lacustrine cores.   

Tephrochronology is dependent on precise correlations of distal glass geochemistries 

with proximal source volcanics. Proximal volcanic deposits have been subject to 

detailed sampling and glass analyses revealing spatial and temporal changes in 

magmatic compositions during individual eruptions. Geochemical ‘fingerprints’ have 

been determined for Italian explosive proximal deposits using electron probe micro 

analysis (EMPA) and laser ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS). Presented are detailed volcanic glass major, minor and trace element 

compositions for proximal deposits outcropping on the Aeolian Islands, Mount Etna and 

Ischia. These proximal glass compositions are used to test proximal-distal correlations, 

linking visible and crypto-tephra layers from marine (Tyrrhenian, Ionian and Adriatic 

Seas) and lacustrine (Lago Grande di Monticchio, Italy) cores to their volcanic source.  

Combined major, minor and trace element charcterisation of proximal and distal glasses 

has valdiated the provenance and age of numerous distal tephra layers. Precise tephra 

correlations have allowed for the exchange of tephrochronological information over 

wide geogrpahical distances (up to 800 km). Correlations based solely on major element 

analyses can be erroneous due to repeated chemistries produced at many of the volcanic 

centres investigated. Trace element concentrations enable the identification of additional 

diagnostic features necessary for distinguishing tephras produced from a single volcanic 

centre. However, in some instances volcanic systems repeatedly produce glass 

geochemistries that are indistinguishable at a multi-element level demonstrating the 

importance of good stratigraphic control distally when assigning provenance. Some 

tephras identified in the Tyrrhenian Sea (Marsili basin) have no currently identified 

proximal counterparts. This research demonstrates that proximal stratigraphies are not 

always fully representative of event stratigraphies due to resurgent activity and in the 

case of volcanic islands flank collapse and limited on-land deposits. 
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Chapter 1: Introduction  

1. Introduction  

The oxygen isotope records from Greenland demonstrate that numerous, rapid climatic 

fluctuations occurred during the last glacial-interglacial cycle, with some of these 

climatic transitions occurring within centennial to millennial timescales (e.g. Dansgaard 

1985; Alley et al., 1993; Dansgaard et al., 1993; Rasmussen et al., 2006). Such 

millennial-scale climatic oscillations have been recognised in the marine sequences of 

the Mediterranean region (Rohling et al., 1998; Paterne et al., 1999). Continentally this 

has been manifested in rapid alternations between steppe and forest dominated 

vegetation, Allen (2003) recognised that these vegetation changes responded to the 

more abrupt climatic variability observed in the Greenland ice record. Indeed 

millennial-scale oscillations in pollen concentrations are observed at numerous sites 

within the Mediterranean region (e.g., Tzedakis et al., 1997; Margri et al., 1999; 

Tzedakis et al., 2003). One of the most important terrestrial records in the central 

Mediterranean is Lago Grande di Monticchio, Italy, where the varved sediments provide 

the first independently dated record of millennial-scale vegetation response to climatic 

change (Watts, 1996). Thus the challenge remains to link the observed millennial-scale 

oscillations directly between marine and terrestrial archives to access whether these 

climatic proxies are in phase or whether leads and/or lags exist. Consequently, this has 

led to the emergence of tephrostratigraphy as the preferred tool to precisely correlate 

these archives. 

Explosive volcanism is responsible for the widespread dispersal of volcanic ash or 

tephra (< 2 mm). During sub-Plinian/Plinian eruptions tephras may be transported into 

the high atmosphere/lower stratosphere resulting in their dispersal over wide 

geographical areas. The synchronous deposition of tephras from individual eruptions 

provides invaluable isochronous markers (i.e., visible and crypto-tephra layers), which 

are recorded in a variety of environmental archives. Tephrochronology correlates 

tephras to proximal source volcanic eruptions and where the proximal age of the 

eruption is well constrained tephra layers provide precise age markers. Owing to the 

synchronous deposition of tephras, where they are correlated between archives they 

present useful tie points for the synchronisation of archives and the exchange of age 

constraints. Consequently, tephrochronology provides an independent time framework 

for interpreting palaeoenvironmental proxies in marine and lacustrine archives and so 
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has a pivotal role to play in understanding the timing and rates of rapid environmental 

transitions.  A more recent focus has extended to using tephras within archaeological 

settings, the potential to link environmental archives to cultural evolutionary changes in 

the archaeological record provides an exciting opportunity to assess human responses to 

abrupt climatic change (Giaccio et al., 2006; Anikovich et al., 2007; Lowe et al., 2012).  

 

 

 

Figure 1.1: A map displaying the Italian volcanic centres within the central Mediterranean region 

(Adapted from Wulf, 2000). Roman Province; VU= Vulsini; CI = Cimini district (includes Vico); SA = 

Sabatini Volcanic distinct; AB Alban Hills. Campanian Province; PO =Ponza Island, RO = 

Roccomonfina; CF = Phlegrean Fields; SV= Somma-Vesuvius, IS= Ischia Island. PR = Prodica-Vivara; 

MV= Monte Vulture.  
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The central Mediterranean is uniquely placed to established detailed 

tephrostratigraphies and the application of tephrochronology due to; 

(i) The regions proximity to a number of volcanic centres which have been persistently 

active during the last 200 ka (Keller et al., 1978; Paterne et al., 1988; 2008; Narcisi and 

Vezzoli., 1999) (Fig. 1.1).  

(ii) Many of these centres are characterised by frequent large magnitude eruptive events 

(Narcisi and Vezzoli, 1999); 

(iii) Many of the eruptive centres have distinct magma chemistries (Wulf et al., 2004).  

1.1 Principles of Tephrochronology  

The establishment of an individual proximal tephras identity is essential to determine a 

precise tephrostratigraphy. The identity of a proximal tephra can be established by 

investigating physical and chemical characteristics, determining stratigraphy and 

establishing chronology. Physical characteristics include tephra colour, unit thickness, 

grain size variations, clast morphology, vesicularity and phenocryst content (Cas and 

Wright, 1987). Many central Mediterranean volcanic centres have been subject to 

detailed proximal investigations and the assessment of the physical parameters of 

erupted deposits has enabled the determination of proximal event stratigraphies. 

Examples include the Campanian Plain (Di Vito et al., 2008), Ischia (Brown et al., 

2008), Mount Etna (Coltelli et al., 2000) and the Aeolian islands (Sulpizio et al., 2008; 

Dellino et al., 2011). These parameters can be used to link proximal stratigraphies over 

significant distances around the volcano and are integrated with chronological 

investigations of individual tephras. Unfortunately the physical parameters of tephras 

are often less reliable for linking tephras in more distal localities, where many of the 

characteristics of a proximal tephra deposit may be absent. For instance atmospheric 

sorting of erupted ejecta during transport can in many cases result in tephras being 

phenocryst poor with distance from the source (Carey and Sigurdsson 1992). It is often 

only the ash (< 2 mm) component that is recorded in the distal setting. 

The chemical classification of the volcanic glass produced during an eruption can be 

used to underpin tephrochronology. Chemical characterisation of tephras can include 

bulk rock analyses; but whole rock data is not representative of the magma 

compositions at the time of the eruption because it is a bulk average of clasts which may 

be geochemically heterogeneous. This can be particularly problematic for 



23 

 

compositionally bi-modal tephra deposits. Heterogeneity may originate due to variable 

proportions of phenocrysts, xenocrysts and lithic material entrained within the juvenile 

(i.e., magmatic) component of the tephra. Indeed “bulk” chemistries may be 

unrepresentative of actual magma compositions and as such markedly differ from the 

glasses found distally (Pearce et al., 2004). The compositions of juvenile deposits are 

frequently heterogeneous within the proximal settings (both laterally and 

stratigraphically) and even within a single glass shard (Ukstins Peate et al., 2008). 

Identification of this compositional heterogeneity is essential for proximal-distal 

correlations, particularly where it is the compositional range of tephras that may be 

diagnostic of an individual eruption. Tomlinson et al., (2012) demonstrated that whole 

rock analyses of the Upper and Lower pumice eruptions of Nisyros mask the 

compositional variation between these two eruptions. High phenocryst contents in the 

pumices of the two eruptions meant that glass compositions are significantly different 

from the whole rock compositions. Consequently, erroneous distal correlations were 

established using whole rock proximal data, where glass data clearly would have 

resolved the precise provenance of the distal tephras sourcing from this volcanic centre. 

Electron microprobe analysis (EMPA) is the preferred micron-scale analytical technique 

underpinning tephrochronology (Hunt and Hill, 1993; Turney et al., 2004). Grain 

specific analysis of proximal glasses enabled the determination of stratigraphic 

compositional variations in eruptive sequences. Accepting that bulk-rock analysis of 

tephras is not suitable for tephrochronological studies coupled there has been an 

increase in the number of proximal investigations detailing and characterising proximal 

glasses. These investigations largely build on the previously determined 

volcanostratigraphies established at many volcanic centres and provide an invaluable 

tool for distal tephrochronology. Specifically within the central Mediterranean region 

these include Campi Flegrei (Di Vito et al., 2008; Smith et al., 2011; Tomlinson et al., 

2012) and Vesuvius (Santacroce et al., 2007). However, many of these volcanic centres 

still lack grain-specific glass analyses of proximal tephras essential for precise 

proximal-distal correlations. Hence many of the established tephra correlations in the 

central Mediterranean remain untested using grain-specific glass correlations. 

Furthermore numerous unidentified tephras are recorded within Central Mediterranean 

archives largely due to absence of complete proximal glass data sets (Giaccio et al., 

2008).  
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A major obstacle that complicates the application of major element grain-specific 

analyses as tool for tephrochronology is that many evolved magmas, especially those 

erupted from the same volcano, are compositionally indistinguishable using major 

element geochemistries (Allan et al., 2008; Giaccio et al., 2008). This is a problem in 

the central Mediterranean, where volcanic centres within the Campanian volcanic zone 

produce geochemically similar trachytic glass compositions systematically over time 

(i.e., Campi Flegrei, Ischia and Somma-Vesuvius). This same problem is identified in 

the calc alkaline rhyolites produced in the Aeolian Islands (Giaccio et al., 2008).  

An additional problem associated with the use of major element glass geochemistry is 

inter- and intra-laboratory comparison. Different operating conditions can make 

comparisons of glass data very difficult (Hunt and Hill, 1993). The most reliable 

correlations of proximal-distal tephras are achieved where glass analysis of both 

proximal and distal tephra is undertaken using the same instrument. Furthermore much 

of the published glass data was produced using Scanning electron microprobe-energy 

dispersive X-ray (SEM-EDX), and these glass analyses are not always comparable with 

EPMA. This is particularly problematic for comparisons with some of the earlier 

tephrochronological studies (Paterne et al., 1988).  

Trace element concentrations in magmas often show wider variability than major 

elements because they are more strongly controlled by subtle variations in source 

composition and by magmatic processes (Allan et al., 2008). In the last ten or so years 

the trace element compositions of tephras has been determined using grain-specific 

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). A 

number of studies have applied single grain LA-ICP-MS analysis to establishing precise 

proximal glass geochemistries essential to proximal-distal correlations (Allan et al., 

2008; Pearce et al., 2004; 2007; Ukstins-Peat et al., 2003; 2008; Tomlinson et al., 2010; 

2012a; 2012b; Smith et al., 2011; Albert et al., 2012; Tamburrino et al., 2012). The 

application of grain-specific trace element analyses becomes a major focus of this 

research, assessing its potential as a tool to geochemically distinguish tephras and 

robustly test proximal-distal correlations.  

Once the stratigraphic, physical and chemical characteristics of a tephra are determined 

the next challenge is to establish the age of the tephra. The age of the tephra deposit 

becomes essential for its use within distal tephrochronological studies. Proximal age 

constraints for tephras can be derived either directly or indirectly. Proximal deposits can 
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be directly dated by radiometric determinations on primary phenocryst based on K-Ar 

dating (i.e. Frazzetta et al., 1984; Vezzoli, 1988). However, the errors are particularly 

large on volcanic deposits that are young > 15 ka. 
40

Ar/
39

Ar relies on the presence of K-

rich mineral phases such as sanidine and orthoclase. Consequently, such methods are 

difficult to apply to calc-alkaline volcanic settings (i.e., Aeolian Islands).  However, 

40
Ar/

39
Ar dating has been successfully applied to products of explosive eruptions in the 

highly potassic campanian region (i.e., De Vivo et al., 2001; Deino et al., 2004). For 

younger volcanic deposits, historical records present useful information on the most 

recent eruptive histories of volcanic centres.  

The most frequently adopted indirect method of dating proximal deposits is by 

radiocarbon dating. Organic material from beneath or above pyroclastic deposits can be 

dated, presenting a maximum or minimum age of the tephra respectively. The more 

precise proximal radiocarbon ages are derived from charcoal formed and preserved 

within high temperature pyroclastic density currents (PDCs). Radiocarbon ages require 

calibration, the calculation of a radiocarbon age assumes that the 
14

C in the atmosphere 

has been constant since the time of which the dated material was living (Reimer and 

Reimer, 2007). However, this is not case, 
14

C in the atmosphere varies over time. 

Radiocarbon dates therefore need to be calibrated to determine the true age and so 

enabling comparisons with calendar ages derived from incremental records such as 

varve counting or ice core records. IntCal09 is the currently internationally recognised 

standard model for radiocarbon calibration. 
14

C spanning the last 12,550 cal years BP is 

determined based on dated tree ring samples. Beyond 12, 550 cal. BP, the calibration 

curve is based on a range of marine coral data sets (Reimer et al., 2009).  Calibration 

will reduce the precision of a radiocarbon age, however, will improve its accuracy. 

Consequently, calibrated ages are more likely to represent the true age of the sample 

(Lowe et al., 2007). Consequently, all radiocarbon ages derived from the literature 

associated with tephras presented in this research have been calibrated using IntCal09.   

1.2 A review of central Mediterranean distal tephrostratigraphy 

The first distal visible tephras recognised and described in the central-eastern 

Mediterranean region were recovered from the marine sediments extracted during 

Swedish deep sea exploration (Norin, 1958). Subsequent systematic investigations of 

deep-sea sediments led to the development of a marine tephrostratigraphic framework 

spanning the last 200,000 years (Keller et al., 1978; McCoy, 1980). Widespread tephras 

were identified in multiple marine cores from the Ionian, Aegean Levantine Seas. These 
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tephras were attributed to eruptions from the Italian, Aegean and Central Anatolian 

volcanic centres. Tephras were largely dated using oxygen isotope and sapropel 

chronology to establish a record of large scale eruptive histories (i.e., Keller et al., 1978; 

McCoy 1980; Vinci, 1985; Narcisi and Vezzoli, 1999). Keller et al., (1978) established 

a detailed tephrostratigraphy for the central-eastern Mediterranean which still underpins 

marine tephrochronology in the region. Tephras were identified on the basis of their 

positions within palaeoclimatic zones (V, W, X, Y and Z), where V is the oldest and Z 

the youngest. Within each climatic zone, each tephra was successively numbered 1 

being the youngest, for instance Y-1 is younger than Y-2 (Narcisi and Vezzoli 1999).  

Approximately 30 major tephra horizons were recognised across the central-

Mediterranean following these pioneering investigations (Keller et al., 1978; McCoy 

1980; Vinci, 1985). The main markers relevant to the central Mediterranean 

tephrostratigraphy are presented in Table 1.1.  

Investigations within the Tyrrhenian and Adriatic Sea were undertaken by Paterne et al., 

(1986; 1988) for sequences spanning the last 80,000 years. These tephras were labelled 

according to their geochemical affinity to a particular volcanic system, for instance C = 

Campanian, E=Aeolian, Et = Etna, V=Vesuvius and P = Pantelleria. The youngest 

tephra from each volcanic centre was numbered as 1, 2 and so on. Most tephras 

identified were attributed to a volcanic provenance, however, only some were 

recognised as regional markers and attributed to specific source eruptions (Table 1). 

Paterne et al., (2008) have extended the Tyrrhenian Sea record back over the last 

200,000 years, using the existing nomenclature. According to Narcisi and Vezzoli 

(1999) tephrostratigraphies in the Tyrrhenian Sea are more complex than the other 

central Mediterranean marine basins due to their proximity to active volcanism, 

suggesting primary tephra layers representative of volcanic events are diluted by a high 

numbers of turbidites that result in re-working of volcaniclastic material.  

Multiple tephrochronological investigations have concentrated on the Adriatic marine 

basin, with initial investigations focusing on visible tephras (Calanchi et al., 1998). A 

comprehensive tephrostratigraphy in the Adriatic for the last 170 ka is presented by 

Calanchi and Dinelli (2008). Furthermore cryptotephra studies have been conducted in 

this marine basin significantly increasing the number of tephras identified in the 

Adriatic (Siani et al., 2004; Lowe et al., 2007; Bourne et al., 2010). The main regional 

tephrostratigraphic markers identified in the Adriatic are shown in Table 1.1. 
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Central Mediterranean tephra studies have also been undertaken on terrestrial sequences 

on the Italian mainland owing to their proximity to active volcanic centres. The most 

detailed record to date has been constructed through the long sedimentary sequence of 

Lago Grande di Monticchio (LGdM). Due to a high sedimentation rate, clear 

stratigraphic super position and a annually resolved varved chronology LGdM offers 

independent dating of tephras (Wulf et al., 2004; Wulf et al., 2008; Wulf et al., 

submitted). The initial investigations target tephras greater than 3 mm in thickness and 

14 tephras were correlated to known eruptions (Narcisi, 1996). Results of the most 

recent investigations have characterised 349 tephra layers within the most complete 

record (Wulf et al., 2004; 2008; submitted). Tephras recorded in the LGdM record have 

been chemically characterised using major element and minor element data (EPMA-

WDS) and each analysed tephra is labelled TM and numbered accordingly to its 

relevant stratigraphic position in the LGdM core. 

Wulf et al., (2004) presented the results of the most prominent tephra layers spanning 

the last 105 ka years and more recently Wulf et al., (submitted) has extended the record 

back to 133 ka. The dating offered by the varve chronology of LGdM provides an 

invaluable tephrochronological record for Italian volcanism. Correlatives of tephras 

recorded within this archive are still being refined with the most recent contribution 

revising some earlier correlations (Wulf et al., submitted). Due to its comprehensive 

record of central Mediterranean explosive volcanism, the LGdM archive has become a 

central tephrostratigraphical reference for the region. With often incomplete and 

uncharacterised proximal stratigraphies other distal stratigraphies are correlated directly 

to LGdM tephras (Munno and Petrosino, 2007; Bourne et al., 2010).  

Furthermore, within this research contribution some of the relevant TM tephra layers 

are re-investigated and in some instances new trace element data is presented to help 

refine proximal-distal and distal-distal tephra correlations. Most tephra layers recorded 

in LGdM derive from eruptions of volcanoes within the Campanian volcanic zone (313; 

Campi Flegrei, Ischia, Vesuvius, Ischia, Prodica). The remaining tephras derive from 

the Roman province, Etna, the Aeolian Islands and Pantelleria (Wulf et al., 2004). The 

prominent tephras layers that have been linked into the overall central Mediterranean 

tephrostratigraphy are given in Table 1.1. 
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Other key terrestrial archives include the San Gregorio Magno basin (SGMB), located 

in the southern Appennines, Italy (Munno and Petrosino, 2007) and Lake Ohrid, in the 

Balkans (Wager et al., 2009; Vogel et al., 2010). Both present tephrostratigraphic 

records that extended back over the last 100 ka. Only visible tephras were characterised 

in the SGMB record. The main tephrostratigraphic markers from these two terrestrial 

markers are integrated into the broader central Mediterranean record (Table 1.1). The 

linking of distal archives in Table 1.1 demonstrates that numerous tephras are recorded 

across the central Mediterranean region. This existing tephrostratigraphical framework 

is tested through the course of this research.   
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ro
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 Marine Archives Terrestrial archives Source Eruption 

Ionian Sea Tyrrhenian Sea Adriatic LGdM S.G.M.B Ohrid   
Keller et 

al., (1978) 
Paterne et al., 
(1988; 2008) 

Calanchi et al., (1998; 2008) Siani et 
al.(2004) 

Bourne 
2010; 2012 

Wulf et al., 
(2004); 

(submitted) 

Munno and 
Petrosino 

(2007) 

Vogel et al., 
(2010) 

  

  Pal 94-66 RF95-7 IN68-9 MD90-917 PRAD 1-2   OT0702   

 
Z-1         

  
?     SV Avellino/Pompeii? 

7   E-1       275cm 
 

      AO: L Gabellotto-Fiume bianco 
9   V-1     125cm 

  
TM-6   OT0702-3 SV Mercato 

12   C-1 214cm   178cm 305cm 
 

TM-7     CF Pomici Principale 
14   C-2       395cm 

 
TM-8 S21   CF NYT 

16 Y-1 Et-1       490cm 
 

TM-11     Et Biancavilla 
17           530cm 784cm TM-12 S20   SV Greenish 
19         525cm 595cm 873cm TM-13     SV Pomici di Base 

 
  C-4       

  
TM-14     PR Solchiaro 

30 Y-3 C-7       
 

1332cm TM-15 S19 OT0702-4 CF VRa (Zanchetta et al.2003) 
33   C-10       

 
1494cm TM-16     SV? Codola 

 
  C-9       

  
TM-17-2     CF Schiava 

40 Y-5 C-13       
 

1653cm TM-18 S17 OT0702-6 CF Campanian Ignimbrite 

 
Y-6         

  
    OT0702-7 P Green Tuff 

56   C-16       
 

1870cm TM-19 S-16   IS MEGT 

 
Y-7 C-18       

 
1870cm TM-20 S15   IS S. Angelo tephra/U.M.S.A 

70 Y-9         
  

TM-21     AO: St Petrazza Tuff  

 
  P-10       

  
      P Ante Green Ignimbrite 

 
X-2     80cm   

  
  S14   Camp 

 
 

X-3          
  

      EO 
 

 
X-4         

  
      Et Acireale 

 
          

 
2525cm TM-24 S11   CVZ Unknown 

105 X-5 C-27       
 

2525cm TM-25   OT0702-8 CVZ  Unknown 

 
          

  
TM-26     Et 

 108 X-6 C-31       
 

2812cm TM-27 S10 OT0702-9 CVZ Unknown 

 
  C-36       

  
  S9   

  131 W-0 P-11       
  

    OT0702-10 P Unknown 
145 W-1 C-41   350   

  
  S7   Rom/Vico? Ignimbrite A, B, or C 

 
V-2     450   

  
      

  
             Table 1.1:  The most prominent and widespread tephra layers recorded in the central Mediterranean marine and terrestrial archives, those highlighted in bold are tephras that are 

included within the context of this thesis. (SV= Somma-Vesuvius; AO: L = Aeolian Islands, Lipari; CF = Campi Flegrei; Et = Mount Etna; PR = Prodica; P = Pantelleria; AO: St 

= Aeolian Islands, Stromboli; CVZ = Campanian Volcanic Zone.
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1.3 Thesis Objectives: 

The overall aim of this research is to test proximal-distal tephra correlations within the 

central Mediterranean region using grain-specific trace element geochemistry of 

volcanic glasses. The specific objectives of this research are to;  

(1) Demonstrate the potential and importance of defining detailed multi-elemental 

proximal geochemical data sets; 

 Establishing stratigraphic, spatial and temporal variations in glass 

geochemistries produced during individual eruptions (i.e., Aeolian Islands, 

Ischia and Mount Etna). 

 Using a multi-elemental approach to establish diagnostic geochemistries for 

distinguishing between different eruptions.  

(2) Use tephras recorded in distal marine archives as a test-bed for precise proximal-

distal tephra correlations. 

(3) Demonstrate the benefits of integrating major, minor and trace element data to 

establish more reliable proximal-distal correlations.  

(4) Revise and extend the fall footprints of tephras recorded in the central 

Mediterranean.  

(5) Highlight the two way flow of stratigraphic and chronological information between 

proximal and distal settings. 
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Chapter 2: Methodology  

 

2.1 Samples 

 

Exposed proximal fall, flow and surge deposits were investigated with juvenile clasts 

sampled from individual stratigraphic units to capture vertical heterogeneities within the 

eruptive sequences at source. Pumice and scoria lapilli (2-64 mm) were the preferred 

proximal material sampled. The clasts were washed with distilled water and dried. 

Representative pumice/scoria samples from individual eruptive units were selected to 

encompass the full range in colour and morphology. These clasts were individually 

crushed and representative fragments were then picked and arranged on a glass disc 

using double sided tape. Once arranged and referenced these samples were mounted in 

Struers Epofix epoxy resin (Fig. 2.1). Mounts were sectioned and polished ready for 

micro-analyses. Scanning Electron Microscope (SEM) imagery was conducted to 

determine suitable glass locations for analysis avoiding phenocryst and microcryst 

phases. Distal ash deposits were washed with distilled water, dried and typically sieved 

between 63-125µm, 125-250µm and 250-500µm. Shards from the largest grain size 

available were handpicked under a microscope, arranged in a grid formation and again 

mounted in Steurs Epofix resin, sectioned and polished. Shards were then catalogued 

and I.D using Scanning Electron Microscope (SEM) imagery to ensure that grain-

specific major element analysis and trace element analyses were coupled to the same 

shard of glass. The sampling and extraction procedure used for cryptotephras 

investigations are referred to in chapter 5. 

 

2.2 Analytical method 

 

2.2.1 Electron microprobe analysis (EPMA) 

 

Major and minor element chemistry was determined using a wavelength-dispersive 

JEOL 8600 electron microprobe (EPMA) in the Research Laboratory for Archaeology 

and the History of Art, University of Oxford. A beam accelerating voltage of 15kV was 

used with a 6nA current and a beam diameter of 10 µm. The instrument was calibrated 

with a suite of appropriate mineral standards; peak count times were 30 s for most 

elements, 10 s for Na and 60 s for P and Cl. Secondary glass standards from the Max 

Plank institute (MPI-DING suite; Jochum et al., 2006) bracketing the possible 
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chemistries were also analysed alongside the unknown tephras. These included evolved 

felsic [ATHO-G (rhyolite)], through intermediate [StHs6/80-G (andesite)] to mafic 

[GOR128-G (Komatiite)] glasses. 

 

 

Figure 2.1: Epoxy resin mount showing the arrangement of juvenile pumice fragments from a pumice 

fall deposits associated with the Monte Guardia eruption, Lipari. Note the colour variation between white 

and grey pumice fragments.  

 

Analytical totals < 95% were discarded, except in the case of highly evolved rhyolites 

and trachytes where dissolved volatile components (e.g., H2O) can reach > 5 % (Pearce 

et al., 1999) so totals of  ≥ 93 % were deemed acceptable. All major element data was 

normalised to 100 % for comparative purposes. This is of paramount importance for 

marine tephras, as glass shards absorb water from their surroundings, which is reflected 

in lower analytical totals. Errors are typically < ± 0.7% RSD for Si; ~ ± 3% for most 

other major elements, except for the low abundance elements: Ti (~ ± 7%), Mn (~ ± 

30%). Standard glass analyses run alongside tephra samples are reported in Appendix 

eI. Error bars on plots represent reproducibility, calculated as a 2 x standard deviation of 

replicate analysis of MPI-DING StHs6/80-G.  
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2.2.2 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-

MS) 

 

Analyses of both distal and proximal tephra deposits were performed using an Agilent 

7500es ICP-MS coupled to a Resonetics 193nm ArF excimer laser-ablation in the 

Department of Earth Sciences, Royal Holloway, University of London. Analytical 

procedures and operating conditions for tephra analysis are reported in Tomlinson et al. 

(2010). 20µm, 25µm and 34µm spot sizes were used depending on vesicularity of 

pumices/scoria and shard sizes, distal tephras often require a smaller laser spots. Figure 

2.2 demonstrates the laser ablation pit following a single spot analysis. The repetition 

rate was 5 Hz and the count time was 40 s on the sample and 40s on the gas blank to 

allow for the subtraction of the background signal. Ablation through the glass into the 

resin mounts do not contribute to the background signal.  Blocks of eight sample/shards 

of glass and one MPI-DING reference glass were bracketed by NIST612 glass 

calibration standard (GeoREM 11/2006). In addition MPI-DING reference glasses 

(Jochum et al., 2006) were used to monitor analytical accuracy. 

The internal standard used was 
29

Si (determined by EPMA analysis). Since the 

explosive deposits of the many of the tephra in this research are highly evolved 

magmas, low concentrations of CaO do not permit the use of 
43

Ca as an internal 

standard. Three geochemically distinct reference glasses were used to cover the possible 

geochemical spectrum often observed within the tephra deposits. Evolved felsic 

[ATHO-G (rhyolite)], through intermediate [StHs6/80-G (andesite)] to mafic [GOR128-

G (Komatiite)] standards were used. LA-ICP-MS data reduction was performed 

manually using Microsoft Excel allowing for the removal of signal compromised by the 

occurrence of microcrysts. Full details of a time slice data reduction methods are given 

in Tomlinson et al. (2010).  Accuracies of analyses of ATHO-G and StHs6/80-G MPI-

DING glasses are typically ≤ 5%. Relative standard deviations  (% RSD) of LA-ICP-

MS analyses are 5-10% for Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Th, U; 10-20 % RSD 

for mid to heavy rare earth elements (Sm-Yb), Ta, Pb and; 20-30% RSD for Gd and Lu. 

RSD increases with smaller spot (25 and 20 µm) analyses. Secondary standards 

analyses run alongside individual tephras are reported in Appendix eI. For consistency 

with EPMA error reporting, error bars on plots show 2 x the standard deviation of 

replicate analyses of MPI-DING StHs6/80-G.   
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Figure 2.2: SEM image of a LA-ICP-MS ablation pit following glass analyses of a highly vesicular 

stretched pumice sample. 

 

2.2.3 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

 

Where glass analysis was not possible due to the high crystalinity of tephras, ICP-AES 

(Department of Earth Science, Royal Holloway) was used to determine the major and 

minor element concentrations in the pumice and scoria.  Individual pumices or scoria 

were ground into fine powders within a tungsten barrel using a TEMA grinding mill. 

Total digestion of samples was carried out using Ga as an internal standard. Powdered 

samples were mixed at ratio of 1:5 with LiBO2 + Ga (Lithium Metaborate and 

Gallium). Fusions were digested in 5% nitric acid. Accuracies of analyses of the AVG-1 

standard are typically < 5% for all elements analysed. Relative standard deviations 

(%RSD) are < 3 % for Si, Al, Fe, Mg, Ca, Sr, and < 5% for Na, K, and Mn.    

 

2.2.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

 

Where glass analysis was again not possible due to the high crystalinity of tephras ICP-

MS (Department of Earth Sciences, Royal Holloway) fusions were used to determine 

trace element concentration in the pumice and scoria. Individual pumices or scoria were 

ground into fine powders within a tungsten barrel using a TEMA grinding mill. Total 

dissolution of samples was conducted using hydrofluoric and Perchloric acid. A 6 ml, 

1:2 mixture of HCIO4 and HF are added to each sample. Accuracies of analyses of the 

AVG-2 standard are < 5 % for all most elements; with Nb, Sm and Gd typically < 10 %. 



35 
 

Relative standard deviation (%RSD) are < 1% Y, Ba, La, Ce, Pr, Nd, Dy, Er, Yb, Lu, 

Ta, Pb, Th;  < 2% Rb, Zr, Nb, Sm, Gd; ≤  3% for Eu.  

 

2.3 Statistical analysis of geochemical data 

 

Further to conventional graphical inspection of the glass data presented in this thesis 

(bi-plots and mantle normalised diagrams), statistical approaches are being more readily 

adopted to validate tephra correlations. Numerical correlation techniques are widely 

adopted in particular similarity coefficients (SC) (i.e., Borchardt et al., 1971; Tomlinson 

et al., 2012), this only considers the sample average which can be problematic given the 

important and natural variation seen in some tephra deposits.  Herein statistical distance 

is used as an additional tool (D
2
; Perkins et al., 1995, 1998; Pearce et al., 2008) for 

assessing tephra correlations. Statistical distance measures the difference between 

sample pairs, based on their mean and standard deviations. Providing the data has a 

normal distribution, the D
2

calculated value has a Chi-squared distribution between 

compositionally identical sample pairs. Where glass populations display non-normally 

distributed populations, it may, in some instances, be possible to identify distinct 

normally distributed groupings, for instance in a compositionally bi-modal tephra, thus 

enabling statistical treatment of the two end-members separately. However where a 

tephra deposit contains significant background shard populations, numerous 

compositional groups or significant heterogeneity, then this approach is not applicable 

and has consequently not been applied to all tephra correlations within this thesis.  

 

Where applicable, if the D
2

calculated > the D
2

critical then the null hypothesis (the same pairs 

are identical) can be rejected. D
2

critical, is defined from the Chi squared tables depending 

on the degrees of freedom (f), where f = number of elements used. Thus, where f = 8 

(elements), at a 95% confidence limit, the D
2

calculated would need to exceed the D
2

critical 

value of 18.307 for the sample pair to be significantly different. A D
2

calculated value less 

than the D
2

critical means that the sample pair cannot be distinguished, however it does not 

indicate that they are identical. Compositionally identical samples can only be 

determined if D
2
 = 0. Lower D

2
 values do indicate greater compositional similarities 

between sample pairs and provide greater confidence in possible correlations (Pearce et 

al., 2008). Whilst this offers a useful tool for quantifying geochemical difference 

between tephras, determining correlations remain best constrained through detail 

investigation of multiple bi-plots where important trends can be identified. 
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Chapter 3: The tephrostratigraphy and glass compositions of explosive volcanism 

on the Aeolian Islands: Geochemical variability and chronostratigraphic markers. 

Abstract 

Tephras (volcanic ash < 2mm) from explosive volcanic activity on the Aeolian Islands 

are recorded distally in sedimentary archives within the central Mediterranean region. 

Tephrochronology requires that these ash layers can be robustly correlated to dated 

proximal deposits. Proximal stratigraphies of major explosive activity on the Aeolian 

Islands spanning the last 42 ka have been subject to detailed sampling. Determined here 

are major, minor and trace element compositions of volcanic glass to aid in proximal-

distal correlations and to facilitate the re-assessment of existing distal 

tephrostratigraphies. Glass data from Lipari, Salina, Panarea Vulcano and Stromboli are 

presented. 

Magmas erupted from the Aeolian Islands are geochemically diverse, reflecting variable 

petrological processes. The explosive products of Lipari (Monte Guardia) and Salina 

(Lower and Upper Pollara) demonstrate significant stratigraphic geochemical 

heterogeneity resulting from the mixing of discrete silicic melts. Island specific 

explosive activities often produce major and minor element compositions that are 

statistically indistinguishable through time. In certain instances glasses are best 

distinguished with careful assessment of the major and minor element variations (i.e. 

Vulcano, Stromboli), whilst in other cases trace element variations are more diagnostic 

of individual eruptions (Lipari and Salina).  

Petrogenetic processes operating beneath Vulcano and Stromboli mean that their 

products can be separated using HFSE/Th ratios, despite the overlapping major element 

geochemistries of tephras from these two islands. Thus, in the absence of precise 

proximal equivalents of distal ash layers it is still possible to assign a volcanic source. 

On Lipari, HKCA rhyolitic glass geochemistries produced repeatedly over the last 42 ka 

are defined by increased concentrations of LREE and Th over time. On Stromboli, 

spatial geochemical variations observed in the Secche di Lazzaro deposits demonstrate 

the importance of detailed sampling at numerous localities in order to fully define 

diagnostic geochemistries at source. 
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3.1 Introduction  

Distal occurrences of Aeolian island tephra are reported in marine archives in the 

Tyrrhenian Sea (Paterne et al., 1988; Di Roberto et al., 2008; Albert et al. 2012), 

Adriatic (Siani et al., 2004) and the Ionian Sea (Clift and Blusztajn, 1999; Caron et al., 

2012). Additionally these tephra are identified in lacustrine cores (Narcisi, 2002) and 

the continental stratigraphies at Capo Milazzo (Morche 1988) on Sicily and more 

distally in the lacustrine sediments of Ioannina NW Greece (T. Jones 2012 pers comm.). 

With the continued application of micro-tephra investigation in the distal archives of the 

Central Mediterranean it is likely that more distal equivalents of major explosive 

eruptions will be identified. The purpose of this chapter is to;  

(1) Define the major and minor and trace element glass geochemistries of proximal 

deposits of some of the largest explosive episodes on the Aeolian Islands. 

(2) Assess the chemical variability of the glass compositions produced, both temporally 

and spatially (correlating proximal/medial stratigraphies); 

(3) Identify diagnostic features useful in assigning provenance solutions to distal tephras 

derived from the Aeolian Islands. 

3.2 Geological background 

The Aeolian volcanic arc comprises seven volcanic islands (Alicudi, Filicudi, Salina, 

Lipari, Vulcano, Panarea and Stromboli) and seven seamounts (Fig. 3.1). The 

Archipelago formed as a result of subduction of the Ionian plate beneath Calabria, a 

consequence of convergence of the African and Eurasian plates (e.g. Wortel and 

Spakman, 2000). Effusive and explosive eruptions on the Aeolian Islands have 

produced a large variety of products with differing magmatic associations. These range 

from calc-alkaline (CA) to high-K calc-alkaline (HKCA), shoshonitic (SHO) to High-K 

series (KS) suites (Ellam et al., 1988; Francalanci et al., 1993; Gioncada et al., 2003). A 

brief summary of the overall volcanic histories of the five Aeolian Islands investigated 

in this research are given below.  
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Figure 3.1: A map of the Aeolian Islands location in the southern Tyhrrehenian Sea.  From left to right; 

A= Alicudi; F=Filicudi; S = Salina; L=Lipari; V= Vulcano; P= Panarea; St= Stromboli. MB = Marsili 

Basin. Also given at the locations of two marine cores reffered to; KET8003 and KET8011 (Paterne et al., 

1988) 

3.2.1 Lipari 

Lipari is the largest of the Aeolian Islands (Fig. 3.2), the eruptive history is divided into 

10 cycles separated by periods of quiescence (Crisci et al., 1991). The older cycles 

spanning I-VI (220-92 ka) are characterised by basaltic andesite to high K-andesites 

(Crisci et al., 1991).  
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Following a significant period of quiescence activity resumes on the Island at 42 ± 3 ka 

and sees the introduction of more evolved rhyolitic compositions (Gioncada et al., 

2003). This post-42 ka stratigraphy is geochemically characterised in this chapter. 

3.2.2 Salina 

Salina is the second largest island; six volcanic centres can be indentified ranging in age 

from 500-13 ka (Gertisser and Keller, 2000) (Fig. 3.3). Two clearly separate volcanic 

cycles can be distinguished on Salina, (1) characterised by eruption of high aluminium 

basalts ranging to dacites, these products were erupted from centres Capo, Rivi, Corvo 

and Fossa delle Felisi (oldest to youngest). An erosional unconformity separates these 

deposits from the younger cycle. This erosional unconformity is characterised by raised 

beach terraces associated with the last interglacial (Keller, 1980). (2) Younger activity 

(67-13 ka) built the andesitic cone of Monte dei Porri and ended with activity at the 

Pollara explosion crater. The activity at the Pollara centre, in the north-west of the 

island is the focus of geochemical characterisation in this study (Fig. 3.3). 

3.2.3 Panarea  

The formation of Panarea started at 149 ± 5 ka and was completed before 124 ka 

according to data from raised marine terraces (Lucchi et al., 2007). More recent 

chronological investigations suggest that activity on the island occurred as recently as 

30 ± 2 ka (Dolfi et al., 2007). However, these U/Th ages are derived from scoria that 

Calanchi et al., (1992) attribute to Strombolian basaltic calc-alkaline activity from an 

offshore volcanic vent.  Explosively produced pumices that are local are classified as 

andesite-dacites (Calanchi et al., 1992). Regardless of age uncertainty these local 

pumices are characterised in this chapter.   

3.2.4 Vulcano  

The oldest sub-aerial deposits on Vulcano are 120 ka, belonging to the Primordial 

Vulcano (Keller, 1980b). Around 50 ka, north dipping, normal faults affected the 

northern part of the old edifice producing caldera della Fossa (Fig. 3.4). Basaltic and 

shoshonitic eruptions occur during this activity (Gioncada et al., 2003). A second 

important volcano-tectonic phase occurred around 25 ka (Voltaggio et al., 1997).  
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This resulted in shoshonitic eruptions along a NNW-SSE trending fault (Spiaggia Lunga 

and Quadrara scoria blankets) (Fig. 3.4). The Lentia collapse concluded the formation 

of Caldera della Fossa, which are rhyolitic in composition. This is followed by the Tufi 

di Grotte dei Rossi (TGR) hydromagmatic eruptions thought to be derived from within 

Caldera della Fossa (De Astis et al., 1997). During this time activity at Monte Saraceno 

produced a scoria blanket. The most recent activity on the island produced the La Fossa 

cone that last erupted in 1888-1890.   

3.2.5 Stromboli 

Stromboli is the northern most island of the Aeolian archipelago (Fig.3.1). The island 

lies at an elevation of 924 m a.s.l. making up the subaerial section of a larger 

stratovolcano that rises 3000m above the sea floor (Giordano et al., 2008). Deposits on 

the island are younger than 100 ka. The stratigraphy has been subdivided into seven 

superimposed edifices, according to major stratigraphic unconformities these include: 

Paleostromboli I (100-64ka; HKCA), Paleostromboli II (64-55ka; CA), Paleostromboli 

III (<55-35ka; HKCA to shoshonitic), Scari (35ka; shoshonitic), Vancori (<25-13ka; 

shoshonitic), Neostromboli (13-5ka; KS) and Stromboli (<5 ka-present; shoshonitic, 

HKCA) (Hornig-Kjarsgaard et al., 1993). A major topographic feature of Stromboli is 

the scar of a lateral sector collapse of the NE sector of the volcano, Sciara Del Fuoco 

(SDF; Figure 3.5) (Bertagnini and Landi, 1996). 

3.2.6 Explosive Aeolian Island Activity 

Explosive volcanism in the Aeolian Islands is dominated by mid to low intensity (sub-

Plinian) eruptions, the largest of these eruptions producing approximately ~ 0.5 km
3
 

(Total volume) of pyroclastic material (De Rosa et al., 2003a). Within the Aeolian 

Islands some of the most explosive volcanism displays eruptive sequences indicative of 

magmatic fragmentation, in some instances driven by magma mixing as a triggering 

mechanism (Calanchi et al., 1993; De Rosa et al., 2003a; Sulpizio et al., 2008). 

Evidence of phreatomagmatic activity is also observed (De Astis et al., 1997) and in the 

case of Stromboli often associated with flank failure of these volcanic islands 

(Bertagnini and Landi, 1996).  
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Figure 3.2: Geological map of Lipari (adapted from Gioncada et al., 2003), showing the main eruptive 

units produced during the last 42 ka on the island. Also shown are the sample localities of the investigated 

eruptions. 
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Figure 3.3: Geological map of Salina (adapted from Gertisser and Keller 2000), showing the main 

eruptive units spanning the 500-13 ka. Also shown are the sample localities of the eruptions investigated.  

Deposits are characterised by a mixture of fall deposits from eruptive columns and flow 

deposits resulting from small volume, short run out pyroclastic density currents (PDC) 

(Sulpizio et al., 2008). Table 3.1 lists the selected significant explosive eruptions of the 

Aeolian Islands during the last 42 ka that have been targeted for geochemical 

investigation here. Published ages have been extracted from the literature and include 

radiocarbon ages, K/Ar ages and 
40

Ar/
39

Ar ages. Radiocarbon ages have been calibrated 

using OxCal 09, this calibration uses IntCal 09 (Reimer et al., 2009).  

3.3. Aeolian islands Post 42 ka sampled stratigraphy 

With distal tephrochronology in mind herein the focus is on stratigraphies representative 

of major explosive volcanism. Detailed mapping and stratigraphic investigations have 

greatly improved our knowledge of the overall event stratigraphy in the Aeolian Islands 

and were essential in the identification of the investigated deposits to be sampled 

(Keller, 1980a,b; Rosi, 1980; Crisci et al., 1991; Calanchi et al., 1993; De Astis et al., 

1997; Lucchi et al., 2010; Tibaldi et al., 2001; Dellino et al., 2011). The following 

section is a brief summary of the sampled stratigraphic units that have subsequently 

been geochemically characterised as part of this research.  
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Figure 3.4: Geological map of Vulcano showing the erupted deposits produced during the last 42 ka 

(adapted from Gioncada et al., 2003). Also shown are the sample localites of eruptions investitigated. 
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Figure 3.5: Geological map of Stromboli showing the eruptive products produced between 100 ka and 

present day (adapted from Hornig-Kjarsgaard et al., 1993). Also shown are the sampled localies from ths 

investigation and also those of Petrone et al., (2009).  

3.3.1 Lipari 

The basal age constraint for sampling on Lipari was 42 ± 3 ka (Crisci et al., 1991) based 

on K/Ar determination from the lower most southern rhyolitic lava dome. This marks 

the onset of Lipari Epoch 4 (which encompasses eruptive cycles VII and VIII) and 

HKCA rhyolitic activity. Epoch 4 sees a switch from a composite volcanic centre (St. 

Angelo) to dome forming activity (Gioncada et al., 2003). Successive eruptions are 

characterised by initial explosive volcanism and subsequent effusion of superimposed 

viscous dome (Lucchi et al., 2010). Epoch 4 and 5 are separated by what is termed the 

Upper Brown Tuff (Lucchi et al., 2008), within this unit the l2 layer has been identified 

on Northern Lipari, this is a pumice bed of HKCA rhyolitic activity believed to be local 

to Lipari, whilst it source remains unresolved it has been chronologically constrained as 

>11.4 ± 1.8 and < 20.5 ± 0.7 (Lucchi et al., 2008). Further evidence of explosive 

volcanism on Lipari, between Epoch 4 and 5 is identified as the Vallone Canneto 

Dentro formation, which also display a high HKCA rhyolitic affinity (Lucchi et al., 

2008). The onset of Epoch 5 (cycles IX and X) is related to shift of activity to the north 
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eastern sector of the island, rather than eruptive style, with activity located at the 

Gabellotto and Pilato centres (Gioncada et al., 2003).  

The southern Lipari stratigraphy is well constrained by the so called ‘Brown Tuffs’. 

Brown Tuffs represent ash accumulation derived from sources external to activity on 

Lipari (Lucchi et al., 2008). Successive brown tuff deposits separate the explosive 

deposits of Epoch 4 on Lipari from the younger Epoch 5 deposits. Table 3.2 summarises 

the pyroclastic successions from Lipari during both Epoch 4 and 5, whilst also giving 

details of the juvenile samples collected for analysis.  

The Epoch 4 stratigraphy is best observed along the footpath leading down to spiaggia 

Valle Muria, south-west Lipari (Fig. 3.2). The sampled stratigraphy is shown in Figure 

3.6 and details of the deposits are given in Table 3.2. Three pyroclastic units are 

observed interbedded between the brown tuff deposits spanning eruptive cycles VII and 

VIII (Fig. 3.7). Using the nomenclature of Lucchi et al. (2010) the lowermost deposit 

here are associated with the P. del Perciato Formation- pe2 member (Unit 2), these 

deposits represent rhythmic fall from an eruptive column and possibly subsequent 

surges.  

 

 

 

 

 

 

Table 3.1: Over page: Major explosive eruptions targeted for juvenile geochemical analysis 

within the Aeolian Islands during the last 42 ka. These tephras are considered to represent 

potential distal tephras recorded in the distal central Mediterranean archives. Abbreviations; cpx 

= clinopyroxene; amp = amphibole; plag = plagioclase; bt = biotite; kf = K-feldspar; zr = zircon; 

ol = olivine, opx = orthopyroxene. Radiocarbon dates from the literature are calibrated using 

OxCal 09, this calibration uses IntCal 09 (Reimer et al., 2009). The dagger symbol represents 

the presence of magma mingling.  
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Eruption  Source 

Island 

Volcanic 

centre 

Age  TAS classification 

(Le Bas et al., 1986) 

Magma 

Mingling 

Phenocrysts Eruption Type Reference 

           

P. del Perciato Lipari Southern  

Lipari 

42 ± 3 ka Rhyolite  cpx, kf sub-Plinian  Crisci et al., (1981) 

Lucchi et al., (2010) 

Falcone Formation Lipari Southern 

Lipari 

 Trachy-rhyolite to 

rhyolite 

 cpx, kf, zr sub-Plinian  Lucchi et al., (2010) 

Lower Pollara Salina Pollara 27.6 ± 0.8 cal ka BP   
(14C 22, 940 ± 340 yrs BP) 

Basaltic andesite- 
Rhyolite 

† Plag, cpx, amp, 
ol, opx 

sub-Plinian Keller (1980) Morche 
(1988) Calanchi et al., 

(1993) 

Monte Guardia  Lipari Southern 
Lipari 

26.3 ± 0.8 cal ka BP 
 (14C 22, 600 ± 300 yrs BP) 

Rhyolite † cpx, kf, zr sub-Plinian/  
Dome extrusion 

De Rosa et al., (2003) 

           

Quadrara  Vulcano SW Vulcano 21  ± 3.4 ka Trachytic † bt, kf, cpx, plag sub-Plinian Zanella et al.(2001) 

Upper Pollara Salina Pollara 15.2  ± 0.8 cal ka BP  Dacite-Rhyolite † bt, cpx, amp, ol sub-Plinian  Keller (1980b) 

    (14C 12,970 ± 180 yrs BP)     Sulpizio et al., (2008) 

Casa Lentia Vulcano La Fossa 13  ±  3.0 ka  Trachyte-Rhyolite   sub-Plinian   Soligo et al., (2000) 

Upper Vancori Stromboli Vancori 13 ka  Trachyte   cpx, plag sub-Plinian  Cortes et al., (2005) 

Gabellotto- Lipari NE Lipari 8.5 ± 0.1 cal ka BP  Rhyolite  - sub-Plinian/ Gioncada et al., (2003) 

Fiume bianco   14C  7770 ± 70 yrs BP    Dome extrusion Siani et al., (2004) 

Monte Saraceno Vulcano Central  8.3 ± 1.6 Ka Trachy-andesite   Violent Zanella et al., (2001) 

   Vulcano     Strombolian   

Upper Piano Grotte Vulcano ? 7.7 ka Basaltic trachy-andesite 

to Trachy-andesite 

 cpx, plag ? De Astis et al., (1997) 

dei Rossi tuffs 

(TGR) 

         

Secche di Lazzaro Stromboli Stromboli ~5 ka Trachy-andesite  cpx, plag, bt, ol Phreatomagmatic/ Bertagnini and Landi 

(1996) 

        sub-Plinian   
Palizzi  Vulcano La Fossa 2.1 ± 0.3 - 3.8 ka BP  Trachy-andesite  plag, cpx Violent Strombolian/ Voltaggio et al., (1995) 

        sub Plinian Dellino et al., (2011) 

         
Monte Pilato Lipari Monte Pilato  776 cal AD  Rhyolite  - sub-Plinian/ Keller (2002) 

      (14C 1241 ± 31 yrs BP)      dome extrusion Davi et al., (2010) 
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Figure 3.6: The investigated stratigraphy of the P.del Perciato (pe2) and Falcone (fa1) 

formations at Valle Muria, SW Lipari. 

This lowermost formation has been dated to 42 ± 3 ka (Crisci et al., 1991) and is 

characterised by white pumice lapilli deposits. Separated from this by almost 2 meters 

of brown tuff is the next pyroclastic succession, the Falcone formation - fa1 member 

(Unit 4), this early fall and successive surge deposits are characterised by white and 

grey pumices with evidence of mixing. 
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Figure 3.7: Complete stratigraphy of the Southern Lipari succession at Valle Muria; P.del 

Perciato formation (unit 2), the Falcone formation (unit 4) and capped by the Monte Guardia 

deposits.  

 

The age constraints on this unit is poor, Lucchi et al., (2008) constrain it to between > 

23.5 ± 0.9 and 40.0 ± 2.5 ka on the basis of ages associated with the pyroclastic units 

above and below.  The Falcone formation is capped by brown tuff and resting above 

this is the Monte Guardia pyroclastic succession (Fig. 3.6; 3.7).  
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Figure 3.8: The sampled eruptive stratigraphy of fall and surge beds of the Monte Guardia, NE 

Lipari. The sequence is separated by a thin Palaeosol from the Lower Pollara pyroclasts from 

Salina. 
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The complete Monte Guardia eruptive sequence was sampled from north eastern Lipari 

(Fig. 3.8), where it stratigraphically overlies the Lower Pollara tuffs, Salina, separated 

by 20 cm of brown tuff (Crisci et al. 1983). The palaeosol just below the Monte Guardia 

succession is dated to 27.3 ± 0.8 cal ka BP (
14

C 22. 6 ± 0.3 ka BP un-calibrated; Crisci 

et al., (1983)) providing a maximum age. The Monte Guardia succession (Table 3.2) is 

comprised of opening fall deposit in which pumice lapilli were both grey and white 

(Units 2a-d), with evidence of magma mixing. This fall is capped by successive surge 

deposits containing progressively less grey pumices up section (Unit 4). The final phase 

of the eruption records further fall, where the grey pumices become completely absent. 

Milky white pumice lapilli and black obsidians make up the juvenile assemblage. Monte 

Guardia pyroclasts have been identified on the neighbouring islands of Salina (Lucchi et 

al., 2008), Vulcano (Keller 1980a; Lucchi et al., 2010) and more distally on Panarea 

(Lucchi et al., 2008; De Rita et al., 2008). The Monte Guardia stratigraphy was sampled 

near Gelso, Vulcano to provide a medial representation of the sequence to assess 

geochemical variability. Explosive activity in Epoch 4 finishes with M. Guardina dome 

activity. This followed by fall deposits associated with the Vallone Canneto Dentro 

dome forming extrusion (Lucchi et al., 2010). These units are interpreted as being 

indicative of minor explosive activity and so were not sampled.  

Explosive activity of Epoch 5 is concentrated further north, the Gabellotto-Fiume 

Bianco (GFB) deposits of eruptive cycle IX were sampled near the summit of St. 

Angelo, Lipari (Fig. 3.2; Table 3.2). The most recent proximal age of this eruption is 

7170 ± 720 yrs BP (Bigazzi et al., 2003). This eruption represents the initial explosive 

phase associated with Epoch 5. The succession contains a limited fall component (Unit 

2). It is dominated by medium to thickly bedded cross stratified pumice lapilli tuffs 

(Fig. 3.9). These deposits are characterised by white pumices and scarce obsidian.  

The most recent explosive activity on the island is associated with the Monte Pilato 

pumice cone; separated from the GFB deposits by a palaeosol. Field observations 

indicated at least two sub-phases of fall, punctuated by a small break in activity. Details 

of the sampled stratigraphy are given in Table 3.2. A 
14

C age from the base of the 

Monte Pilato pumice sheet dates the activity to 776 ± 95 A.D (un-calibrated 1241 ± 31 

yrs BP; Keller, 2002). 
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Figure 3.9: The Sampled stratigraphy of Gabellotto-Fiume Bianco from Monte Sant‘ Angelo. Minor fall 

was identified towards the base of the deposit (Table 3.2), whilst the remaining stratigraphy was 

dominated by surge deposits.  
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Table 3.2: Part 1: Sampled proximal stratigraphy of Lipari over the last 42 ka ranging from Epoch 4 to 5. Shown are the proximal units of the P.del Perciato 

Formation; the Falcone formation, the Monte Guardia (MG), Gabellotto-Fiume Bianco (GFB) and Monte Pilato. K-feld = K-feldspar, plg = plagioclase; cpx = 

clinopyroxene; bt = biotite; amp = amphibole; Ti-mag = Titanium magnetite. 

 

 

Eruption Sample Locality Stratigraphy Activity Lithology and 
Petrology 

Mixing Dispersal Intra-island Sampled 

  EPOCH 5 Lipari   X       

Monte Pilato 
(M.P)           

Cycle X 

Monte St.Angelo, 
Lipari                        

N38 29'22.63 
E01456'21.26 

Pyroclastic succession resting on (Unit 1) an underlying 
palaeosol; (Unit 2) M.P (Lower), up to 10cm thick well 
sorted white lapilli sized pumice bed. (Unit 3) M.P upper; 
(a) alternating ash (5cm), (b) lapilli sized well sorted 
pumice bed (5cm) and obsidian fragments; (c) capped 
with an ash layer (3cm). Lower pumice unit (Unit 1) is 
temporally separated from the upper fall (Unit 3) by 
evidence of biological reworking of pumices into the 
underlying palaeosol, only possible if this pumice bed 
was exposed for a period of time. 

Two Sub-plinian fall episodes 
associated with Pilato Dome 
extrusion 

No phenocrysts 
 

N, S 
                                              

Stromboli                                 
Vulcano 

(Unit 2) (Unit 
3b)  

Palaeosol 
  Palaesol           

  

Gabellotto 
Fiume 

Bianco (GFB)   
Cycle IX 

Monte St.Angelo, 
Lipari 

3 meter pyroclastic succession of white pumice lapilli 
tuffs. Minor, angular, clast supported pumice lapilli (Unit 
2). Largely Medium to thickly bedded cross stratified 
pumice lapilli tuffs, comprised of a coarse ash matrix 

(Unit 2) Small Sub-Plinian Fall 
contribution. (Unit 1, 3-9) 
dominated by thick surge deposits 

No phenocrysts 
 

E, S 
                            

Panarea                    
Vulcano 

Unit 2 (GFB 
lower) white 
pumice 
lapilli; Unit 5 
(GFB middle) 
white pumice 
lapilli; Unit 8 
(GFB upper) 
white pumice 
lapilli 

Palaeosol   
Upper Brown Tuff           

  

L2 - 
Medium bedded, lithic rich, pumiceous lapilli Tuff (1-2m 
thick) ? - 

 
 

 
N.A. 

    
Upper Brown Tuff           
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Eruption Sample Locality Stratigraphy Activity Lithology and Petrology Mixing Dispersal Intra-island Sampled 

    
Upper Brown Tuff           

  

  EPOCH 4 Lipari           

Monte 
Guardia 

(MG) 

NE Lipari 
N38 30’30.36 
E14 54’59.42 

1.5  meter pyroclastic succession rest on (Unit 1) 
'Brown Tuff' which overlies the Lower Pollara 
Tuffs KB; (Unit 2) Four clast supported, well 
sorted, pumice lapilli beds capped by massive ash; 
both white and grey pumices are present with 
mixing textures; coarsest clasts in unit 2a; (Unit 3) 
horizontally laminated ash bed; (Unit 4) 
alternating couplets of rounded white pumice 
lapilli and ash, capped by an massive ash; (Unit 5) 
Clast supported, well sorted white pumice lapilli 
and numerous dark obsidian fragments; (Unit 6) 
Brown Tuff/Palaesol  

(Unit 2) Early Sub-Plinian 
Fall, (Unit 4) surge activity 
dominates and the surge 
deposits are capped by 
(Unit 5) further sub-plinian 
fall. 

White and grey pumice lapilli. 
White pumices are crystal poor 
but contain k-feld, plag, amp, bt, 
Ti-mag. Grey pumices contain 
cpx, plag and Ti-mag 

X NE, S 

                        
Stromboli                         
Vulcano                            
Panarea             

Unit 2a, white and 
grey pumice lapilli; 
Unit 2d, white and 
grey pumice lapilli; 
Unit 4e,  white 
pumice lapilli; Unit 5, 
white pumice and 
black obsidian 

        
  

Palaeosol   
20cm below MG pyroclastics are Lower Pollara 
Tuffs, Salina outcrop on NE Lipari       

  
    

Falcone 
Formation 
(Cycle VII) 

SW Lipari                
N38 27'764              
E14 15 107 

The upper part of Pre-Monte Guardia succession 
comprises of 3.5 meter pyroclastic succession 
resting on (Unit 3) a 'Brown Tuff' deposit; (Unit 4) 
is subdivided into sub-units, access was only 
available to the lowermost unit (a) which 
comprised of a largely clast supported, angular 
pumice lapilli (grey and white), with a 
contribution of lithics and oversized bombs; 
(Units 4 b-d) the overlying deposits comprised of 
what appeared to be alternating pumice lapilli 
tuffs and clast supported beds. 

(Unit 4a) Sub-Plinian fall, 
near vent given the 
oversized bombs, (Unit 4 b-
d) the  upper succession 
looked to include surge 
deposits (rhythmic pulses), 
capped by further fall 

White and grey pumices lapilli. 
White pumice are crystal poor 
but contain plag, K-feld, amp. 
Grey pumices contain cpx, plag, 
Ti-mag. 

X E, NE - 
Unit 4a, white and 
grey pumice lapilli. 

Palaeosol                 

P. del 
Perciato 

Formation 
(Cycle VII) 

SW Lipari                 
N38 27'764                
E14 15 107 

Pyroclastic succession comprises of 1 meter thick; 
(Unit 2) alternating horizontally bedded clast 
supported pumice lapilli and ash beds.  

Sub-Plinian fall deposits , 
the fine beds indicate a 
rhythmic nature of activity, 
with a significant number of 
explosive pulses, dominated 
by white pumices. 

White pumices contained plag, K-
feld 

 

E, NE - 
(Unit 2) White milky 
pumice lapilli 

  EPOCH 3 Lipari           

Table 3.2: Part 2. 
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Figure 3.10: Sampled stratigraphy of the Monte Pilato eruption outcropping on Monte St. Angelo, Lipari.  

Two separate sub-phases to the eruption are recognised.  
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The Monte Pilato activity recorded on St.Angelo (Fig. 3.10) opened with a sub-Plinian 

fall deposit (Unit 2). These clast supported white pumice lapilli fall deposits are 

imbedded into the underlying palaeosol through biological reworking. This is only 

considered possible if the pumice bed was exposed prior to subsequent burial by the 

following activity (Rosi 2009 pers comm.). The opening phase is referred to as Monte 

Pilato lower, whilst the overlying ash and pumice fall (Unit 3) are reported as Monte 

Pilato upper. Davi et al. (2010) have highlighted that the stratigraphy of Monte Pilato is 

complicated with multiple sub-phases which might suggest a long lived multi-stage 

explosive eruption. Monte Pilato activity is indentified and well constrained in the local 

volcanic stratigraphies of Vulcano (Lucchi et al., 2010) and Stromboli (Rosi et al., 

2000). 

3.3.2 Salina 

Post Monte dei Porri (67-70ka) explosive activity on Salina shifted to the Pollara centre 

on the north western coast of the island. Activity in the last 30 ka occurred three times, 

starting with the lava flows of Punta del Pericato, 30 ± 3 ka (Gilliot, 1987). This was 

followed by two explosive eruptions from the Pollara centre (Fig. 3.3) named the Lower 

Pollara and the Upper Pollara tuffs (Keller, 1980b). The Lower Pollara tuff deposits 

were sampled both on the island of Salina near Valdichiesa and the neighbouring island 

of Lipari. The Valdichiesa stratigraphy (Fig. 3.11) rests on a palaeosol. This pyroclastic 

succession comprises opening ash fall followed by porphyritic mafic scoria fall.  

The stratigraphy is interrupted by a red lithic rich horizon before a pumiceous fall 

deposit, comprising mingled, white and grey pumices (Fig. 3.11). Up stratigraphy the 

pumice fall becomes dominated by white pumices. The sequence is capped by a poorly 

sorted, matrix supported deposit, containing pumice lapilli and oversized lithic blocks 

and is interpreted as a post eruptive laharic deposits. Morche (1988) correlates Lower 

Pollara activity on Salina to the ‘Key bed’ (KB) deposits within the Lipari stratigraphy. 

Lower Pollara KB is well constrained by bracketing 
14

C ages on Lipari. Morche (1988) 

date the base of the Lower Pollara to 27.6 ± 0.8 cal ka BP; (22, 940 ± 340 yrs BP un-

calibrated), whilst the palaeosol overlying the Lower Pollara is dated to 26.3 ± 0.8 cal 

ka BP (22, 600 ± 300 yrs BP) by Crisci et al. (1983).  
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Figure 3.11: Sampled fall stratigraphy of the Lower Pollara eruption Salina at Valdichiesa and 

at the ‘Key bed’ locality on NW Lipari (Morche, 1988). (a) Valdichiesa stratigraphy; and (b) the 

‘Key bed’ sequence separated by a thin palaesol from the Monte Guardia deposits
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Figure 3.12: Representative Upper Pollara stratigraphy sampled, NW Salina, samples were 

collected from outside the Pollara crater following PO3. PO11 is inside the caldera thus the 

separate scale bar (Adapted from Sulpizio et al. (2008)). 

 

This Lower Pollara KB succession (Fig. 3.11; Table 3.3) largely mirrors that of the 

Valdichiesa stratigraphy. Resting upon a palaesol it is comprised of clast supported, fine 

grained, lapilli sized porphyritic scoria, which is capped by coarser pale white and grey 

pumice lapilli (Fig. 3.11). Thus both stratigraphies are characterised by a reversed 

eruptive sequences with mafic deposits erupted before the felsic component, this is 

consistent with previous observations of Calanchi et al. (1993). Distal localities indicate 

that the denser porphyritic scoria are likely to be less widespread given that the grain 

size is significantly finer relative to the pumices recorded in the KB, Lipari.  
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Following a period of quiescence on Salina, activity resumes on the island shortly after 

15.2 ± 0.8 cal ka BP (
14

C 12,970 ± 180 yrs BP; Keller, 1980b) on the basis of a C
14

 age 

derived from beneath the Upper Pollara sequence. Upper Pollara sampling followed the 

outlined and detailed stratigraphical investigations of Sulpizio et al. (2008) (Fig. 3.12), 

where eruptive units are defined by erosional contacts. These erosional surfaces signify 

pauses in the deposition of the pyroclastic deposits through the Upper Pollara 

stratigraphy (Sulpizio et al., 2008). The thickness of this deposit is more limited outside 

the Pollara crater (Fig. 3.12). A summary of the stratigraphic context of the samples 

analysed are given in Table 3.3. Eruptive Unit 1 (ERU1), containing dull white and grey 

banded pumices, provides the only evidence of fall from a sustained eruptive column 

during the Upper Pollara eruption. Sulpizio et al. (2008) suggest that this eruptive 

column was weak and fairly short lived with limited fall components capped by an 

almost contemporaneous dilute pyroclastic density current (PDC) deposit. The 

remaining four eruptive units (ERU 2-5) are attributed to PDC deposits (Sulpizio et al., 

2008) summarised in Table 3.3. Juvenile glass components vary between these units. 

ERU 2 is dominated by dull white pumices, with only a limited grey component. ERU3 

and ERU4 comprises of milky white pumices and grey pumice lapilli, with evidence of 

mixing/banding. ERU5 comprises almost exclusively of grey pumice lapilli. Dispersal 

of both Lower and Upper Pollara pyroclastic deposits are east, south-east based on 

isopachs (Sulpizio et al., 2008). 
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Eruption Sample Locality   Stratigraphy Activity Lithology and Petrology Mixing Sampled 

Upper Pollara 
ERU 5 

Between Pollara 
crater and Malfa 

terrace 

Su
lp

iz
io

 e
t 

al
.,

 2
0

0
8

 

Fi
gu

re
 3

.1
2

 

Poorly sorted, massive ash with sparse pumice lapilli.  PDC deposits 
Grey pumices, containing plag, cpx, amp, 
bt. 

 

Grey pumices 

ERU 4 
Between Pollara 
crater and Malfa 

terrace 

Poorly sorted, massive ash with sparse pumice lapilli. 
With large amounts of ballistic blocks  

PDC deposits 
Milky white pumices; amp, bt.; and grey 
pumices; plag, amp, bt. 

X 
Milky white pumices and 
grey pumices 

ERU 3 
Between Pollara 
crater and Malfa 

terrace 

Coarsest and richest juvenile unit. (a) Poorly sorted 
massive ash with coarse pumices, (b) capped by 
crudely stratified coarse pumice and lithic lapilli 

PDC deposits 
Milky white pumices; amp, bt.; and grey 
pumices; plag, amp, bt. 

X 
(a) White, grey and banded 
pumices 

ERU 2 
Between Pollara 
crater and Malfa 

terrace 

Poorly sorted, crudely stratified coarse pumice and 

lithic lapilli beds 
PDC deposits 

Dull white pumice are dominant, 
occasional grey pumice 

? Dull white pumices 

ERU 1 
Between Pollara 
crater and Malfa 

terrace 

(a) Clast supported lithic rich pumice and ash beds. 
Thickness ranges from a 1 meter to a few cm in distal 
localities. (b) Capped by poorly sorted, crudely 
stratified pumice and lithic lapilli beds 

Fall from a Sustained eruptive 
column (Short-lived), capped by small 

dilute Pdc deposits. 

Pumices were a dull white, dark-grey or 
white-grey banded pumices. Plag, amp, 
bt were present both loose and within 
the pumices 

X 
(a) White, grey and banded 
pumices 

Lower Pollara           
Valdichiesa            
N38 33 533                     
E014 49 752 

 Fi
gu

re
 3

.1
1

 

Resting on a (U 1) Palaeosol this pyroclastic 
succession comprises ; (U 2) grey ash massive, 
capped with alternating coarse lapilli scoria and ash; 
(U 3) partially matrix supported, inversely graded, 
bed of highly porphyritic scoria. Boundary between 
unit 3 and 4 is marked by crudely defined layer of red 
lithics; (U 4) largely clast supported, sorted crudely 
stratified pumice lapilli bed; (U5) clast supported, 
well sorted pumice lapilli deposits; (U 6) matrix 
supported ash deposit, containing lapilli and 
oversized lithic blocks. 

Fall from a sustained eruptive column 

Black porphyritic scoria, crystal rich 
>50% containing plag, cpx, ol, opx, amp; 
Grey pumices contain plag, Cpx, amp;  
white pumice are crystal poor 
containing plag amp. 

X 
U3 porphyritic scoria and U4 
banded pumices 

Lower Pollara                                              
'Key bed' 

(Morche, 1988)                                 

NE Lipari 
N38 30’30.36 
E14 54’59.42 

 

Resting on (U1) a Palaeosol, this pyroclastic 
succession comprises of (U2) dark fine grained (2mm 
Ø) dark porphyritic scoria; (U3) grey and white 
pumices with white pumices, white becoming 
progressively more dominant up-sequence, coarsest 
pumices up to 2cm Ø; (U4) a further Paleosol; (U5) 
Monte Guardia pyroclasts 

Fall from a sustained eruptive column 

Black porphyritic scoria, crystal rich 
>50% containing plag, cpx, Ol, opx, amp; 
Grey pumices contain plag, Cpx, amp;  
white pumice are crystal poor 
containing plag amp. 

X 

(U2) Three levels of 
porphyritic scoria 1-3, 3-5, 
10-12cm and  (U3)Three 
levels of grey and white 
pumices 13-15, 15-17, 18-
20cm 

Table 3.3: Sampled proximal stratigraphy of explosively erupted deposits from Salina (Lower and Upper Pollara).Upper Pollara stratigraphy follows Sulpizio et al., 

(2008). plg = plagioclase; cpx = clinopyroxene; bt = biotite; amp = amphibole; ol = olivine. 
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3.3.3 Panarea 

Two proximal stratigraphies were sampled on Panarea as they are interpreted as 

containing the most recently explosively erupted deposits on the island. Samples were 

collected from Punta Falcone near the centre of the island and from Palisi in the north 

(Fig. 3.13). The Punta Falcone succession is made up of more than 10 m of pyroclastic 

deposits, the source location of these deposits is poorly constrained (Lucchi et al., 

2007). Pumice fall at the base, is capped by thick block and ash deposits (Fig. 3.14) 

with the upper portion of the stratigraphy being made up of normally graded and well 

sorted scoria lapilli and ash beds (Fig. 3.14). Inconsistencies exist between the 

chronological constraints placed on the Punta Falcone succession and in turn the timing 

of the final phase of explosive activity on Panarea. Lucchi et al., (2007) suggest that the 

Punta Falcone succession spans the third to fifth eruptive epochs recorded on the island 

(between ca. 127-67.5 ka). The upper basaltic scoria (Fig. 3.14) recorded in the 

stratigraphy are tentatively associated with fall originating from inlets east of Panarea 

(Calanchi et al., 1992). In keeping with these ages, interbedded within these scoria 

deposits is an alkaline tephra, which is correlated to the X-5 marine tephra and dated at 

105 ± 2 ka (Kraml, 1997). This chronological constraint is discussed further in chapter 

6. Dolfi et al., (2007) date the same scoria in the upper portion of the stratigraphy to a 

considerably younger 31 ± 7 ka using U/Th and attribute the alkali tephra to much 

younger mainland activity and the Pomici di Base eruption (Somma-Vesuvius) at ca. 22 

ka. 

 

Fig. 3.13: A map showing the 

sample localities on the island of 

Panarea.  
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Figure 3.14: The Punta Falcone Stratigraphy, Panarea. Pumices were sampled from the basal 

fall unit, thought to be representative of the last major explosive episode on the island. 

Despite age uncertainties, pumices were sampled from a basal fall deposit, unit 2 (Fig. 

3.14), these were most certainly proximal to Panarea and would provide representative 

glass compositions from Panarea. These pumices are banded, containing both grey and 

white components. The pumice fall deposits sampled here are correlated with fall 

recorded at Palisi on the north of the island, these pumices were sampled for 

comparison (see De Rita et al., 2008).  
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Eruptive unit Sample Locality Stratigraphy Activity Lithology and 

Petrology 

Mixing Dispersal Intra-island Sampled 

          

  
Pietre Cotte 

(upper) (UP) 

L
a

 F
o

ss
a

 c
a

ld
e
r
a

 (
D

i 
T

r
a

g
li

a
, 

2
0

1
1

) 
(F

ig
. 

3
.4

) 

Ash capped by a massive deposit of banded pumices; largely chaotic. 

Pyroclastic fall 
Vulcanian  

Ash and banded 

pumices 
X - - 

Ash and banded dark and white 

pumices (s90 UP) 

 

Commenda 

Ash (CA)  
Steam blasts Ash 

   
Ash (s5Ca) 

P
a

li
z
z
i 

2
 

Palizzi D Clast supported, reverse to normally graded pumices. Pyroclastic Fall Vulcanian  

Grey pumices and 

black obsidian, plag 

and cpx 

  

SE 

  Grey pumice lapilli (s33) 

Palizzi B Clast supported pumices, reversely graded. Pyroclastic Fall Vulcanian  
white pumices with k-

feldspar 
    White pumice lapilli (s38) 

Palizzi A 
Planar bedding and consist of massive, normally graded, black and 

golden ash. Pyroclastic Fall. 

Violent 

Strombolian  

Ash, including cpx 

and plag 
    Black and grey ash (s77) 

 
Punta Nere  Fall deposits and thickly plane parallel and cross laminated-black tuffs Vulcanian  Black-grey ash 

   
Not sampled 

  
Upper TGR 

Scoria  

Piano Caldera (N38 

23 505; E 014  58 

874) 

Thin to medium bedding, grey/brown massive deposit of fine ash. 

Interbedded within this ash deposits was a thin bed of lapilli sized 

scoria. Fall deposit. 

?       
Upper Brown 

Tuffs 
Scoriaceous lapilli  

 

Monte 

Saraceno  

NW rim of Piano 

Caldera (N23 23 196; 

E014 58 707) 

Clast supported normally graded lapilli sized scoria. Evidence of 

alteration within the sampled deposit. Pyroclastic fall deposit. 

Violent 

Strombolian  
black scoria 

 
E - Scoriaceous lapilli  

  Casa Lentia 
Lentia (N 38 24 940; 

E014 56 870) 

Well sorted deposits, clast supported, bombs and lapilli, Pyroclastic 

Fall 
Vulcanian 

Black-grey pumice 

(plag, cpx) 
      Grey Pumices 

 
Upper TGR 

Piano Caldera (N38 

23 505; E 014  58 

874) 

Thin to medium bedding, grey/brown massive deposit of fine ash. ? 
   

Upper Brown 

Tuffs 

Not sampled (see De Astis et 

al.(1997) 

  SW Vulcano (Change in the location of the eruptive centres) 

  
Quadrara 

Formation 

SW Vulcano: N38 22 

402; E014 58 959) 

Inversely graded, clast supported white pumices (up to 1 meter thick); 

Units 1 and 2 (Fig. 3.15) capped with dark scoriaceous deposits, 

sorted and evidence of welding (units 3 and 4). Pyroclastic fall 

deposits 

sub-Plinian 

Pumices contain 

biotite and K-feldspar. 

Scoria, cpx 

and plag. 

  S? E? 

Capo Milazzo 

(Morche 

1988) 

White pumices (Unit 1-2) and 

Scoria lapilli (Unit 3) and 

scoriaceous bombs (Unit 4) 

Table 3.4: The sampled stratigraphy of Vulcano includes eruptive products spanning the last 21 ka on the island, also see Todman (2012) and Di Traglia for La Fossa samples. 
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3.3.4 Vulcano 

3.3.4.1 Pre-La Fossa 

The oldest stratigraphic unit sampled on Vulcano was the Quadrara formation located 

on the southern flanks of the island near Gelso (Fig. 3.15). Deposits range in thickness 

up to 8 meters, thinning in southerly and northerly directions.  The stratigraphy and the 

deposits are outlined in Table 3.4. The sequence opens with a pumice fall, which is 

inversely graded (Fig. 3.15). This pumice fall is capped by a thick scoria fall deposits 

(Fig. 3.15), these deposits range from lapilli to bombs and show evidence of welding. 

This sequence clearly indicates a change in the magmas feeding this eruption. Samples 

were taken throughout the stratigraphy. The deposits are dated at 21 ± 3.4 ka (De Astis 

et al., 1997). Casa Lentia samples were taken from the Lentia cliffs (Fig. 3.4), these 

bombs and lapilli were well sorted and clast supported. The deposits are dated to 13 ± 1 

ka (De Rosa et al., 2003b).  

Scoriaceous lapilli were sampled from the thick ash deposits associated with the TGR 

(Table 3.4), the outcrop investigated is documented in De Astis et al., (1997). The unit 

is comprised predominantly of ash and loose clinopyroxene crystals, this deposit is 

associated with hydromagmatic eruptions occurring within the submerged caldera della 

Fossa. This hydromagmatic eruptive mechanism is thought to be responsible for the 

Upper Brown Tuffs recorded throughout the Aeolian Islands (De Astis et al., 1997; 

Lucchi et al., 2008). However, debate continues with some researchers suggesting that 

these ash deposits represent accumulations from throughout the Aeolian Islands during 

a period of quiescence on Vulcano (Rosi 2009 pers comm.). The unit has been dated at 

7.7 ± 1 ka BP (De Astis et al., 1997) prior to the emplacement of the Punta Nere 

pyroclastics 3.8 ± 2.5 ka (Soligo et al. 2000) Scoriaceous fall from Monte Saraceno 

pyroclastics were sampled from a locality within the Piano caldera (Fig. 3.4; Table 3.4), 

this unit is dated at 8.3 ± 1.6 ka (De Astis et al. 1989).   

 

3.3.4.2 Le Fossa 

 

The La Fossa eruptions were sampled in conjunction with the detailed stratigraphic 

investigations of Di Traglia (2011), the composite log of the sampled stratigraphy is 

given in Figure 3.16 and details of the sampled material is listed in Table 3.4.  
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Figure 3.15: The sampled stratigraphy of the Quadrara formation outcropping on the south-

western Primordial Vulcano (See Table 3.4 for details).  

 

The La Fossa cone is thought to have been built in the last 5.5 ka (Frazzetta et al., 

1983). The early Palizzi succession is comprised of decimetre thick, laminated ash 

layers, interpretations of these deposits are contrasting; Di Traglia (2011) interprets 

these ash layers as fall, whilst Dellino et al. (2011) consider these the result of dilute 

PDC’s. The two most prominent layers in the stratigraphy relate to two lapilli pumice 

fall beds (Palizzi B and Palizzi D). Their fall is largely restricted to south of the La 

Fossa vent.  The lower pumice fall bed, Palizzi B, is dated to 2.2 ± 1.3 ka (Frazzetta et 

al., 1983). 
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3.3.5 Stromboli: 

The oldest explosive deposits investigated on Stromboli were those of the upper 

Vancori (~ 13 ka; Cortes et al., 2005), the sampled deposits were characterised by 

normally graded pumice lapilli fall, details of the sampled stratigraphy are presented in 

Table 3.5, the sampled locality is shown in Figure 3.5 and investigated stratigraphy is 

shown in Figure 3.17.  

The younger phreatomagmatic pyroclastic succession of the Secche di Lazzaro 

(Bertagnini and Landi, 1996) was sampled at two separate localities on the island (Fig. 

3.5). An outcrop on the north of the island along the Semaforo track was sampled (Fig. 

3.18), whilst a second outcrop near the advanced operations centre (COA) was also 

investigated (Fig. 3.19). Details of both stratigraphies are described in Table 3.5. Age 

determinations for this eruption are not precise, an approximately 6 ka radiocarbon age 

from the palaeosol beneath the pyroclastic succession is referred to by Petrone et al., 

(2009), but precise details are not available. The Secche di Lazzaro deposits rest upon 

the Neo-Stromboli lavas which are dated to between 7-7.5 ka (Speranza et al., 2008). 

Dates from the oldest ‘Recent Stromboli’ activity are around 5 ka (Petrone et al., 2009), 

thus the age is likely to between 7-5 ka.  

Figure 3.16: Composite 

stratigraphic log of the La Fossa 

eruptive sequence following Di 

Traglia (2011) and Todman 

(2012). See Table 3.4 for further 

details. 
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Eruption Sample 

Locality 

Stratigraphy Activity Lithology and Petrology Dispersal Intra-

island 

Sampled 

       

  
S

e
c
c
h

e
 d

i 
L

a
z
z
a

r
o

 (
S

D
L

) 

Semaforo Track 

(ST), Northern 

Stromboli       

N38 48'11.07; 

E015 12'52.65 

Pyroclastic fall, capped by reworked lahar 

deposits. Abundant accretionary lapilli. 2m 

section. Juvenile component dominated by 

unconsolidated massive ash (40cm-brown). The 

lower section contains a crude bedded layer of 

green/grey scoria lapilli within the ash matrix 

(20cm). 60cm of plane parallel bedded ash layers 

(green/yellow/brown). A cemented massive ash 

caps these laminations, whilst above is a poorly 

sorted massive ash deposit containing pumice 

lapilli and lithics (Flow unit). 

Sub-plinian 

phreatomagmatic 

Green/grey glassy vesicular scoria and 

pumice. Containing phenocryst, 

predominantly plagioclase and 

clinopyroxene. Occasional olivine.  

N E 

  

Fall: Glassy 

green/grey scoria from 

20cm thick unit near 

the base of 

stratigraphy (SDL-ST-

U2).  

COA, 

Stromboli                                               

N38 48'10.81; 

E015 14'00.78 

A pyroclastic fall and flow succession, capped 

by lahar deposits. 1.3m thick succession. A thin 

layer of black ash deposits (0.5cm). Horizontally 

bedded grey ash laminations, coarse/fine grain 

alternations (12cm). 13cm ashy matrix supported 

unit containing pumices and accretionary lapilli. 

2cm ash unit containing abundant pumices and 

accretionary lapilli (U4). Capped by a thick 

matrix supported, poorly sorted admix of ash, 

pumice and lithics (lahar). 

Sub-plinian 

phreatomagmatic 

Grey pumices are highly vesicular and 

display lower abundances of 

phenocryst including plagioclase, 

clinopyroxene and occasional biotite 

assemblage. Rare biotite occurs in 

these pumices. 

E 

  

Pumices form within 

the lower most ash 

dominated units (ST-

COA-U4).  

U
p

p
e
r
 V

a
n

co
r
i 

(U
V

) 

NE Stromboli, 

N38 48'0334                        

E15 14 15.56 

A pyroclastic fall succession. Unit 1 20cm clast 

supported normally graded grey pumices. 15 cm 

massive ash (Unit 2). Unit 3 15cm of clast 

supported, grey pumices. Capped by a massive 

dark ash deposit (Neo-Stromboli).  

Sub-plinian  

Grey pumices are highly vesicular, 

containing plagioclase, clinopyroxene, 

Fe-Ti oxides.  

E ? 
Pumices from unit 1 

and 3. 

 

Table 3.5: The sampled stratigraphy of Stromboli includes the explosive products spanning the last 13 ka.  
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Figure 3.17: The sampled Upper Vancori stratigraphy of Stromboli (See Table 3.5 for further 

details). 
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Figure 3.18: The sampled stratigraphy of the Secche di Lazzaro along the Semaforo northern 

Stromboli (See Table 3.5 for details). 
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Figure 3.19: The sampled Secche di Lazzaro stratigraphy outcropping near the Centre 

for advanced operations (COA) on Stromboli. (See Table 3.5 for details). 
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3.4. Results - Glass geochemistry 

Representative major, minor and trace element data are presented in Tables 3.6-3.17. 

Glass compositions from the Aeolian Islands are highly variable in their major element 

affinities (Fig. 3.20). Calc-alkaline (CA), high potassium calc-alkaline (HKCA), 

shoshonitic and K-series glasses were all observed in the explosive products of the 

Aeolian Islands during the last 42 ka (Fig. 3.20). Glasses investigated on all islands 

display mantle normalised patterns that are dominated by an island arc signature, 

showing depletions in Nb and Ta and Ti. This is reflected in a dominant trough feature 

on the mantle normalised trace element diagrams (Fig. 3.21a-b). 

3.4.1 Lipari 

Proximal explosive deposits 

Major and minor elements determined from Lipari pumices during the last 42 ka display 

the following variability; 67.9-76.8 wt.% SiO2, 0.01-0.45 wt.% TiO2, 12.1-16.6 wt.% 

Al2O3, 1-3.3 wt.% FeO; 0-0.46 wt.% MgO, 0.6-2.3 wt.% CaO, 2.8-4.6 wt. % Na2O, 4.9-

6.4 wt.% K2O (Fig. 3.22). On the basis of glasses erupted from Lipari during this period 

they are classified as HKCA, ranging from trachytes to a dominant rhyolite composition 

(Fig. 3.20b). Trace element concentrations observed in these glasses range from 277-

341 ppm Rb, 7-400 ppm Sr, 32-44 ppm Y, 114-183 ppm Zr, 29- 40ppm Nb, 3-361 ppm 

Ba, 31-58 ppm La, 34-55 ppm Th, 11-17 ppm U (Fig. 3.23). Glasses have pronounced 

anomalies at Sr, Ba and Eu most likely in response to K-feldspar fractionation (Fig. 

3.21a). 

3.4.1.1 Eruptive Cycle VII (P.del Perciato and Falcone Formations) 

P.del Perciato formation 

The basal white pumiceous deposits (unit 2) have very homogeneous major element 

concentrations (Table 3.6) with 76.2 ± 0.2 wt.% SiO2, 0.1 ± 0.003 wt.% TiO2, 12.5 ± 

0.1 wt.% Al2O3, 1.4 ± 0.1 wt.% FeO, 0.1 ± 0.1 wt.% MgO, 0.7 ± 0.03 wt.% CaO, 3.2 ± 

0.2 wt.% Na2O, 5.7 ± 0.1 wt.% K2O (Fig. 3.22). These glasses are classified as HKCA 

rhyolites (Fig. 3.20). The homogeneous nature of these pumices is also observed within 

the trace element concentrations, 315 ± 6 ppm Rb, 121 ± 2 ppm  Zr, 34 ± 1 ppm Nb, 34 

± 1 ppm La, 39 ± 1 ppm Th (Fig. 3.23). 
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Figure 3.20: Major element variability and classification of Aeolian Islands glasses explosively 

produced during the last 42 ka. (a) Total alkalis diagram (Le Bas, 1986) and (b) SiO2 vs. K2O 

diagram (Peccerillo and Taylor, 1976). Errors given are 2 x standard deviation of repeat 

analyses of the StHs6-80G. 
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Figure 3.21: Multi-element diagrams normalised to Primitive Mantle (Sun and McDonough, 

1989); (a) Average compositions of rhyolitic products of Lipari, Salina (Upper and Lower 

Pollara) and Vulcano (La Fossa; Palizzi B and Pietre Cotte). (b) Average compositions of 

explosively produced shoshonitic and K-series glasses produced on Vulcano and Stromboli. 
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Figure 3.22: Major element bi-plots of the HKCA rhyolites produced on Lipari during the last 

42 ka. Roman numerals refer to the eruptive cycles on the island following Gioncada et al., 

(2003). Error bars reflect two standard deviations of repeat analyses on the StHs/6-80-G 

standard glass. 
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Glasses are highly evolved (Zr/Sr = 13.2 ± 1) and show LREE enrichment relative to 

the HREE (Ce/Yb = 17 ± 1) (Fig. 3.24). Glasses display low concentrations of Sr (9.3 ± 

1 ppm), Ba (3.7 ± 0.5 ppm) and a pronounced Eu anomaly (Eu/Eu*N = 0.1) (Fig. 3.21a) 

consistent with K-feldspar fractionation. Incompatible trace element rations are 

consistent within these glasses (Nb/Zr = 0.28 ± 0.01; Nb/Th = 0.87 ± 0.02; Zr/Th = 

3.09).  

Eruption P.dei Perciato formation Falcone Formation 

Locality S. Lipari S. Lipari 

      

 

n=15 n=15 

Sample 1A 4A 15C 11C 7B 14C 15C 

Material pumice pumice pumice pumice pumice pumice pumice 

Major (wt. %) 

      SiO2  76.39 76.10 76.47 67.93 73.90 75.78 76.28 

TiO2 0.04 0.07 0.05 0.36 0.19 0.08 0.06 

Al2O3 12.56 12.42 12.49 16.63 14.41 12.78 12.44 

FeOt 1.53 1.51 1.32 3.33 1.68 1.34 1.50 

MnO 0.00 0.06 0.06 0.08 0.03 0.09 0.05 

MgO 0.01 0.01 0.00 0.46 0.07 0.03 0.01 

CaO 0.69 0.69 0.73 2.33 0.88 0.72 0.72 

Na2O 3.01 3.36 3.18 3.75 3.06 3.34 3.33 

K2O 5.76 5.79 5.70 5.13 5.79 5.84 5.60 

Analytical Total 95.66 94.77 94.97 96.52 94.93 94.92 95.34 

        Na2O + K2O 8.77 9.15 8.88 8.88 8.85 9.18 8.93 

K2O/Na2O 1.91 1.72 1.79 1.37 1.89 1.75 1.68 

Trace 

       Ppm 

       Rb 317 310 317 

 

296 315 327 

Sr 9 8.6 8.4 

 

300 9.7 9.5 

Y 39 38 39 

 

33.9 39 40 

Zr 122 118 122 

 

130 122 118 

Nb 34 34 34 

 

28.9 34 34 

Ba 3.5 3.1 3.5 

 

361 5.1 3.7 

La 35 34 34 

 

43 37 33 

Ce 75 73 75 

 

91 80 75 

Pr 8.2 8.2 8.4 

 

10.1 8.7 8.1 

Nd 31 30 32 

 

43 35 33 

Sm 7.2 6.7 7.6 

 

6.5 7.4 7.6 

Eu 0.24 0.17 0.21 

 

0.60 0.19 0.20 

Gd 6.4 6.9 5.7 

 

5.8 6.6 6.5 

Dy 6.4 6.6 6.8 

 

5.4 6.4 6.6 

Er 4.1 4.0 4.1 

 

3.2 3.9 4.3 

Yb 4.4 4.3 4.3 

 

3.9 4.0 4.6 

Lu 0.64 0.61 0.64 

 

0.55 0.59 0.71 

Ta 2.2 2.3 2.2 

 

1.9 2.3 2.1 

Pb 32 32 31 

 

31 32 30 

Th 39 39 39 

 

34 39 38 

U 13 13 13 

 

11 13 12 

Table 3.6:  Representative major, minor and trace element glass data for the pumices from the 

explosive deposits of cycle VII Lipari; P.del Perciato and Falcone Formations. Full data sets are 

available in appendix eII. 

Falcone Formation 

The mixed grey and white pumices of unit 4 (Fig. 3.6) have significant heterogeneity 

within their major and minor element concentrations (Table 3.6) ranging from 67.9-76.4 

wt.% SiO2, 1.3-3.3 wt.% FeO, 0.6-2.3 wt. % CaO, 3.0-3.8 wt.% Na2O, 5.1-5.9 wt.% 
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K2O. The glasses range from trachyte to rhyolite (Fig. 3.20). With increasing SiO2 the 

following trends are observed, decreasing TiO2, Al2O3, FeO, MgO, CaO, whilst Na2O 

decreases until an inflection at ~ 72-74 wt. % where it increases to the values seen in the 

dominant white pumices (Fig. 3.22). K2O increases with increasing SiO2 wt. % (Fig. 

3.22). Trace element concentrations reveal that these pumices are highly evolved (Zr/Sr 

= 11.3 ± 3.2) and are largely homogeneous with, 316 ± 9 ppm Rb, 38 ± 1 ppm Y, 121 ± 

3 ppm Zr, 34 ± 2 ppm Nb, 37 ± 2 ppm La, 39 ± 1 ppm Th (Fig. 3.23).  The dominant 

>75 wt.% SiO2 rhyolites display low concentrations in Sr (11 ± 3 ppm), Ba (5 ± 1) and 

Eu (Eu/Eu*N = 0.1). A glass composition associated with the lower silica rhyolites (< 75 

wt. %) has increased Sr (300 ppm), Ba (360 ppm) and Eu (0.6 ppm), whilst also more 

elevated Zr (130 ppm) indicating that these elements are behaving compatibly as the 

glass compositions become more evolved.  

3.4.1.2 Eruptive Cycle VIII 

Monte Guardia 

The Monte Guardia pumices reported (Table 3.7) have significant geochemical 

variability ranging from 70.0-76.8 wt.% SiO2, 0.0-0.3 wt.% TiO2, 12.1-15.9 wt.% 

Al2O3, 1.3-2.4 wt.% FeO, 0.0-0.2 wt. % MgO, 3.4-4.6 wt.% Na2O, 4.9-6.3 wt.% K2O 

(Fig. 3.22). The glasses all lie compositionally within the rhyolitic field and are HKCA 

(Fig. 3.20). The dominant white pumiceous deposits that are found throughout the 

stratigraphy (Fig. 3.8) are characterised by melt compositions with > 75 wt. % SiO2. 

The grey pumices that decrease in abundance up stratigraphy are characterised by less 

evolved compositions with < 75wt. % SiO2 (Fig. 3.25). The surge deposits recorded in 

units 4 and the final fallout of unit 5 (Fig. 3.8) are comprised solely of the most evolved 

components (Fig. 3.25). The following major element trends are observed throughout 

the entire suite, with increasing SiO2 wt. % there is decreasing TiO2, Al2O3, FeO, MgO 

and CaO. At 73-74 wt.% SiO2 there is a pronounced inflection in Na2O and K2O, where 

the former increases and the later decreases (Fig. 3.22). Monte Guardia trace element 

concentrations have some significant variability (i.e., 114-146 ppm Zr; 30-35 ppm Nb 

and 34-43 ppm Th), whilst other incompatible elements are more homogenous 38 ± 1 

ppm Y, 35 ± 1 ppm La, 76 ± 2 pm Ce (Fig. 3.23).  
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Figure 3.23: Trace element bi-plots showing the concentrations within the Lipari rhyolitic 

glasses erupted over the last 42 ka. Error bars given are 2 x standard deviation of repeat 

analyses of the StHs/80-G standard glass. 
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Figure 3.24: REE profiles normalised to Chondrite (Sun and McDonough, 1989); (a) REE 

profiles of the average glass compositions from the pumices of Lipari during the last 42 ka; 

(b) REE profiles of the average glass compositions of explosive erupted potassic products 

of Vulcano and Stromboli during the last 21 Ka. 
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Table 3.7: Representative major, minor and trace element data for the pumices of the 

Monte Guardia eruption of Lipari. Full data set available in appendix eII. 

 

The glasses range from moderately to highly evolved (Zr/Sr = 0.4- 17) and display 

significant LREE enrichment relative to the HREE (Ce/Yb = 18 ± 2) (Fig. 3.21a). 

The white pumices (> 75 wt. % SiO2) display low concentrations of Sr (8.8 ± 2 

ppm), Ba (6 ± 5 ppm), Eu (Eu/Eu*N = 0.1) (Fig. 3.21). The grey pumices (< 75 wt. 

% SiO2) display less elevated incompatible trace element concentrations and more 

elevated Sr (≤ 400 ppm), Ba (≤ 280 ppm) and Eu*N (≤ 0.3), Zr (≤ 146 ppm) 

indicating that these elements may have behaved compatibly. Incompatible trace 

element ratios are constant within the Monte Guardia glasses (Nb/Th = 0.84 ± 0.03; 

Ta/Th = 0.058 ± 0.002).  

 

Eruption Monte Guardia 
Locality NE, Lipari 

 

Unit 2a Unit 2d 

  
n=15 

 
n=15 

Sample 16D 1A 7B 7B 8B 13C 

Material pumice pumice pumice pumice pumice pumice 

Major (wt. %) 
     SiO2  72.82 75.29 76.77 74.98 72.56 75.96 

TiO2 0.21 0.07 0.10 0.13 0.10 0.10 

Al2O3 14.05 12.83 12.23 13.18 14.97 12.68 
FeOt 2.23 1.78 1.43 1.64 1.53 1.43 

MnO 0.09 0.11 0.09 0.04 0.03 0.09 

MgO 0.11 0.08 0.01 0.05 0.14 0.02 
CaO 0.81 0.67 0.66 0.82 1.53 0.67 

Na2O 3.60 3.53 3.72 3.48 3.81 3.23 

K2O 6.08 5.65 4.99 5.68 5.80 5.81 
Analytical Total 94.99 94.81 96.29 95.79 95.88 95.91 

       Na2O + K2O 9.69 9.18 8.71 9.16 9.61 9.05 

K2O/Na2O 1.69 1.60 1.34 1.63 1.52 1.80 

Trace 
      ppm 

      Ti 1174 469 429 529 691 414 

Rb 278 295 296 291 305 307 

Sr 400.1 15.6 7.6 94.7 90.8 7.6 

Y 32 36 37 32 35 39 

Zr 147 118 125 114 128 131 
Nb 31 31 33 30 31 34 

Ba 280 15.3 4.0 93 111 4.2 

La 42 33 34 32 37 36 
Ce 83 70 75 69 80 76 

Pr 8.7 7.7 8.5 7.4 8.7 8.5 

Nd 32 30 32 29 33 32 
Sm 6.4 7.0 7.0 6.5 6.8 7.3 

Eu 0.54 0.13 0.12 0.34 0.32 0.21 

Gd 5.4 5.2 5.9 5.2 5.8 6.9 
Dy 5.2 5.9 6.4 5.2 5.7 6.3 

Er 3.4 3.7 3.9 3.2 3.6 3.8 

Yb 3.6 3.8 4.3 3.5 3.6 3.8 
Lu 0.56 0.61 0.60 0.57 0.57 0.64 

Ta 1.9 2.0 2.3 2.1 2.2 2.2 

Pb 29 26 30 31 27 36 
Th 36 35 39 34 35 38 

U 11 11 13 11 11 13 
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Eruption Monte Guardia 

Locality NE, Lipari 

 

Unit 4 Unit 5 

 
n=15 n=15 

Sample 8B 9B 15C 1A 8B 13C 

Material pumice pumice pumice obsidian pumice pumice 

Major (wt. %) 
     SiO2  76.70 75.92 76.24 76.45 75.89 76.23 

TiO2 0.05 0.10 0.07 0.08 0.15 0.09 

Al2O3 12.57 12.76 12.74 12.63 12.89 12.66 
FeOt 1.26 1.43 1.17 1.25 1.37 1.43 

MnO 0.02 0.04 0.13 0.03 0.02 0.10 

MgO 0.02 0.01 0.01 0.04 0.02 0.01 
CaO 0.65 0.70 0.65 0.72 0.65 0.65 

Na2O 3.44 3.81 3.67 3.77 3.99 3.74 
K2O 5.29 5.24 5.33 5.02 5.02 5.08 

Analytical Total 95.59 96.27 96.27 98.91 94.73 95.07 

       Na2O + K2O 8.72 9.05 9.00 8.79 9.01 8.82 
K2O/Na2O 1.54 1.38 1.45 1.33 1.26 1.36 

Trace 

      ppm 
      Rb 296 302 293 307 295 296 

Sr 7.9 8.4 9.4 7.8 7.8 9.2 

Y 37 35 39 40 39 39 

Zr 123 115 123 130 126 128 

Nb 34 32 33 34 33 34 
Ba 3.9 4.6 3.6 3.8 4.2 4.9 

La 34 31 36 35 35 36 

Ce 74 70 78 77 76 77 
Pr 8.4 7.7 8.4 8.7 8.3 8.7 

Nd 31 28 34 33 32 34 

Sm 6.6 6.6 6.9 7.3 7.5 8.1 
Eu < LOD 0.27 < LOD 0.14 0.12 <LOD 

Gd 6.1 5.8 6.6 6.0 5.8 5.5 

Dy 6.2 5.7 6.8 6.6 6.7 6.8 
Er 3.9 3.7 4.2 4.3 4.0 4.0 

Yb 4.6 3.5 4.5 4.7 4.4 4.4 

Lu 0.59 0.47 0.64 0.62 0.67 0.68 
Ta 2.4 2.0 2.4 2.4 2.4 2.3 

Pb 28 30 29 30 30 30 

Th 39 36 40 42 41 42 
U 13 12 13 13 13 13 

 

Table 3.7: Continued. 

3.4.1.3 Cycle IX 

Gabellotto-Fiume Bianco 

White pumices from units 2, 5 and 8 (Fig. 3.9) are homogeneous shown by the 

absence of major element variation throughout the stratigraphy with 75.3 ± 0.2 

wt.% SiO2, 13.2 ± 0.2 wt.% Al2O3, 1.5 ± 0.1 wt.% FeO, 0.75  ± 0.03 wt.% CaO, 3.8 

± 0.2 wt.% Na2O, 5.2 ± 0.1 wt.% K2O (Fig. 3.22; Table 3.8). The glasses are 

classified as HKCA rhyolites (Fig. 3.20). The pumices display homogeneous trace 

element concentrations, 316 ± 5 ppm Rb, 40 ± 1 ppm Y, 170 ± 3 ppm Zr, 37 ± 1 

ppm Nb, 54 ± 1 ppm La, 108 ± 2 ppm, 50 ± 1 ppm Th (Fig. 3.23). The glasses are 

highly evolved (Zr/Sr = 10.8 ± 0.4) and display significant LREE enrichment 

relative to the HREE (Ce/Yb = 23 ± 1). The pumices display low concentrations of 

Sr (16 ± 1 ppm), Ba (15 ± 1 ppm), Eu (Eu/Eu*N = 0.1). Trace element ratios within 

these glasses are constant (Nb/Zr = 0.22; Nb/Th = 0.74; Zr/Th= 3.5) 
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3.4.1.4 Cycle X 

Monte Pilato 

Monte Pilato sub-phase 1 (lower): 

The lower fall, white pumices, of unit 2 (Fig. 3.10) are very homogeneous 

displaying minimal major element variation, 75.7 ± 0.4 wt.% SiO2, 12.8 ± 0.3 wt.% 

Al2O3, 1.5 ± 0.1 wt.% FeO, 0.7 ± 0.1 wt.% CaO, 4.1 ± 0.2 wt.% Na2O, 5.1 ± 0.1 

wt.% K2O (Fig. 3.22; Table 3.9). These glasses are classified as HKCA rhyolites 

(Fig. 3.8). Trace element concentrations are homogeneous 324 ± 6 ppm, 40 ± 1 

ppm Y, 168 ± 5 ppm Zr, 36 ± 1 ppm Nb, 53 ± 1 ppm La, 108 ± 2 Ce, 49 ± 2 ppm 

Th (Fig. 3.23). The glasses are highly evolved (Zr/Sr = 10.6 ± 0.3) and display 

significant LREE enrichment relative to the HREE (Ce/Yb = 24 ± 1). The pumices 

have low concentrations of Sr (16 ± 1 ppm), Ba (15 ± 1 ppm), Eu (Eu/Eu*N = 0.1). 

The glasses have constant of HFSE/Th ratios (Nb/Th = 0.74; Zr/Th= 3.4).  

 

Monte Pilato sub-phase 2 (upper):  

The upper fall, white pumices, of unit 3b (Fig. 3.10) are very homogeneous 

displaying minimal major element variation, 75.5 ± 0.2 wt.% SiO2, 13.1 ± 0.2 wt.% 

Al2O3, 1.5 ± 0.2 wt.% FeO, 0.8 ± 0.1 wt.% CaO, 3.9 ± 0.1 wt.% Na2O and 5.1 ± 0.1 

wt.% K2O (Fig. 3.22). These glasses are classified as HKCA rhyolites (Fig. 3.20). 

Trace element concentrations are particularly homogeneous 332 ± 4 ppm, 41 ± 1 

ppm Y, 177 ± 5 ppm Zr, 39 ± 1 ppm Nb, 56 ± 2 ppm La, 112 ± 3 ppm Ce, 53 ± 2 

ppm Th (Fig. 3.23). The glasses are highly evolved (Zr/Sr = 10.9 ± 1) and display 

significant LREE enrichment relative to the HREE (Ce/Yb = 23 ± 1).  The pumices 

display low concentrations of Sr (16 ± 1), Ba (15 ± 1), Eu (Eu/Eu*N = 0.1). Glasses 

show incompatible trace element ratios that remain constant (Nb/Zr = 0.22; Nb/Th 

= 0.73; Zr/Th = 3.4). 
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Figure 3.25: Major element bi-plots displaying the stratigraphic variability of the Monte 

Guardia glasses sampled from NE Lipari. Also shown are the glass compositions of 

MD 90 918 - 820 cm from the northern Ionian Sea (Caron et al., 2012), MG 

pumices from a medial distal locality on Vulcano; distal ash from Drauto (EL3; De 

Rita et al., 2008) Panarea and Lago di Pergusa, Sicily (Narcisi 2002). Errors given 

are 2 x stand deviation of repeat analyses of the StHs/6-80-G. 
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Eruption Gabellotto-Fiume Bianco (GFB) 
Locality Lipari, St Angelo 

Unit Unit 2 Unit 5 Unit 8 

    Sample 8B 11C 3A 7B 8B 11C 

Material pumice pumice pumice pumice pumice pumice 
Major (wt. %) 

      SiO2  75.38 75.57 75.18 75.64 74.80 75.37 

TiO2 0.07 0.07 0.09 0.06 0.11 0.08 
Al2O3 13.28 12.96 13.37 13.05 13.37 13.18 

FeOt 1.65 1.57 1.59 1.54 1.81 1.63 

MnO 0.18 0.10 0.06 0.11 0.01 0.03 
MgO 0.03 0.02 0.03 0.04 0.03 0.03 

CaO 0.72 0.78 0.75 0.67 0.76 0.72 

Na2O 3.67 3.84 3.81 3.75 3.89 3.76 
K2O 5.01 5.11 5.12 5.15 5.21 5.20 

Analytical Total 98.01 99.76 100.63 99.63 97.24 97.84 

       Na2O + K2O 8.68 8.94 8.93 8.90 9.10 8.96 

K2O/Na2O 1.37 1.33 1.34 1.37 1.34 1.38 
Trace 

      ppm 

      Rb 322 320 317 317 311 328 
Sr 16.4 16.3 16.4 16.5 14.8 15.4 

Y 40 40 41 41 40 39 

Zr 165 171 170 173 169 164 
Nb 36 36 37 36 36 37 

Ba 14.7 14.6 15.3 15.8 14.7 14.7 

La 52 55 54 56 53 53 
Ce 104 106 109 110 106 103 

Pr 10.6 11.2 11.6 11.2 11.0 11.1 

Nd 38 39 40 41 39 39 
Sm 8.3 8.0 9.0 8.4 7.7 7.5 

Eu 0.21 0.16 0.19 0.23 0.24 <LOD 

Gd 5.9 6.3 6.5 6.1 6.2 6.6 

Dy 6.8 6.8 7.1 6.8 7.0 6.5 

Er 4.1 4.3 4.3 4.4 4.3 3.9 
Yb 4.4 4.8 4.5 4.9 4.8 4.5 

Lu 0.65 0.68 0.72 0.67 0.68 0.67 

Ta 2.3 2.5 2.5 2.5 2.6 2.3 
Pb 31 32 30 32 31 36 

Th 47 51 51 51 50 47 

U 15 15 15 15 15 15 

 

Table 3.8: Representative major, minor and trace element glasses data for the Gabellotto-Fiume 

Bianco eruption of Lipari. Full data sets are available in appendix eII. 
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Eruption Lower M. Pilato Upper M. Pilato White Ash Micro-pumice 

Locality Monte St.Angelo, Lipari Vulcanello Stromboli 

Unit Unit 2 Unit 3b 
  

 

n=15 n=15 n=15 n=16 

Sample 7B 11C 2A 8B 10C 2A 
Material pumice pumice pumice pumice ash pumice 

Major (wt. %) 

     SiO2  75.41 76.29 75.30 75.64 74.96 74.94 
TiO2 0.07 0.06 0.06 0.07 0.07 0.04 

Al2O3 12.97 12.54 12.93 13.12 13.04 13.30 

FeOt 1.55 1.41 1.61 1.36 1.75 1.50 

MnO 0.11 0.06 0.08 0.08 0.06 0.13 

MgO 0.05 0.04 0.02 0.02 0.03 0.04 

CaO 0.74 0.74 0.77 0.75 0.80 0.73 
Na2O 4.15 3.83 4.11 3.87 4.29 4.20 

K2O 4.95 5.04 5.13 5.10 4.99 5.12 

Analytical Total 96.26 95.05 99.26 96.45 97.21 99.24 

       Na2O + K2O 9.10 8.87 9.23 8.97 9.28 9.33 

K2O/Na2O 1.19 1.31 1.25 1.32 1.16 1.22 
Trace 

      ppm 

      Rb 328 327 330 328 323 321 
Sr 16.3 15.6 16.6 16.9 17.6 16.9 

Y 39 40 41 42 41 39 

Zr 171 170 177 178 181 176 
Nb 36 36 38 39 39 37 

Ba 15.2 16.1 16.2 16.0 18.5 17.2 

La 53 55 56 57 64 62 
Ce 108 110 112 114 125 123 

Pr 11.3 11.5 12.2 12.2 12.6 12.2 

Nd 40 40 42 42 43 43 
Sm 8.4 8.3 8.3 8.9 10.3 8.9 

Eu 0.19 0.22 0.23 0.26 0.52 0.30 

Gd 6.8 6.5 6.5 6.7 7.2 6.7 
Dy 6.7 6.6 7.1 7.1 6.3 6.6 

Er 4.0 4.2 4.5 4.3 4.2 4.0 

Yb 4.6 4.7 5.0 5.2 4.8 4.8 
Lu 0.67 0.68 0.68 0.73 0.74 0.65 

Ta 2.4 2.6 2.6 2.7 2.6 2.3 

Pb 31 36 33 34 33 33 
Th 50 50 52 53 56 51 

U 15 16 16 16 17 16 

 

Table 3.9: Representative major, minor and trace element data for the Monte Pilato explosive 

eruption of Lipari. Full data sets are available in appendix eII. 
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3.4.2 Salina  

3.4.2.1 Lower Pollara 

Valdichiesa 

Compositions range in SiO2 from 54.7 wt.% (whole rock) in the crystalline scoria to 

75.1 wt.% in the pumices (Table 3.10). There is SiO2 variation between the grey 

pumices (69.1-72.2 wt.%) and the white pumices (74.3-75.1 wt.%). The Lower 

Pollara fall is silica saturated and straddles the CA/HKCA transitional boundary 

and appears largely bimodal; (1) basaltic-andesitic scoria and (2) dacite/rhyolite 

pumices with evidence of mingling (Fig. 3.20) There is a negative relationship 

between SiO2 and FeO, TiO2, Al2O3, CaO, MnO; whilst Na2O and K2O increase 

with SiO2 (Fig. 3.26).  

The composition of basaltic-andesitic scoria from unit 3 (Fig. 3.11) was determined 

by whole rock analysis (ICP-MS fusions). The porphyritic scoria were so 

crystalline, that the glassy areas were < 5µm and too small for meaningful LA-ICP-

MS analysis. This mafic scoria displayed low levels of evolution (Zr/Sr = 0.09) 

with low concentrations of incompatible trace elements (Fig. 3.27). 

Only the white pumices were successfully analysed from unit 4 (Fig. 3.11), due to 

the highly vesicular nature of the grey pumices the glassy areas were too small for 

meaningful LA-ICP-MS analysis. The rhyolitic, white pumices display 

considerably greater evolution than the scoria with Zr/Sr = 0.5 ± 0.01. Owing to 

low concentrations the MREE and HREE, these elements were below the limit of 

detection in these pumices. The one remaining pumice is LREE enriched relative to 

HREE (La/Yb = 19.5). Trace element concentrations in the white pumices observed 

at Valdichiesa show limited variation with 95-98 ppm Rb, 282-307 ppm Sr, 10-11 

ppm Y, 128-142 ppm Zr, 12-14 ppm Nb, 932-1005 ppm Ba, 30-34 ppm La, 48-51 

ppm Ce and 11-12 ppm Th (Fig. 3.27). HFSE/Th ratios are constant within the 

white pumices (Nb/Th = 1.16 ± 0.07, Zr/Th = 11.6 ± 0.8).  
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Figure 3.26: Major element bi-plots showing the glass 

compositions produced during the explosive Lower 

and Upper Pollara eruptions (Salina). Lower Pollara 

glasses are from Valdichiesa (Salina) and the Key bed 

(KB-Lipari). Also shown is the final phase of 

explosive activity on Panarea. Units in Italics 

represent whole rock data, where glass analyses were 

not possible. Errors given are 2 x standard deviation of 

repeat analyses of the StHs/6-80G  
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Figure 3.27: Trace element bi-plots displaying concentrations observed in the glasses of 

the Lower Pollara and Upper Pollara pumices, Salina, whilst those observed in the final 

phase of explosive activity on Panarea. Error bars given are two x standard deviation of 

repeat analyses of StHs/6-80G standard glass. 
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‘Key bed’, Lipari 

Compositions range in SiO2 from 53.4 wt.% in the crystalline scoria to 74.6 wt.% in 

the white pumices (Table 3.10). Grey pumices typically range in SiO2 between 69-

72 wt.%.  

This LP fall is silica saturated and straddles the CA/HKCA transitional boundary 

and appears largely bimodal; basaltic-andesitic scoria and dacite/rhyolite pumices 

in which mingling is observed (Fig. 3.20). There is a negative relationship between 

SiO2 and FeO, TiO2, Al2O3, CaO, MnO; whilst Na2O and K2O increase with 

increasing SiO2 (Fig. 3.26). 

The basaltic-andesitic (53-54 wt.% SiO2) scoria contained minor glass, but again in 

the porphyritic scoria the glass areas were too small for meaningful LA-ICP-MS 

analysis. Therefore trace element compositions were determined for three whole 

rocks samples by solution ICP-MS (1-3 cm; 5-8 cm and 10-12 cm), where 

systematic sampling allowed us to assess any stratigraphic heterogeneity. This 

mafic component displays low levels of evolution (Zr/Sr = 0.09 ± 0.02) and overall 

are relatively restricted in their compositional range as illustrated by 673-720 ppm 

Sr, 20-21 ppm Y, 54-80 ppm Zr, 3.7-5.8 ppm Nb, 421-488 ppm Ba, 21-23 ppm La 

and 3.7-4.6 ppm Th (Fig. 3.27). The scoria display LREE enrichment relative to the 

HREE (La/Yb = 9 ± 2). The upper most scoria samples taken from 10-12cm in the 

key bed sequence display the lowest concentrations of incompatible trace elements 

(Fig. 3.27). 

The Lower Pollara dacitic to rhyolitic glasses (69.9-74.6 wt.% SiO2) have 

significantly more evolved (Zr/Sr = 0.4 ± 0.1) compositions than the scoria (Fig. 

3.27). Trace element concentrations in the pumices show some variability with 91-

106 ppm Rb, 276-462 ppm Sr, 10-14 ppm Y, 107-143 ppm Zr, 10.7-13.7 ppm Nb, 

836-1110 ppm Ba, 28-33 ppm La and 10-13 ppm Th (Table 3.10; Fig. 3.27). The 

LREE are enriched relative to the HREE (La/Yb = 19 ± 2). Within the entire Lower 

Pollara suite Sr decreases with fractionation (Fig. 3.27d), additionally the MREE, Y 

(Fig. 3.27e) and HREE display a negative relationship with increasing fractionation. 

Ratios of HFSE/Th remain relatively constant within the Upper Pollara pumices 

(Nb/Th = 1.05±0.06; Zr/Th = 11.1 ± 0.5; Ta/Th = 0.06 ± 0.01). 
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Eruption Lower Pollara 

Locality Salina, Valdichiesa ‘Key bed’, NW Lipari 

Unit Unit 3 Unit 4 Unit 2 Unit 3 

Sample Unit 3 2A 8B 10-12cm 15-17cm-6B 18-20cm-12C 13-15cm-2A 
Material Scoria pumice pumice Scoria pumice pumice pumice 

        SiO2  54.69 75.10 74.54 53.4 70.13 74.38 74.64 
TiO2 0.74 0.21 0.18 0.7 0.33 0.17 0.23 

Al2O3 18.10 14.00 14.13 18.9 15.25 14.60 14.23 

FeOt 9.11 1.39 1.64 9.1 3.24 1.59 1.55 
MnO 0.15 0.06 0.09 0.2 0.02 0.08 0.14 

MgO 4.12 0.29 0.36 4.2 0.83 0.31 0.34 

CaO 8.70 1.70 1.67 10.1 3.30 1.65 1.78 
Na2O 2.55 4.00 4.19 2.4 3.82 3.88 3.91 

K2O 1.46 3.26 3.20 1.2 3.08 3.32 3.18 

Analytical Total 99.62 95.90 95.76 100 98.61 95.62 97.43 

        Na2O + K2O 4.01 7.26 7.39 3.59 6.90 7.21 7.09 

K2O/Na2O 0.57 0.81 0.76 0.48 0.81 0.86 0.81 

                Rb 54 98 95 30 92 91 103 

Sr 688 282 307 721 415 462 308 
Y 20 11 10 21 12 14 11 

Zr 62 128 140 54 115 115 138 

Nb 4.7 13.2 13.8 3.7 11.0 10.9 13.3 
Ba 461 932 979 421 895 880 978 

La 23 29 33 21 29 31 32 

Ce 39 48 54 35 54 55 56 
Pr 5.1 4.6 4.8 5.3 5.7 5.4 5.3 

Nd 20.7 16.3 15.2 21.4 17.0 17.4 16.2 

Sm 4.7 <LOD <LOD 4.9 4.4 3.8 3.0 
Eu 1.10 <LOD 0.87 1.10 0.78 0.86 0.74 

Gd 3.5 <LOD <LOD 3.6 2.8 3.2 2.2 

Dy 3.30 <LOD 2.10 3.30 2.31 2.24 1.93 

Er 1.80 <LOD <LOD 1.80 1.38 1.34 1.30 

Yb 2.0 <LOD 1.7 2.0 1.6 1.8 1.8 
Lu 0.30 <LOD >LOD 0.30 0.31 0.32 0.32 

Ta 0.20 0.86 0.82 0.10 0.64 0.67 0.67 

Pb 6.5 10.5 11.9 5.8 12.2 11.2 36.5 
Th 4.3 12.3 12.1 3.7 10.8 10.6 12.1 

U 1.8 3.7 3.9 1.6 3.6 3.3 4.2 

 

Table 3.10: Representative major, minor and trace element glass compositions for the eruptive 

products of the Lower Pollara eruption, Salina. Scoria data highlighted in Italics is based on whole 

rock analyses (ICP-AES/MS). Full data sets are available in appendix eII. 
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Eruption Upper Pollara 

Locality East of Pollara crater 

Unit ERU1 ERU2 ERU3 ERU4 ERU5 

Sample 1A 6B 14C 2A 4A 7B 16D 17D 20D 11C 2A 3A 1A 8B 9B 

Material Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice 

                SiO2  71.94 73.83 74.00 74.89 74.83 74.66 75.20 74.92 75.05 71.77 75.02 75.32 73.14 71.49 72.07 

TiO2 0.26 0.28 0.19 0.16 0.21 0.27 0.14 0.23 0.22 0.24 0.20 0.14 0.33 0.35 0.26 

Al2O3 15.30 13.69 13.79 13.90 13.35 13.68 14.12 14.37 14.05 15.54 13.96 13.80 14.30 15.02 15.25 
FeOt 2.02 2.09 1.71 1.42 2.16 1.46 1.10 1.04 1.23 1.72 1.27 1.13 1.79 2.42 1.92 

MnO 0.15 0.08 0.10 0.09 0.09 0.12 0.11 0.09 0.11 0.05 0.07 0.09 0.02 0.14 0.04 

MgO 0.43 0.64 0.36 0.31 0.23 0.28 0.24 0.26 0.26 0.45 0.28 0.25 0.35 0.51 0.60 
CaO 2.69 1.88 2.14 1.63 1.49 1.83 1.36 1.48 1.42 2.58 1.49 1.41 2.12 2.70 2.45 

Na2O 3.71 3.34 3.83 3.71 3.79 3.96 3.87 3.72 3.74 4.16 3.87 3.83 4.02 3.74 3.82 
K2O 3.51 4.17 3.87 3.89 3.85 3.74 3.85 3.90 3.91 3.49 3.83 4.02 3.93 3.62 3.58 

Analytical Total 97.07 97.21 96.21 97.80 96.78 95.99 94.17 94.02 94.16 96.35 95.04 95.50 94.98 94.39 95.14 

                Na2O + K2O 7.22 7.51 7.70 7.60 7.64 7.70 7.72 7.62 7.65 7.65 7.70 7.85 7.95 7.36 7.40 

K2O/Na2O 0.95 1.25 1.01 1.05 1.02 0.95 0.99 1.05 1.05 0.84 0.99 1.05 0.98 0.97 0.94 

                                Rb - 93 127 125 132 121 133 134 135 - 123 123 - - - 

Sr - 544 284 281 280 290 303 296 298 - 300 290 - - - 
Y - 15 12 13 12 14 15 15 13 - 14 14 - - - 

Zr - 110 106 107 107 113 132 133 131 - 137 138 - - - 

Nb - 13.4 15.5 15.2 15.2 15.5 17.8 17.8 17.8 - 17.2 16.4 - - - 
Ba - 1160 1211 1356 1168 1246 1398 1430 1398 - 1349 1382 - - - 

La - 39 40 40 36 41 45 45 44 - 43 43 - - - 

Ce - 67 71 68 62 69 76 73 73 - 73 74 - - - 
Pr - 6.3 6.7 6.3 6.0 6.5 7.0 7.0 6.8 - 7.0 7.1 - - - 

Nd - 21.5 18.4 19.2 18.3 21.9 23.8 23.3 22.1 - 22.1 24.1 - - - 

Sm - <LOD 4.0 2.9 4.2 3.7 <LOD <LOD <LOD - 3.3 3.4 - - - 
Eu - 1.01 0.76 0.81 <LOD 0.79 0.97 0.75 0.68 - 0.87 0.83 - - - 

Gd - <LOD 3.6 2.9 <LOD 3.1 <LOD <LOD <LOD - 2.5 2.8 - - - 

Dy - 2.46 1.91 2.13 <LOD 2.37 2.19 1.85 2.50 - 2.15 2.42 - - - 
Er - 1.69 1.27 1.42 <LOD 1.51 1.37 1.54 1.67 - 1.38 1.48 - - - 

Yb - 1.9 1.8 1.8 <LOD 2.2 1.7 2.5 2.2 - 2.0 2.0 - - - 

Lu - <LOD 0.32 0.29 <LOD 0.36 <LOD <LOD <LOD - 0.32 0.32 - - - 
Ta - 0.92 0.87 0.75 0.85 0.94 0.97 1.15 0.89 - 0.96 1.02 - - - 

Pb - 13.0 16.9 15.1 15.5 42.9 14.4 16.6 14.6 - 16.4 15.2 - - - 

Th - 14.6 15.6 16.6 14.6 16.8 19.0 20.1 19.2 - 18.2 18.0 - - - 
U - 4.5 4.9 5.0 4.7 5.3 5.1 5.6 5.9 - 5.5 5.4 - - - 
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Table 3.11: Previous page: Representative major, minor and trace element glass data for the eruptive 

products of the Upper Pollara, Salina. Full data sets are available in appendix eII. 

 

Figure 3.28: Chemostratigraphy of the Upper Pollara Tuff deposits, indicating 

significant stratigraphical variations in the glass geochemistry. Errors are 2 x standard 

deviation of repeat analyses of StHs/6-80G secondary standard.  
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3.4.2.2 Upper Pollara Tuffs:  

The Upper Pollara tuffs display significant major element variability with 71.4-77.6 

wt.% SiO2, 0.1-0.3 wt.% TiO2, 12.8-16.0 wt.% Al2O3, 0.6-2.4 wt.% FeO, 0.1-0.2wt.% 

MnO, 0.1-0.6 wt.% MgO, 0.9-3.0 wt.% CaO, 3.2-4.5 wt.% Na2O, 3.4-4.4 wt.% K2O 

(Table 3.11; Fig. 3.26). These glasses are classified as HKCA rhyolites (Fig. 3.20). The 

following major element trends are observed in response to increasing SiO2, K2O 

increases, Na2O is scattered but constant, whilst TiO2, Al2O3, FeO, MnO, MgO, CaO all 

decrease (Fig. 3.26). The variability in major element concentrations is also reflected in 

the trace element concentrations with 93-135 ppm Rb, 279-544 ppm Sr, 12-16 ppm Y, 

106-139 ppm Zr, 13-18 ppm Nb, 1160-1430 pm Ba, 36-45 ppm La, 62-76 ppm Ce, 15-

20 ppm Th (Fig. 3.27). Glasses have relatively low levels of overall trace element 

enrichment (Zr/Sr = 0.4-0.5) (Fig. 3.21a), whilst showing significant LREE enrichment 

relative to the HREE (La/Yb = 21 ± 2). Trace element ratios are relatively consistent 

throughout the entire stratigraphy including constant ratios of HFSE/Th (Ta/Th = 0.05 ± 

0.1; Nb/Th = 0.94 ± 0.04; Nb/Zr = 0.14 ± 0.01; Zr/Th = 7 ± 0.4).  

Significant colour variation exists in the pumices and this appears to be related to 

vesicularity rather than purely compositional differences. Compositional data is 

dominated by white pumices from each stratigraphic unit.  This is because the grey 

pumices have greater vesicularity and microlites and as a result LA-ICP-MS analysis 

was problematic. As ERU 5 is comprised exclusively of grey pumices no trace element 

data is available for this uppermost unit (Table 3.11).  

Stratigraphic variation exists in the major element concentrations of the Upper Pollara 

juvenile deposits. Moving up sequence, each eruptive unit sees the introduction of more 

evolved glass compositions, with the exception of the final eruptive unit (ERU 5) (Fig. 

3.28). Compositional variability through the sequence (Fig. 3.28) reflects the mixing 

and homogenising indicative of the banding observed. ERU1 glasses have the most 

restricted evolution of the entire sequence (SiO2 ≤ 74.8 wt. %). The dull white pumices 

of ERU2 are the most homogeneous observed within the succession with 74.0-75.3 

wt.% SiO2. ERU3 contains the most contrasting pumice textures with evidence of 

banding, comprising highly vesicular foamy grey pumices and milky white stretched 

pumices, which make their first appearance in the stratigraphy. SiO2 ranges from 72.6 

wt.% (grey pumice) to 75.7 wt.% SiO2 (milky white pumice) this variability reflects the 

mixing of the two textural groups. Similarly, ERU4 has more compositional 



92 

 

heterogeneity with 71.8-77.6 wt.% SiO2 reflecting the mixing of the two components. 

ERU5 has some of the least evolved glass compositions in the Upper Pollara 

stratigraphy with 71.4-75.5 wt.% SiO2. SiO2 in the grey pumice reaches similar levels to 

those seen in the white components of the lower stratigraphy. This shows that pumice 

colour is more a function of vesicularity rather than purely compositional variability; 

the presence of gas rich (vesicular; grey) pumices might be indicative of the 

introduction of a new melt during the eruption. 

Whilst the trace element analysis of the Upper Pollara succession is restricted to the 

white pumices, stratigraphic variability exists. The dull white pumices in the lower 

eruptive units (ERU1 and ERU2) display lower trace element concentrations than those 

observed in the milky white pumices of the upper units (ERU3 and ERU4) (Fig. 3.28). 

The dull white pumices in ERU1 and ERU2 have limited trace element variability but 

generally overlap with concentrations ranging from 15-11 ppm Y, 105-114 ppm Zr, 13-

16 ppm Nb, 39-42 ppm La and 14-17 ppm Th (Fig. 3.26; 3.27). The higher 

concentrations observed in the milky white pumices of ERU3 and ERU4 are equally 

homogeneous with 122-135 ppm Rb, 279-303 ppm Sr, 13-16 ppm Y, 122-139 ppm Zr, 

16-18 ppm Nb, 1294-1430 ppm Ba, 42-45 ppm La and 18-20 ppm Th (Fig. 3.27; 3.28). 

These elevated trace element concentrations are consistent with major element 

variability, where ERU3 and ERU4 pumices display some of the highest SiO2, lowest 

CaO concentration and thus equate to the most evolved pumices (Fig. 3.28). 

3.4.3 Panarea:  

3.4.3.1 Punta Falcone Pumices 

These pumices are poorly constrained temporally and are likely to be older than 42 ka, 

but are included for comparison with the Palisi deposits (below) and more recent 

activity on Salina. The pumices are banded and show a bimodal population (Fig. 20; 

Table 3.12) the dominant grey pumices is have a transitional CA/HKCA affinity and are 

dacitic (62.3-67.5 wt.% SiO2) (Fig. 3.20). Glasses are heterogeneous at a major element 

level with 0.4-0.6 wt.% TiO2, 15.3-18.5 wt.% Al2O3, 0.7-1.4 wt.% MgO, 4.4-6.9 wt.% 

and 2.4-3.3 wt.% K2O (Fig. 3.26). The white pumice display homogenous (78.1 wt.% 

SiO2; 5.3 ± 0.2 wt. % K2O) rhyolitic compositions with a HKCA affinity (Fig. 3.20). 

The dacite glasses are moderately evolved (Zr/Sr = 0.3) and display LREE enrichment 

relative to the HREE (La/Yb = 11± 1). Trace element compositions are homogeneous; 

this may reflect limited analytical success using LA-ICP-MS due to only small areas of 
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glass being de-void of microlite inclusions. Trace element compositions observed in 

these pumices are as follows; 113 ± 17 ppm V, 115 ± 7 Rb, 397 ± 33 ppm Sr, 22 ± 3 

ppm, 127 ± 7 ppm, 8.1 ± 0.4 ppm Nb, 548 ± 32 ppm Ba, 28 ± 1 ppm La and 9.6 ± 0.5 

ppm Th (Fig. 3.27). The HSFE/Th ratio remain constant within these glasses with 

Nb/Th = 0.8 ± 0.1, Zr/Th = 11.3 ± 1.0. Trace element analysis was unsuccessful on the 

rhyolitic component.  

Eruption Panarea, Final Phase explosive Activity 

Locality Punta Falcone Palisi 
Unit Unit 2 Unit 2 Unit 2 Unit 2 base base base 

Sample 2A 6B 14C 16D 1A 2A 13C 

Material pumice pumice pumice pumice pumice pumice pumice 
SiO2  65.48 64.25 67.53 78.17 66.47 64.79 63.46 

TiO2 0.47 0.45 0.48 0.26 0.58 0.53 0.48 

Al2O3 17.51 18.15 16.11 11.38 14.94 16.96 17.90 
FeOt 3.78 3.85 3.95 1.12 5.17 4.45 4.12 

MnO 0.11 0.09 0.11 0.03 0.12 0.21 0.16 

MgO 0.92 0.96 0.67 0.18 1.47 0.99 1.62 
CaO 5.47 6.21 4.37 0.74 4.28 5.52 6.31 

Na2O 3.46 3.60 3.47 2.78 3.16 3.11 3.30 
K2O 2.81 2.42 3.31 5.34 3.37 3.01 2.65 

Analytical 

Total 97.91 97.00 96.11 95.15 94.46 96.61 97.02 

        Na2O + K2O 6.27 6.03 6.78 8.12 6.53 6.12 5.95 

K2O/Na2O 0.81 0.67 0.95 1.92 1.07 0.97 0.80 

Trace 
       Ppm 

       Rb 113 110 123 - - 118 - 

Sr 423 408 359 - - 341 - 
Y 20 21 24 - - 22 - 

Zr 126 116 129 - - 126 - 

Nb 7.9 7.8 8.5 - - 8.0 - 
Ba 555 512 576 - - 544 - 

La 28 27 29 - - 26 - 
Ce 52 51 56 - - 52 - 

Pr 5.7 5.6 6.0 - - 5.7 - 

Nd 21 21 25 - - 22 - 

Sm 4.2 4.0 4.6 - - 4.1 - 

Eu 1.0 1.0 0.9 - - 1.0 - 

Gd 4.0 3.6 4.3 - - 4.0 - 
Dy 3.9 3.8 4.0 - - 3.8 - 

Er 1.9 2.3 2.5 - - 2.6 - 

Yb 2.7 2.2 2.5 - - 2.4 - 
Lu 0.36 0.40 0.41 - - 0.44 - 

Ta 0.55 0.54 0.51 - - 0.54 - 

Pb 13.5 12.7 14.1 - - 15.2 - 
Th 10.2 9.2 9.4 - - 10.0 - 

U 3.1 3.2 3.3 - - 3.2 - 

 

Table 3.12: Representative major, minor and trace element glass data for the most recently explosive 

erupted pumices outcropping on the Island of Panarea. Full data are given in appendix eII.  

3.4.3.2 Palisi Pumices 

Grey fall pumices from Palisi are CA dacites (Fig. 3.20) with fairly heterogeneous glass 

compositions with 63.5-66.5 wt.% SiO2 (Fig. 3.26). Using increasing silica as a 

fractionation index Al2O3, MgO, CaO decrease; whilst FeO, Na2O and TiO2 remain 

fairly constant and K2O increases. LA-ICP-MS of these pumices was problematic due to 

the highly vesicular nature of the glasses; areas available to analyse at a 20 µm spot size 
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were very limited. Consequently, the Palisi pumices are represented by only one trace 

element data point. This glass is moderately evolved (Zr/Sr = 0.4) and displays LREE 

enrichment relative to the HREE (La/Yb = 11). Trace element concentrations for this 

pumice are shown in Figure 3.27. HFSE/Th for this pumices are Nb/Th = 0.8; Zr/Th = 

11.0.  

3.4.4 Vulcano 

The explosive deposits produced on Vulcano during the last 42 ka BP are particularly 

diverse, ranging from basaltic trachy-andesite through to rhyolite. Glasses display either 

a (1) K-series or; (2) Shoshonitic affinity (Fig. 3.20): 

(1) K-series glasses display significant heterogeneity with 55.1-61.6 wt.% SiO2, 0.4-0.7 

wt.% TiO2, 16.55-19.44 wt.% Al2O3, 3.57-7.26 wt.% FeO, 0.9-2.5 wt.% SiO2, 1.98-5.36 

wt.% CaO, 3.9-5.6 wt.% Na2O, 6.2-8.3 wt.% K2O (Fig. 3.20).  

(2) The shoshonitic glasses display significant heterogeneity with 53.5-74.2 wt.% SiO2, 

0.1-0.8 wt.% TiO2, 13.1-19.0 wt.% Al2O3, 1.8-9.2 wt.% FeO, 0.1-4.2 wt.% MgO, 0.7-

8.0 wt.% CaO, 2.2-4.5 wt.% Na2O and 4.3-8.0 wt. % K2O (Fig. 3.20).  

3.4.4.1 Quadrara Formation: 

Representative major minor and trace element glass data for the Quadrara formation are 

given in Table 3.13. The Quadrara formation displays clear stratigraphic variation with 

opening pumices capped by a scoria blanket and this is reflected in the glass 

geochemistry. Compositional heterogeneity observed within this eruptive sequence 

ranges from 56.4-64.0 wt.% SiO2; whilst 4.1-6.3 wt.% K2O defines a shoshonitic 

affinity (Fig. 3.20). The Quadrara Formation is geochemically bimodal (Fig. 3.29; 

3.30); basal white pumices are characterised by significantly more evolved 

compositions than the overlying scoriaceous deposits. The pumices have ≥ 62 wt.% 

SiO2 (trachytic), whilst the scoriaceous deposits have glasses typically with ≤ 60 wt.% 

SiO2 (trachy-andesites),  with only some glasses falling at the more evolved end-

member (Fig. 3.30). With increasing SiO2 as a fractionation index we observed the 

following patterns; decreasing TiO2, Al2O3, FeO, MnO, MgO, CaO; whilst increasing 

Na2O and K2O (Fig. 3.30).  
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Figure 3.29: Major element bi-plots showing the chemical variability and overlap of the erupted 

glasses produced explosively on Vulcano and Stromboli during the last 21 ka.
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Figure 3.30: Major element bi-plots displaying the glass compositions of the Quadrara 

formation explosively erupted on Vulcano. Also given are the glass compositions of pumices 

found outcropping at Capo Milazzo (Sicily) and Drauto, Panarea (EL4; De Rita et al., 2008). 

Finally an average glass composition from a distal tephra layer recorded at Pergusa on Sicily 

(Narcisi et al., 2002). 



97 

 

Eruption 
 

Quadrara 
Locality  

 

SW Vulcano 

Unit 

 

1 2 3 4 

          Sample 

 

3A 7B 17D 19D 3A 5A 11C 13C 

Material 

 

pumice pumice pumice pumice Scoria Scoria Scoria Scoria 

Major(wt. %) 
        SiO2  

 

63.05 62.90 62.95 63.05 58.00 57.19 59.82 57.23 

TiO2 

 

0.42 0.36 0.49 0.43 0.67 0.75 0.53 0.77 

Al2O3 
 

17.81 17.81 17.26 17.12 17.95 18.13 17.90 17.72 
FeOt 

 

3.48 3.69 3.79 3.98 5.94 6.51 5.16 6.69 

MnO 

 

0.18 0.20 0.12 0.19 0.11 0.13 0.15 0.20 

MgO 
 

0.88 0.87 0.92 0.97 2.25 2.41 1.70 2.59 
CaO 

 

2.80 2.86 2.62 2.73 5.22 5.67 4.24 5.59 

Na2O 

 

4.68 4.66 4.98 4.69 4.08 4.04 4.26 3.79 

K2O 
 

5.96 5.94 6.12 6.21 4.96 4.36 5.58 4.63 
Analytical Total 98.30 97.82 98.13 95.86 98.70 99.15 98.52 98.54 

          Na2O + K2O 10.64 10.60 11.11 10.90 9.04 8.40 9.84 8.42 
K2O/Na2O 1.28 1.27 1.23 1.32 1.22 1.08 1.31 1.22 

Trace 

         ppm 
         V 

 

54 48 50 38 - - - - 

Rb 

 

190 175 201 184 165 154 164 161 

Sr 
 

839 811 900 826 1173 1182 1246 1220 
Y 

 

27 26 27 23 25 25 25 23 

Zr 

 

205 194 213 192 168 155 165 162 

Nb 
 

23 22 24 22 19 18 18 18 
Ba 

 

995 949 1064 1259 1061 1074 1113 1079 

La 

 

62 54 63 58 54 52 53 52 

Ce 
 

113 105 114 102 101 101 105 101 
Pr 

 

11.6 10.9 12.0 10.6 11.5 10.4 11.4 11.0 

Nd 

 

46 35 45 41 43 44 44 44 

Sm 
 

8.5 6.9 8.5 6.8 7.9 8.2 8.0 7.9 
Eu 

 

1.7 1.5 1.8 1.9 1.7 1.9 1.8 1.7 

Gd 

 

6.0 5.6 6.7 4.7 6.0 6.7 5.9 6.3 

Dy 
 

5.0 4.5 4.9 4.2 4.8 4.8 5.1 5.0 
Er 

 

2.4 2.2 2.7 2.3 2.6 2.5 2.6 2.5 

Yb 

 

2.8 2.5 2.6 2.7 2.5 2.6 3.0 2.5 

Lu 
 

0.40 0.35 0.37 0.39 0.37 0.37 0.33 0.33 
Ta 

 

1.3 1.4 1.2 1.3 1.1 1.0 1.2 0.9 

Pb 

 

28.8 27.8 29.5 28.3 23.3 24.6 24.0 22.3 

Th 
 

23.4 21.6 23.9 22.5 18.9 18.0 19.3 18.6 
U 

 

7.5 7.3 6.8 6.6 5.3 5.6 5.4 5.5 

 

Table 3.13: Representative major, minor and trace element glass data for the explosively erupted 

Quadrara formation. Full data sets are available in appendix eII. 

This major element variability is illustrated in the range of trace element concentrations 

within the entire formation of 147-201 ppm Rb, 523-1304 ppm Sr, 21-28 ppm Y, 150-

213 ppm Zr, 18-24 ppm Nb, 733-1259 ppm Ba and 17-24 ppm Th (Fig. 3.31; 3.33). The 

glasses display LREE enrichment relative to the HREE (La/Yb = 21 ± 2) (Fig. 3.24b) 

and relatively constant ratios of HFSE/Th (Nb/Th = 1.0 ± 0.05; Zr/Th = 8.8 ± 0.36).  

The reversely graded trachytic white pumices (unit 1 and 2) display significant 

compositional variability demonstrated by the following range in major and minor 

element compositions; 62.3-64.0 wt.% SiO2, 2.8-4.0 wt.% FeO, 2.2-3.3 wt.% CaO, 4.3-

5.1 wt.% Na2O, 5.3-6.3 wt.% K2O (Fig. 3.29). Glasses display moderate levels of 

fractionation (Zr/Sr = 0.2-0.4) and show LREE enrichment relative to the HREE (La/Yb 

= 21 ± 1) (Fig. 3.24b).  
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Figure 3.31: Trace element bi-plots displaying the glass compositions of tephras explosively 

produced on Vulcano and Stromboli during the last 21 ka. Errors given are 2 x standard 

deviations of repeat analyses of the StHs/6-80G secondary standard. 
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Trace element concentrations within these glasses display significant variability with 

the following ranges 161-201 ppm Rb, 523-900 ppm Sr, 21-28 ppm Y, 171-213 ppm Zr, 

20-24 ppm Nb, 732-1259 ppm Ba, 50-63 ppm La and 18-24 ppm Th (Fig. 3.32). 

HFSE/Th ratios remain constant within these pumices (Nb/Th = 1.00 ± 0.03, Zr/Th = 

8.8 ± 0.2) apart from two pumices which display lower concentrations of Sr (523-546 

ppm) and Ba (733-767 ppm) and subtly more elevated ratios of HFSE/Th (Nb/Th = 

1.08; Zr/Th = 9.8) (Fig. 3.32).   

The scoria deposits of units 3 are the most heterogeneous; with major element 

composition that are comparable with the trachytic white pumices below, but also 

contain the less evolved end-member present in the Quadrara formation (> 60 wt.%). 

The least evolved components show significant chemical variability with 56.4-60.0 

wt.% SiO2, 0.5-0.8 wt.% TiO2, 3.7-6.9 wt.% FeO, 3.2-6.5 wt.% CaO, 3.6-4.6 wt.% 

Na2O, 4.1-5.6 wt.% K2O (Fig. 3.30). Glasses are significantly less evolved than the 

white pumices below (Zr/Sr = 0.12-0.15) and display LREE enrichment relative to the 

HREE (La/Yb = 21 ± 2) (Fig. 3.24b). Glass display significant trace element variability 

with the following ranges in concentrations; 147-165 ppm Rb, 1101-1304 ppm Sr, 22-

26 ppm Y, 150-175 ppm Zr, 18-20 ppm Nb, 1045-1150 ppm Ba, 47-55 ppm La and 17-

20 ppm Th (Fig. 3.32). HFSE/Th ratios remain constant in these glasses (Nb/Th = 0.98 

± 0.03, Zr/Th = 8.7 ± 0.2; Fig. 3.32).  

3.4.4.2 Casa Lentia  

Representative major, minor and trace element data for the fall deposits identified on the 

Monte Lentia cliff, Vulcano are given in Table 3.14. Glasses have variable 

compositions (67.9-70.2 wt.% SiO2; 5.7-6.6 wt.% K2O) and are classified as shoshonitic 

ranging from trachyte to rhyolite in composition (Fig. 3.20). Increasing SiO2 as a 

fractionation index shows a negative relationship with TiO2, FeO, MgO, CaO and 

Na2O. MnO remains constant with increasing SiO2, whilst K2O increases until an 

inflection at ca. 69.4 wt.% SiO2 where it decreases. Glasses are moderately evolved 

(Zr/Sr = 0.6-1.1) and display LREE enrichment over the HREE (La/Yb = 16 ± 2). Trace 

element concentrations observed in the glasses are fairly homogeneous with 309 ± 10 

ppm Rb, 30 ± 1 ppm Y, 196 ± 9 ppm Zr, 35 ± 1 ppm Nb and 46 ± 2 ppm Th (Fig. 3.31). 

Sr and Ba display negative relationships with increasing fractionation and show some of 

the most significant variation (183-364 ppm Sr and 410-556 ppm Ba). HFSE/Th ratios 

are constant within these glasses (Nb/Th = 0.75 ± 0.02; Zr/Th = 4.3 ± 0.08) (Fig. 3.31).  
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Figure 3.32: Trace element bi-plots displaying glass compositions of the Quadrara formation, 

Vulcano and the Upper Vancori pumices, Stromboli. Glass composition of pumices outcropping 

on Capo Milazzo (Ml), Sicily and at Drauto (EL4), Panarea are given.  

 

Figure 3.33: Major element bi-plots displaying glass concentrations of trachytic pumices 

erupted during the Upper Vancori eruption, Stromboli. Also shown are glass compositions of 

the pumice fall bed recorded at Drauto (EL4), Panarea.  
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3.4.4.3 Monte Saraceno:  

Representative major, minor and trace element data for the scoria blanket sampled on 

the rim of the Piano caldera, Vulcano are given in Table 3.14. The deposits sampled 

appeared altered with pitting of the glass surfaces. Consequently, glass characterisation 

was restricted and only offers a brief insight into the melt compositions produced during 

this activity.  

Eruption Casa Lentia TGR ? Scoria M. Saraceno 

Locality  Lentia Piano Caldera Rim of Piano Caldera 

             Sample 1A 3A 5A 12B 1A 6B 

Material pumice pumice Scoria Scoria Scoria Scoria 

Major (wt. %) 
     SiO2  70.22 68.93 54.37 57.44 54.31 53.48 

TiO2 0.30 0.41 0.70 0.61 0.71 0.87 

Al2O3 14.82 14.80 16.33 17.23 16.29 16.36 

FeOt 2.72 3.29 8.80 7.08 8.65 9.03 

MnO 0.12 0.05 0.10 0.09 0.15 0.12 

MgO 0.47 0.40 3.98 2.31 3.92 4.08 
CaO 1.21 1.19 7.72 4.98 7.81 7.99 

Na2O 3.72 4.01 3.63 4.33 3.77 3.79 
K2O 6.04 6.48 4.37 5.91 4.38 4.28 

Analytical Total 99.00 99.02 98.37 98.79 98.42 98.32 

       Na2O + K2O 9.76 10.50 8.00 10.25 8.15 8.07 

K2O/Na2O 1.62 1.61 1.21 1.37 1.16 1.13 
Trace 

      ppm 

      V 
      Rb 305 318 143 201 149 - 

Sr 264 302 1136 972 1172 - 

Y 30 31 18 21 19 - 
Zr 194 200 117 162 121 - 

Nb 34 35 16 22 16 - 

Ba 472 463 772 925 802 - 
La 53 63 45 60 47 - 

Ce 102 120 84 107 88 - 

Pr 10.4 12.4 8.5 11.1 9.6 - 

Nd 38 43 33 42 35 - 

Sm 7.1 7.7 7.1 7.7 7.3 - 

Eu 0.5 0.8 1.4 1.5 1.4 - 
Gd 5.0 6.5 4.6 5.4 5.2 - 

Dy 4.9 5.5 3.3 4.6 3.6 - 

Er 3.3 3.5 1.9 2.1 1.8 - 
Yb 3.8 3.4 1.8 2.5 1.8 - 

Lu 0.46 0.51 0.28 0.33 0.28 - 

Ta 2.4 2.4 0.8 1.2 0.9 - 
Pb 30.2 33.8 18.9 25.2 18.6 - 

Th 46.3 46.4 17.4 26.7 18.2 - 

U 14.1 14.0 5.4 8.1 5.8 - 

 

Table 3.14: Representative major, minor and trace element data form explosively erupted glasses 

produced during the Casa Lentia, TGR and Monte Saraceno eruptions. Full data sets are available in 

appendix eII. 

Due to limited analyses glass compositions were homogeneous with 53.9 ± 0.4 wt.% 

SiO2, 0.7 ± 0.1 wt.% TiO2; 16.3 ± 0.1 wt.% Al2O3, 8.8 ± 0.2 wt.% FeO, 4.0 ± 0.1 wt. % 

MgO, 7.9 ± 0.1 wt.% CaO, 3.8 ± 0.1 wt. % Na2O and 4.4 ± 0.1 wt.% K2O (Fig. 3.29). 

These glasses are classified as basaltic-trachy-andesites and show a high K-series 

affinity (Fig. 3.20). A single trace element analysis reveal that the glasses are poorly 
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evolved (Zr/Sr = 0.10) and show LREE enrichment relative to the HREE (La/Yb = 25). 

Trace element concentrations are given in Table 3.14.  

3.4.4.4 TGR scoria  

Representative major, minor and trace elements of the scoria are given in Table 3.14. 

Glass compositions of the scoria are high-K silica and range from basaltic trachy-

andesite to trachyte (Fig. 3.20). Major and minor element are variable with 53.5-57.4 

wt.% SiO2, 8.1-5.0 wt.% CaO and 4.3-5.9 wt.% K2O (Fig. 3.29). Using increasing SiO2 

as a fractionation index, major and minor elements respond with increasing Al2O3, 

Na2O and K2O; decreasing TiO2, FeO (Fig. 3.16), MnO, MgO and CaO. Glasses are 

poorly evolved (Zr/Sr = 0.1 ± 0.02) but with the variability of trachy-andesites to the 

trachytes trace element concentrations display significant variability as shown by 143-

209 ppm Rb, 117-167 ppm Zr, 16-23 ppm Nb, 45-60 ppm La and 17-27 ppm Th (Fig. 

3.31). The primitive mantle normalised diagram (Fig. 3.21b) illustrates LREE enriched 

relative to the HREE (La/Yb = 25 ± 2). Increasing fractionation sees a reduction in Sr 

concentrations (950-1253 ppm Sr), whilst Ba continues to increase (772-1253 ppm Ba). 

Incompatible elements have a positive linear relationship (Fig. 3.31) and show constant 

ratios of HFSE/Th (Fig. 3.31). 

3.4.4.5 La Fossa 

Explosive deposits from La Fossa activity are given in Todman (2012) and incorporated 

into this data set for comparisons with other Vulcano and Aeolian Island deposits. The 

Palizzi deposits reported herein correspond to the Palizzi 2 succession of Dellino et al. 

(2011). Full geochemical descriptions of these tephras are outlined in Todman (2012), 

below is a brief summary of the chemical features of theses eruptive units. 

Representative data for these eruptions are given in Table 3.15; whilst full data can be 

found in the appendix in Todman (2012). 

Palizzi A; Glasses display compositions that are transitional between tephri-phonolite, 

trachy-andesite and phonolite (Fig. 3.20, 3.29). Glasses display only moderate levels of 

trace element enrichment (Zr/Sr = 0.2 ± 0.03) (Fig. 3.21b) and are relatively 

homogeneous. 
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Palizzi B; These pumice fall deposits are rhyolitic in composition (70.6-74.2 wt.% SiO2) 

and have a shoshonitic affinity (5.8-8.0 wt.% K2O) (Fig. 3.20). These glasses are highly 

evolved (Zr/Sr = 1.2-4.9; Eu/Eu*N = 0.2) and display LREE enrichment relative to the 

HFSE (La/Yb = 18-28) (Fig. 3.21a) 

Palizzi D; This pumice fall deposit is trachytic in composition (60.6 ± 0.6 wt.% SiO2) 

and glasses display a high-K-affinity (7.9 ± 0.2 wt.% K2O) (Fig. 3.16). Glasses are 

moderately evolved (Zr/Sr = 0.2-0.4) and display LREE enrichment relative to the 

HREE (La/Yb = 16-30) (Fig. 3.21b, 3.24b).  

Eruption Palizzi A Palizzi B Palizzi D Commenda Ash Pietre Cotte 

Locality  

                    

Sample 

S77-tot.5.1 GRVULC46.3.1 S33,90-

110.3.g2 

CA5.1 AT1.w2.2 S90ca.7.i1 

Material scoria pumice pumice ash pumice pumice 

Major (wt. %) 

      SiO2  56.66 73.15 60.08 61.21 71.75 59.72 
TiO2 0.64 0.11 0.59 0.56 0.19 0.60 

Al2O3 18.24 13.68 18.72 17.55 14.28 17.52 

FeOt 6.68 2.12 4.43 4.73 2.29 5.91 
MnO 0.15 0.09 0.14 0.16 0.07 0.18 

MgO 1.83 0.10 1.05 1.11 0.20 1.18 

CaO 4.08 0.78 2.43 2.78 0.87 2.96 
Na2O 4.62 3.55 4.82 4.77 3.87 4.61 

K2O 7.11 6.42 7.92 7.13 6.48 7.32 

Analytical Total 97.62 95.20 99.37 98.28 97.23 98.05 

       Na2O + K2O 11.73 9.98 12.74 11.90 10.35 11.93 

K2O/Na2O 1.54 1.81 1.64 1.49 1.67 1.59 
Trace 

      ppm 

      V 
      Rb 234 281 247 263 414 264 

Sr 851 161 889 768 87 655 

Y 18 39 19 22 40 21 

Zr 189 203 199 264 297 233 

Nb 28 38 29 31 46 32 

Ba 1178 245 1949 1020 111 1059 
La 67 80 64 76 96 71 

Ce 122 149 108 137 179 130 

Pr 12.4 14.7 10.8 13.3 17.4 12.3 
Nd 43 52 37 45 62 43 

Sm 7.6 9.3 6.6 7.7 9.8 8.5 

Eu 1.6 0.6 1.3 1.3 0.5 1.4 
Gd 5.4 6.6 5.9 5.2 7.3 5.9 

Dy 3.7 6.5 3.5 4.1 6.2 3.7 

Er 1.9 4.0 2.0 2.3 4.0 2.3 
Yb 2.2 4.6 2.3 2.4 4.3 2.4 

Lu 0.38 0.64 0.40 0.36 0.65 0.38 

Ta 1.6 2.5 1.7 1.8 2.5 2.1 
Pb 30.6 33.4 33.9 35.3 33.5 32.4 

Th 30.6 57.3 30.3 39.2 60.5 34.4 

U 10.0 16.1 10.4 12.2 19.8 10.9 

 

Table 3.15: Representative major, minor and trace element glass data for glasses explosively produced by 

La Fossa, Vulcano during the last 5.5 ka. Full data can be found in Todman (2012). Data presented here is 

for comparisons with older Vulcano glasses and other Aeolian Island activity.  
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Commenda Ash; The varicoloured Commenda ash, also termed the Caruggi by Dellino 

et al., (2011) contains K-series trachytic glasses (61.0 ± 0.3 wt.% SiO2 and 7.1 ± 0.1 

wt.% K2O) (Fig. 3.20; 3.29). Glasses are moderately evolved (Zr/Sr = 0.3-0.4) and 

display LREE enrichment relative to the HREE (La/Yb = 31 ± 2) (Fig. 3.24b).  

Pietre Cotte; Banded pumices from the upper Pietre Cotte are bimodal, comprising 

homogeneous K-series trachytes (59.3 ± 0.6 wt.% SiO2, 6.2 ± 0.1 wt.% K2O) and 

trachytic-rhyolitic glasses (65.8-73.2 wt.% SiO2, 6.1-7.0 wt.% K2O) (Fig. 3.20). Trace 

element analysis of the white trachytic to rhyolitic glasses reveal moderate to highly 

evolved composition (Zr/Sr = 0.5-3.4) and glasses display significant LREE enrichment 

relative to the HREE (La/Yb = 23-36) (Fig. 3.21b). Upper Pietre Cotte ash contains K-

series trachyte glasses (59.8 wt.% SiO2, 6.9-7.4 wt.% K2O) (Fig. 3.20). Glasses display 

moderate levels of evolution (Zr/Sr = 0.4) and LREE enrichment relative to the HREE 

(La/Yb = 30 ± 2).  

 

3.4.5 Stromboli 

3.4.5.1 Upper Vancori 

The Upper Vancori glasses are trachytes (63.2-65.4 wt.% SiO2) and display a 

shoshonitic affinity (5.3-5.8 wt.% K2O) (Fig. 3.20; Table 3.16). The lower most 

pumices (unit 1) are homogenous displaying 64.7-65.4 wt.% SiO2, 3.9-4.4 wt.% FeO, 

0.8-0.9 wt.% MgO, 2.3-2.6 wt.% CaO, 4.3-4.9 wt.% Na2O and 5.4-5.8 wt.% K2O (Fig. 

3.29). Trace element concentrations in the lower pumices are moderately evolved (Zr/Sr 

= 1.1 ± 0.1) and display LREE enrichment relative to the HREE (La/Yb = 18.9 ± 1.3) 

(Fig. 3.21b). Trace element concentrations are particularly homogeneous with 21 ± 1 

ppm V, 182 ± 8 ppm Rb, 274 ± 73 ppm Sr, 29 ± 2 ppm Y, 296 ± 19 ppm Zr, 37 ± 2 ppm 

Nb, 1381 ± 132 ppm Ba, 59 ± 2 La and 30 ± 3 ppm Th (Fig. 3.31, 3.32). HFSE/Th 

ratios are constant within these glasses (Nb/Th = 1.22 ± 0.07; Zr/Th = 9.7 ± 0.2).   
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Figure 3.34: Secche di Lazzaro, Stromboli glass compositions (a-d) major element 

concentrations; (e-h) trace element concentrations. Demonstrating the stratigraphic 

variation at SDL-N locality. (See Fig.3.5; Table 3.5). 
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The upper most pumices (unit 3) are of equally homogeneous compositions with 63.2-

64.3 wt.% SiO2, 4.2-5.1 wt.% FeO, 1.1-1.2 wt.% MgO, 2.9-3.2 wt.% CaO, 4.4-4.9 wt.% 

Na2O and 5.3-5.5 wt.% K2O (Fig. 3.29; Table 3.16). The trace element compositions are 

again homogeneous within these pumices shown by 49 ± 3 ppm V, 197 ± 8 ppm Rb, 

366 ± 111 ppm Sr, 31 ± 2 ppm Y, 311 ± 19 ppm Zr, 1541 ± 97 ppm Ba, 65 ± 4 ppm La 

and 32 ± 3 ppm Th (Fig. 3.31; 3.32). HFSE/Th ratios are constant (Nb/Th = 1.21 ± 0.06; 

Zr/Th = 9.7 ± 0.3).   

Eruption Upper Vancori 

Locality  Eastern Stromboli 

Unit 1 3 

Sample 1A 7B 10B 1A 6B 14C 

Material pumice pumice pumice pumice pumice pumice 

Major (wt. %) 

      SiO2  65.21 64.80 65.41 63.59 63.68 63.22 

TiO2 0.79 0.75 0.73 0.80 0.72 0.86 

Al2O3 16.32 16.57 16.25 16.92 16.93 16.42 

FeOt 4.39 4.12 4.14 4.52 4.51 5.11 

MnO 0.13 0.07 0.02 0.14 0.22 0.16 

MgO 0.84 0.88 0.89 1.15 1.20 1.21 

CaO 2.34 2.51 2.44 3.00 2.97 3.14 

Na2O 4.40 4.85 4.48 4.53 4.41 4.41 

K2O 5.59 5.45 5.64 5.35 5.36 5.47 

Analytical Total 99.37 99.51 98.98 98.38 97.97 96.81 

       Na2O + K2O 9.98 10.31 10.13 9.87 9.77 9.88 

K2O/Na2O 1.27 1.12 1.26 1.18 1.22 1.24 

Trace 

      ppm 

      V 21 21 19 48 52 45 

Rb 180 183 180 200 199 183 

Sr 349 297 230 281 334 557 

Y 29 30 27 30 33 29 

Zr 297 306 273 289 326 292 

Nb 37 38 35 39 41 35 

Ba 1446 1418 1235 1396 1541 1667 

La 59 61 55 60 67 61 

Ce 99 111 113 113 129 115 

Pr 11.3 11.9 11.2 11.6 13.6 11.9 

Nd 42 44 41 42 53 42 

Sm 7.4 8.3 6.8 9.4 8.8 7.5 

Eu 1.8 1.7 1.4 1.6 1.8 1.8 

Gd 6.4 5.9 4.8 6.6 8.1 7.6 

Dy 4.9 5.4 5.1 5.4 6.5 5.4 

Er 2.9 3.1 2.6 3.1 3.7 2.8 

Yb 3.2 3.3 2.9 3.2 3.8 3.1 

Lu 0.47 0.53 0.41 0.49 0.55 0.46 

Ta 1.9 2.0 1.6 1.7 2.1 1.6 

Pb 33.8 34.0 37.0 49.6 44.0 35.7 

Th 31.1 33.0 27.5 29.7 35.2 29.6 

U 8.6 8.9 8.0 8.7 9.7 8.3 

 

Table 3.16: Representative major, minor and trace element glass data for the explosive deposits of the 

Upper Vancori eruption, Stromboli. Full data sets are available in appendix eII. 
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3.4.5.2 Secche di Lazzaro (SDL): 

Semaforo Track (ST), Northern Stromboli 

SDL glasses from vesicular green scoria in unit 2 on the Semaforo Track (Fig. 3.18), 

northern Stromboli, are K-series trachy-andesites (57.5-58.3 wt.% SiO2, 6.4-6.8 wt.% 

K2O) (Fig. 3.20, 3.29; Table 3.17)). The glasses in this unit are homogeneous with only 

the following variability 1.0-1.2 wt.% TiO2, 6.2-7.0 wt.% FeO, 1.8-2.1 wt.% MgO, 4.5-

4.8 wt.% CaO, 3.3-3.6 wt.% Na2O (Fig. 3.34). The glasses are moderately evolved 

(Zr/Sr = 0.5) with LREE enrichment relative to the HREE (La/Yb = 25 ± 1). Trace 

element concentrations within the glasses are equally homogeneous with 164 ± 5 ppm 

V, 275 ± 8 ppm Rb, 568 ± 31 ppm Sr, 27 ± 2 ppm Y, 280 ± 14 ppm Zr, 40 ± 1 ppm Nb, 

2125 ± 88 ppm Ba, 64 ± 3 La, 32 ± 2 ppm Th (Fig. 3.34e-h). HFSE/Th ratios remain 

constant within these glasses (Nb/Th = 1.25 ± 0.04, Zr/Th = 8.9 ± 0.2).  

Towards the top of the sequence, unit 5 contains predominantly light grey pumices. 

These pumices range from K-series trachy-andesites to trachytes (58.2-59.6 wt.% SiO2, 

6.5-7.0 wt.% K2O) (Fig. 3.34; Table 3.17). Glasses display more major element 

variation with 0.8-1.1 wt.% TiO2, 17.5-18.4 wt.% Al2O3, 5.3-6.3 wt.% FeO, 1.4-1.8 

wt.% MgO, 3.8-4.6 wt.% CaO, 3.3-4.0 wt.% Na2O (Fig. 3.21). The glasses are 

moderately evolved (Zr/Sr = 0.6) and display LREE enrichment relative to the HREE 

(La/Yb = 23 ± 2). Trace element concentrations within these glasses are homogeneous 

reflected by 135 ± 14 ppm V, 277 ± 16 ppm Rb, 536 ± 58 ppm Sr, 28 ± 2 ppm Y, 296 ± 

18 ppm Zr, 41 ± 3 ppm Nb, 2298 ± 90 ppm Ba, 67 ± 4 ppm La and 33 ± 2 ppm Th (Fig. 

3.34e-h). HFSE/Th ratios are constant within these glasses (Nb/Th = 1.3 ± 0.03, Zr/Th = 

9.0 ± 0.2).  

Advanced Operative Centre (COA) 

Grey pumices in unit 3 are K-series trachytes (59.1-60.1 wt.% SiO2, 6.5-7.1 wt.% K2O). 

The glasses are homogeneous with 0.8-1.1 wt.% TiO2, 17.1-18.4 wt.% Al2O3, 5.3-6.1 

wt.% FeO, 1.1-1.8 wt.% MgO, 3.7-4.3 wt.% CaO and 3.4-4.0 wt.% Na2O (Fig. 3.21; 

Table 3.17). The glasses are moderately evolved (Zr/Sr = 0.6) and have LREE 

enrichment relative to the HREE (La/Yb = 23 ± 1). The glasses are particularly 

homogeneous with 141 ± 4 ppm V, 276 ± 9 ppm Rb, 513 ± 69 ppm Sr, 28 ± 1 ppm Y, 

291 ± 8 ppm Zr, 41± 1 ppm Nb, 2196 ± 100 ppm Ba, 64 ± 2 ppm La and 33 ± 1 ppm Th 

(Fig. 3.34). HFSE/Th ratios are constant within these glasses (Nb/Th = 1.3 ± 0.1; Zr/Th 

= 9.2 ± 0.6, 0.07).  
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Grey pumices sampled in unit 4 are again K-series trachytes (59.1-60.2 wt.% SiO2, 6.4-

7.1 wt.% K2O). The glasses are homogeneous with 0.9-1.1 wt.% TiO2, 17.1-18.4 wt.% 

Al2O3, 5.1-6.1 wt.% FeO, 1.1-1.8 wt.% MgO, 3.7-4.4 wt.% CaO, 3.4-4.1 wt.% Na2O 

(Fig. 3.34a-d; Table 3.17). The glasses are moderately evolved (Zr/Sr = 0.6) and display 

LREE enrichment relative to the HREE (La/Yb = 23 ± 2). Trace element concentrations 

are equally homogeneous with 134 ± 5 ppm V, 276 ± 8 ppm Rb, 486 ± 36 ppm Sr, 27 ± 

2 ppm Y, 297 ± 20 ppm Zr, 42 ± 2 ppm Nb, 2132 ± 132 ppm Ba, 63 ± 6 ppm La and 32 

± 2 ppm Th (Fig. 3.34e-h). HFSE/Th ratios are constant within these glasses with Nb/Th 

= 1.3 ± 0.1, Zr/Th = 9.2 ± 0.6).  

Eruption Secche di Lazzaro 

Locality  Semaforo track SDL-NE COA SDL-E 

Unit 2 5 3 4 

Sample 4A 14C 2A 5A 3A 5A 12C 15C 

Material scoria scoria pumice pumice pumice pumice pumice pumice 

Major (wt. %) 

        SiO2  57.65 58.01 59.28 58.98 59.87 59.36 59.27 59.78 

TiO2 1.01 1.05 0.99 1.00 0.89 0.97 0.98 0.96 

Al2O3 17.83 17.71 17.61 17.70 17.58 17.66 17.72 17.73 

FeOt 6.54 6.45 5.78 5.84 5.48 5.77 5.74 5.56 

MnO 0.23 0.24 0.07 0.15 0.14 0.18 0.15 0.19 

MgO 1.99 1.95 1.60 1.62 1.57 1.62 1.56 1.51 

CaO 4.69 4.79 3.77 3.88 3.86 4.17 3.97 4.22 

Na2O 3.62 3.28 3.85 3.83 3.78 3.72 3.85 3.48 

K2O 6.44 6.52 7.04 7.00 6.83 6.54 6.76 6.57 

Analytical Total 99.19 98.89 98.88 98.69 98.02 98.14 98.45 98.40 

         Na2O + K2O 10.05 9.80 10.89 10.83 10.60 10.26 10.62 10.04 

K2O/Na2O 1.78 1.99 1.83 1.83 1.81 1.76 1.75 1.89 

Trace 

        ppm 

        V 163 166 130 131 136 142 133 139 

Rb 280 270 291 289 259 274 270 276 

Sr 533 575 500 490 651 481 526 508 

Y 25 29 30 29 27 27 27 28 

Zr 261 297 314 311 281 289 286 303 

Nb 38 41 43 44 40 41 41 42 

Ba 2011 2228 2367 2307 2327 2194 2302 2282 

La 60 66 68 70 63 65 64 65 

Ce 122 131 133 133 124 128 124 132 

Pr 12.8 14.1 13.9 14.4 13.2 13.9 13.4 13.9 

Nd 48 55 54 56 50 51 50 51 

Sm 9.6 9.8 10.4 9.8 9.1 8.9 9.1 9.3 

Eu 1.9 2.2 2.1 2.1 2.1 2.0 2.1 2.0 

Gd 6.6 7.4 7.8 7.8 7.0 6.7 6.6 7.0 

Dy 5.2 5.6 5.0 5.8 5.0 5.1 5.2 5.7 

Er 2.6 3.0 3.1 3.1 2.9 2.8 2.9 2.9 

Yb 2.4 2.6 3.0 3.0 2.9 2.7 2.9 3.1 

Lu 0.39 0.39 0.49 0.46 0.44 0.42 0.43 0.39 

Ta 1.9 2.1 2.1 2.1 2.0 2.3 2.1 2.3 

Pb 48.3 42.2 43.9 48.9 41.1 41.6 42.4 40.9 

Th 29.7 33.8 33.7 35.4 32.5 32.5 32.4 33.8 

U 9.5 10.3 10.6 10.6 10.0 10.5 10.1 10.5 

 

Table 3.17: Representative major, minor and trace element glass data from the explosive products of the 

Secche di Lazzaro eruption, Stromboli. Full data sets are available in appendix eII.  
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3.5 Discussion: Tephrochronological implications 

3.5.1 Lipari proximal explosive deposits  

During the last 42 ka Lipari has produced HKCA trachytes to high-SiO2 rhyolite glass 

compositions (i.e., 67.9-76.8 wt.% SiO2 and 4.9-6.4 wt.% K2O (Fig. 3.20)). The high 

SiO2 rhyolites are dominant during this period (i.e., 74-76 wt. %). Consequently, 

distinguishing distal tephra sourcing from Lipari from other Aeolian Island sources is 

fairly straight forward, particularly given that their incompatible trace element profiles 

are distinctive, dominated by dramatic anomalies at Ba, Sr and Eu (Fig. 3.21). However, 

Lipari products erupted during the last 42 ka show very little major element 

compositional variability through time (Fig. 3.22). This feature has been noted 

previously based on whole rock analyses of the deposits (Gioncada et al., 2003). 

Statistical distance tests comparing the glass compositions of the Lipari explosive 

deposits erupted during the last 42 ka (Table 3.18) demonstrate that these products are 

largely indistinguishable at a multi-element level. Explosive volcanic activity on Lipari 

is a classic example of near identical glass (i.e., magmas) being produced by a single 

volcanic centre over significant period of time (42 ka). This is highly problematic for 

distal tephrochronology. Proximal geochemical signatures for the main explosive 

eruptions during the last 42 ka are used to identify any diagnostic features that can help 

to distinguish these deposits.  

3.5.1.1 Cycle VII- P.del Perciato and Falcone Formations 

The oldest explosive HKCA products of Lipari and cycle VII, the P.del Perciato (pe2 

member) is dated to 42 ± 3 ka (Crisci et al., 1981), these explosive deposits are 

particularly homogeneous rhyolitic white pumices (Fig. 3.20). These older explosive 

deposits are separated by a brown tuff accumulation from the younger cycle VII 

Falcone formation (Fig. 3.7). The main distinguishing feature between glass chemistry 

of these two deposits is the compositional variability observed in the glasses of the 

Falcone formation, with trachytic to rhyolitic compositions (Fig. 3.20; 3.22). At a trace 

element level the two deposits are statistically indistinguishable (D
2
 = 0.3; Table 3.18). 

Concentrations of Ba, Sr and Eu are equally low in the P. del Perciato and Falcone 

rhyolites, a response to K-feldspar fractionation (Table 3.6). The Falcone glasses do 

present subtly more elevated La (Fig. 3.23b) and Ce (Fig. 3.23c) concentrations than 

those seen in the older P.del Perciato formation pumices. Overall the most evolved (> 

75 wt.% SiO2) glasses are characterised by limited ranges in incompatible trace element 
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concentrations. A single analysis of the least evolved trachytic end-member of the 

Falcone formation reveals higher LREE and Zr concentrations, a feature highlighted by 

Gioncada et al. (2003) based on their WR analyses of the less evolved products of 

Lipari during the last 42 ka. The presence of the less evolved compositions in the 

Falcone formation is not only a diagnostic feature of this older Lipari explosive 

volcanism, but provides insights into the less evolved melt compositions produced at 

Lipari and indicates that the elements mentioned might to a degree be behaving 

compatibly.   

The Falcone formation presents clear evidence of magma mixing, with the presence of 

two glass components, a trachy-rhyolite and a rhyolite. It is plausible that the injection 

of a less evolved magma into a high level rhyolite body triggered explosive activity, 

envisaging a similar scenario to more recent activity on the island (De Rosa et al., 

2003a).  

The oldest confirmed Lipari HKCA rhyolitic tephra layer in the Tyrrhenian Sea marine 

record (KET8003) is reported by Paterne et al., (1988) and is termed the E-11. It is 

stratigraphically just above the Campanian Ignimbrite (Y-5/C-13) and is dated to 37.7 

ka (Paterne et al., 1988). A similar scenario is observed in the southern Adriatic marine 

core SA-03-11, where again a HKCA rhyolitic tephra is observed just above the Y-5 

(Matthews 2012 pers comm.). The P.del Perciato formation is dated at 42 ± 3 ka (Crisci 

et al., 1991) and as such predates the wide spread Campanian Ignimbrite (39.28 ± 0.11 

ka BP; De Vivo et al., 2001). Consequently, the HKCA rhyolitic P.del Perciato 

formation is less likely to be the proximal correlative of the E-11, although, proximal 

and distal ages do just overlap with error. Given proximal stratigraphic super position, 

the younger Falcone formation may present a better correlative for the E-11 tephra since 

the brown tuff separating the Falcone and P.dei Perciato Formations must represent a 

period of local quiescence on Lipari (Fig. 3.7). Whilst determining detailed 

geochemistry for the distal E-11 ash might provide a useful insight into precise 

proximal-distal links, geochemically separating these two older rhyolitic eruptions of 

Lipari is difficult and dependant on geochemical variability being recorded distally 

(above). The use of these eruptions as distal stratigraphic markers is not precluded by 

their indistinguishable glass chemistries, since their position relative to the Campanian 

Ignimbrite provides a stratigraphic constraint. 
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 (a) 

p (confidence limit) D2critical,  f =8                 

0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 < 5% probability that the two samples are compositionally different if D2 is less than 2.733 

0.050 

 

15.507 >95% probability that the two samples are compositionally different if D2 is greater than 15.507 

0.010   20.090 >99% probability that the two samples are compositionally different if D2 is greater than 20.090 

p (confidence limit) D2critical, f =10                 

0.995 

 

2.156 < 0.5 % probability that the two samples are compositionally different if D2 is less than 2.155 

0.990 

 

2.558 < 1%  probability that the two samples are compositionally different if D2 is less than  2.558 

0.950 

 

3.940 < 5% probability that the two samples are compositionally different if D2 is less than 3.940 

0.050 

 

18.307 > 95% probability that the two samples are compositionally different if D2 is greater than 18.307 

0.010   23.209 > 99% probability that the two samples are compositionally different if D2 is greater than 23.209 

 (b) 

Table 3.18: (a) Statistical distance values (D
2
) matrix based on major, minor and trace element compositions of the explosive products associated with Lipari during the last 42 

ka. (b) The p (confidence limits) values and the D
2
critical values for the statistical distance, where f = 8 (major and minor elements) and f = 10 (trace elements). 

Deposit M.P Stromboli M.P Vulcanello M. Pilato 2 M. Pilato 1 Gabellotto-Fiume M. Guardia Falcone Form  P.del Perciato 

 

Trace elements D2 values; f = 10 

M.P Stromboli 0.0 0.2 8.8 21.1 28.2 5.6 305.8 2.4 

M.P Vulcanello 0.5 0.0 3.6 9.7 11.3 5.6 117.3 2.4 

M. Pilato 2 3.7 3.8 0.0 6.9 14.2 4.4 228.6 1.9 

M. Pilato 1 4.0 4.1 1.4 0.0 3.0 2.9 149.5 1.3 

Gabellotto-Fiume 1.3 1.4 1.4 3.4 0.0 2.9 206.3 1.4 

M. Guardia 0.3 0.3 0.1 0.4 0.1 0.0 0.4 0.1 

Falcone Form  0.7 0.6 0.7 1.1 0.5 0.2 0.0 0.3 

P. del Perciato 59.0 46.0 30.2 13.8 36.1 1.3 1.6 0.0 

 

Major elements D2 values; f = 8 
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3.5.1.2 Cycle VII- Monte Guardia 

Stratigraphically the Falcone formation (fa1 member) is separated from more recent 

Monte Guardia (Cycle VIII) explosive activity by further brown tuff deposits (Fig. 3.7) 

and more significantly a palaesol (Lucchi et al., 2010) indicative of a significant period 

of quiescence on the island. Monte Guardia has a maximum age of 26.3 ± 0.8 cal yrs BP 

(
14

C 22, 600 ± 300; Crisci et al., 1983). This period of quiescence is important given the 

overall geochemical similarity observed between the glasses of the Monte Guardia and 

previous Falcone formation at both a major, minor (D
2
 = 0.3) and trace (D

2
 = 0.4) 

element level (Table 3.18).  

Glasses from the basal Monte Guardia (MG) fall units display the most compositional 

variability reflecting the mixing of the grey and white pumices. These glasses display 

similar compositional variability to the Falcone formation stratigraphically below. The 

basal fall, unit 2a, displays the least evolved glass compositions observed in the entire 

sequence. At ca. 74 wt.% SiO2 the K2O contents reach the highest values produced on 

Lipari during the last 42 ka, whilst an inflection to lower K2O contents at higher SiO2 

are a response to K-feldspar fractionation (Fig. 3.22a). The least evolved component is 

never exclusively present within the sampled Monte Guardia stratigraphy (Fig. 3.25). 

The full compositional variability of the eruption is seen throughout the fall deposits of 

unit 2 (Fig. 3.25). Within the surge deposits (unit 4), the white pumices and obsidian 

dominate the juveniles; these have the most evolved glass compositions with the lowest 

K2O contents (Fig. 3.25). The chemostratigraphy (Fig. 3.25) for Monte Guardia 

supports the previous interpretations that the eruption represents the tapping a zoned 

magma system (De Rosa et al., 2003a). The fractionated magmas are inverted in the 

eruptive sequence, with the least evolved component only present in the earliest phase 

of the eruption (Fig. 3.25). Glasses investigated here are restricted to the rhyolitic 

compositional field; and the lowest SiO2 compositions identified by De Rosa et al. 

(2003a) are not reproduced in this study. 

Distinguishing the Monte Guardia (MG) glasses from the older P.del Perciato and 

Falcone formation glasses at a multi-element level is not statistically valid (Table 3.18). 

However diagnostic geochemical features are identified using major and trace element 

bi-plots;  

(1) The least evolved MG glasses display higher K2O than the Falcone formation 

glasses (Fig. 3.22a);  
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(2) The most evolved MG glasses (> 75 wt.% SiO2) extend to much lower K2O and 

higher Na2O concentrations than the P.del Perciato and Falcone formation glasses (Fig. 

3.22a,f). 

(3) MG glasses have a much wider range in incompatible trace element concentrations, 

particularly well illustrated by the range in Th (Fig 3.23).   

(4) Linked to lower K2O in the MG glasses and K-feldspar fractionation, the MG 

glasses display lower Rb concentrations at a given Th than the P.del Perciato and 

Falcone formations (Fig. 23e).   

3.5.1.3 Cycle IX- Gabellotto-Fiume Bianco  

Following the Monte Guardia eruption (Cycle VIII Lipari) it is broadly considered that 

proximally there was a period of quiescence on Lipari before the onset of cycle IX 

activity and the movement of activity NE towards the Gabellotto centre. Lucchi et al. 

(2010) recognised small localised deposits associated with the Canneto dentro 

formation and also the l2 layer both showing HKCA rhyolitic compositions 

stratigraphically between the Monte Guardia eruption and the Gabellotto-Fiume Bianco. 

These deposits are poorly constrained temporally between ~ 26.3 cal ka BP and ~ 8.5 

cal ka BP, using ages from underlying Monte Guardia and the overlying Gabellotto-

Fiume bianco eruptions. The proximal Gabellotto-Fiume Bianco (GFB) is dated to 7170 

± 720 yrs BP (Bigazzi et al., 2003), although the most widely accepted age is 8730–

8400 cal yrs BP (
14

C 7770 ± 70 yrs BP) based on its correlation to the E-1 marine tephra 

in the early Holocene Sapropel 1 sediments of the southern Adriatic (Siani et al., 2004). 

The GFB deposits are dominated by surge deposits (Fig. 3.9) and these homogeneous 

HKCA rhyolites display no stratigraphic geochemical variability (Fig 3.22).  

GFB rhyolitic glasses are easily distinguished from the most evolved MG glasses given 

their consistently lower SiO2 contents, whilst not presenting evidence of a less evolved 

mixing component (Fig. 3.22). Where SiO2 concentrations do overlap with MG glasses 

the MG glasses have more elevated K2O (Fig. 3.22a). Trace element distinctions are 

more precise, the GFB rhyolites display significantly more elevated concentrations of 

LREE, Zr and Th than the earlier rhyolitic activity on the island (Fig. 3.23). 
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3.5.1.4 Cycle X- Monte Pilato  

HKCA rhyolitic GFB activity on Lipari is separated from the most recent explosive 

HKCA rhyolitic activity at Monte Pilato 776 cal AD (
14

C 1241 ± 31 yrs BP; Keller 

(2002)) by a palaeosol. Monte Pilato activity erupts glasses that are largely 

indistinguishable from the Gabellotto-Fiume Bianco (GFB) at a major element level 

(Table 3.18).  

Two sub-phases of explosive Monte Pilato activity were recognised at M. St Angelo, 

Lipari (Fig. 3.10) and geochemically this is reflected in stratigraphic variation in the 

Monte Pilato fall.  Monte Pilato 1 lower (MP1) fall comprises higher SiO2 group than 

the Monte Pilato 2 upper (MP2) pumices. At a trace element level, MP1 lower pumices 

show lower incompatible trace element concentrations than the MP2 upper pumices. 

Trace element compositions in the MP1 lower pumices and the GFB glasses are 

indistinguishable (D
2
 = 3). Any geochemical distinction between the GFB pumices and 

the MP1 lower pumices is only possible through identification of subtly elevated silica 

in MP 1 glasses, which is problematic given the associated errors with SiO2 (Fig. 3.22). 

The MP2 upper glasses display identical SiO2 to the older GFB glasses and are 

indistinguishable at a major element level (D
2
 =1.4). However these MP2 glasses can be 

distinguished from those of the GFB. They display more elevated incompatible trace 

element concentrations than the GFB glasses (Fig. 3.23) and this reflected in greater 

statistical distance, D
2
 = 14.2 (Table 3.18). Overall the geochemical variability observed 

within the entire Monte Pilato eruptive sequence is far greater than that seen in the GFB 

stratigraphy. Incompatible trace element concentrations in the Monte Pilato glasses 

extend to significantly higher concentrations than the GFB. 

In summary; 

(1) The most recent rhyolitic activity on Lipari, the Gabellotto-Fiume Bianco and Monte 

Pilato can be distinguished from older southern Lipari explosive cycles VII and VIII on 

the basis of more elevated LREE, Zr and Th concentrations (Fig. 3.23). 

(2) Monte Pilato can be distinguished from Gabellotto-Fiume bianco where glasses 

extend to higher incompatible trace element concentrations than those seen in the more 

homogeneous Gabellotto-Fiume Bianco. 
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3.5.1.5 Distal Lipari deposits in the Aeolian Islands and the central Mediterranean 

Given the explosive origin and highly evolved compositions of the Lipari rhyolites 

(SiO2 > 70 wt.%; Zr/Sr = > 10) it is unsurprising that these deposits outcrop externally 

elsewhere in the Aeolian Islands (Keller 1980b, Morche, 1988, Lucchi et al., 2008; 

2010). Some of these occurrences are examined. Where stratigraphically well- 

constrained these deposits provide further data for individual eruptions helping to 

constrain the ash dispersal axes, important for proximal distal links. Where mid-distal 

deposits in the Aeolian Islands are stratigraphically less well constrained they provide a 

test bed for proximal geochemical data sets.   

Deposit Monte Guardia Monte Guardia EL4 Milazzo pumice 
Locality  Nr Gelso, Vulcano Drauto Panarea Capo Milazzo 

          Sample pumice pumice pumice Ash Ash pumice pumice pumice pumice 
Material 2A 11C 6B 15C 10B 2A 5A 18D 20D 
Major (wt. %) 

         SiO2  76.17 76.36 76.27 76.33 76.19 63.70 63.36 57.74 62.50 
TiO2 0.07 0.03 0.14 0.07 0.04 0.70 0.74 0.72 0.45 
Al2O3 12.75 12.72 12.55 12.65 12.68 17.35 17.17 17.83 17.66 
FeOt 1.39 1.26 1.45 1.33 1.31 4.47 4.71 6.45 4.16 
MnO 0.12 0.03 0.08 0.02 0.01 0.05 0.20 0.27 0.15 
MgO 0.01 0.03 0.00 0.69 0.02 0.75 0.81 2.39 1.16 
CaO 0.70 0.64 0.63 0.01 0.68 2.54 2.59 5.56 3.56 
Na2O 3.81 4.04 3.91 3.10 4.01 4.42 4.76 4.16 4.82 
K2O 4.97 4.89 4.96 5.80 5.05 6.01 5.66 4.89 5.55 
Analytical Total 94.31 94.86 95.09 95.81 97.84 99.76 98.71 98.27 95.84 

          Na2O + K2O 8.78 8.93 8.87 8.90 9.06 10.44 10.42 9.05 10.36 
K2O/Na2O 1.30 1.21 1.27 1.87 1.26 1.36 1.19 1.17 1.15 
Trace 

         ppm 
         V - - - - - 12.5 13.4 - - 

Rb 337 313 316 292 300 160 156 155 197 
Sr 9.9 8.9 8.3 9.1 7.5 252 276 1200 872 
Y 44 41 41 37 35 27 30 24 26 
Zr 146 130 135 120 119 252 274 163 201 
Nb 37 36 36 33 34 33 36 19 23 
Ba 5.1 4.2 4.0 4.3 4.0 1170 1296 1018 944 
La 42 36 37 35 33 59 63 52 57 
Ce 85 80 81 77 72 110 121 100 109 
Pr 10.0 9.3 9.2 8.9 8.2 11.4 12.5 10.6 11.4 
Nd 38 30 35 32 30 39 47 41 44 
Sm 7.9 8.5 8.0 7.3 7.3 6.8 9.4 7.4 7.3 
Eu >LOD 0.3 0.2 < LOD < LOD 1.5 1.5 1.8 1.7 
Gd 8.6 6.4 6.1 6.3 6.6 6.3 6.5 5.6 5.9 
Dy 8.7 7.0 7.0 6.3 6.0 4.4 5.3 5.1 4.1 
Er 5.1 4.3 4.3 4.1 3.9 2.9 3.1 2.6 2.2 
Yb 5.6 4.6 4.5 4.3 3.8 2.7 3.1 2.4 2.6 
Lu 0.83 0.73 0.70 0.63 0.58 0.47 0.51 0.40 0.39 
Ta 2.7 2.4 2.6 2.5 2.0 1.4 1.6 1.0 1.2 
Pb 31.3 31.0 32.1 29.5 31.9 29.8 37.6 25.2 29.0 
Th 49.1 43.3 44.0 39.1 37.9 25.5 29.3 18.0 20.9 
U 15.4 13.3 13.7 12.5 12.5 6.7 7.4 5.2 6.0 

Table 3.19: Representative major, minor and trace element glass data for selected tephra 

‘external’ to the island that they were sampled upon. Including Monte Guardia outcropping on 
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Vulcano and Panarea, an unknown pumice fall on Panarea (EL4; see De Rita et al., 2008) and 

pumices sampled from Capo Milazzo, Sicily.  

Monte Guardia (MG) deposits outcrop near Gelso, on Vulcano were examined as a 

medial-distal equivalent (Lucchi et al., 2008; 2010) (Fig. 3.35). Juvenile pumices are 

sampled from basal fall deposits and were dominated by milky white pumices, obsidian 

and lithics. The poorly sorted units stratigraphically above were interpreted as either 

surge deposits or reworked lahar deposits. Representative glass data are presented in 

Table 3.19. Glasses match the most evolved compositions of the MG proximal 

sequence, dominated by the > 75wt.% SiO2 rhyolitic glasses (Fig. 3.25). Major element 

compositions are largely indistinguishable from the MG proximal deposits and display 

the diagnostic variability in K2O at a given silica wt.% (Fig. 3.25; 3.36). Major elements 

compositions observed on Vulcano are most consistent with the upper fall deposits 

sampled on Lipari (unit 5) where D
2
 = 0.8. This is due to the absence of the lower silica 

rhyolites from Vulcano deposits. Trace element compositions of these mid-distal glasses 

provide a useful test of the suitability of the proximal data presented herein to determine 

precise provenance (Fig. 3.23). MG glasses sampled on Vulcano display elevated 

incompatible trace element compositions relative to the older formations of P.del 

Perciato and Falcone (Fig. 3.23, 3.37). They are consistent with the most fractionated 

glasses produced during the MG proximal sequence, geochemical correlation is best 

illustrated by Rb which is higher in the older rhyolitic glasses (Fig. 3.37c). Importantly 

these medial glasses display lowers LREE, Zr and Th concentrations than those 

observed in the more recent GFB and Monte Pilato activities (Fig. 3.23; 3.37). These 

medial deposits confirm the southwards dispersal of the most fractionated glasses of the 

Monte Guardia eruption.  

North east of Lipari, De Rita et al. (2008) and Lucchi et al., 2008 identify the presence 

of white rhyolitic ash within the Drauto stratigraphy of Panarea (Fig. 3.13). Ash was 

sampled from beneath the more prominent pumice bed (EL4) in their reported 

stratigraphy; here this ash is termed EL3 consistent with De Rita et al. (2008). Again the 

ash is restricted to the highly evolved rhyolitic pumices compositions of the Monte 

Guardia sequence (>75.wt.% SiO2) and shows the variable K2O observed proximally 

(Fig. 3.36). Importantly K2O extends to lower concentrations than those observed in the 

older HKCA rhyolitic activity of Lipari (P.del Perciato and Falcone formations). 

Incompatible trace elements lie within the MG compositional field, but for most 

elements overlap with the older Lipari rhyolitic deposits (Fig. 3.37).  
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Figure 3.35: Monte Guardia fall deposits and surges deposits outcropping on the south western 

slopes of Vulcano, near Gelso. 
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Figure 3.36: SiO2 vs. K2O diagram displaying the medial and distal HKCA rhyolitic tephras 

associated with explosive Lipari activity during the last 42 ka compared with proximal data 

presented herein. Included are distal ash and pumice layers previously attributed to explosive 

activity on the island of Lipari. (1) ash layers from the Northern Ionian Sea; Caron et al., 

(2012); (2) cryptotephra layers recorded in Lake Ioannina, NW Greece (T. Jones 2012 pers 

comm.). (3) Monte Guardia ash recorded in Lago di Pergusa (Narcisi, 2002).  
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However, lower Rb concentrations in these glasses confirm that the ash dispersal is 

related to the MG formation (Fig. 3.37c). This demonstrates the advantage of 

determining diagnostic trace element features for distinguishing compositionally similar 

tephras. Geochemical data thus confirms both north eastward and southern dispersals of 

most evolved Monte Guardia glasses within the Aeolian Islands.  

More distally MG has been identified by Narcisi (2002) on Sicily in Lago di Pergusa. 

Average compositions of ‘T3’ tephra are available and they display slightly higher SiO2 

than the proximal data (Fig. 3.36). Most elements are consistent with the proximal data 

of the MG, K2O extends to lower concentrations than observed proximally, but this is 

consistent with a trend towards lower K2O values with increasing silica (Fig. 3.36). The 

chronology at Lago Pergusa is slightly complicated by some age reversals in the 

radiocarbon chronology. However, Narcisi (2002) places this rhyolitic ash dispersal at 

between 23.3- 25.9 cal ka BP (based on two 
14

C determinations; 20820 ± 375 yrs BP 

and 20090 ± 260 yrs BP). These ages are in accordance with the maximum age derived 

from beneath the proximal MG succession (26.3 ± 0.8 cal ka BP; 
14

C 22, 600 ± 300; 

Crisci et al., 1983). Combined chronology and major element data would support a 

correlation to Monte Guardia activity and reinforce the observed southern dispersal. 

Monte Guardia is not extensively reported in the marine archives, Paterne et al. (1988) 

identify an Aeolian Island rhyolite at 260 cm in KET8003, north east of Salina. 

Although this marine tephra is dated to 27.6 ka, the absence of geochemical data makes 

it is difficult to assess whether this tephra relates to rhyolitic activity representing 

eruptions from Salina (i.e., Lower Pollara) or Lipari (i.e. Monte Guardia) both of which 

offer chronologically suitable rhyolitic eruptions.  

Caron et al. (2012) have more recently reported the Monte Guardia (MG) eruption in 

the northern Ionian Sea core MD 90-918 at a depth of 820 cm. The layer is radiocarbon 

dated and the marine reservoir offset corrected to between 19260-19467 cal yrs BP (
14

C 

16610 ± 70 yrs BP). Major element data from this marine tephra are compared to the 

proximal Lipari data present herein. The trachy-rhyolitic glasses are most similar to the 

least evolved rhyolitic glasses produced on Lipari during the last 42 ka. However 

correlation specifically to MG activity is problematic for the following reasons; 

(1) MD 90-918 820 cm trachy-rhyolitic glasses are less evolved than the least evolved 

glasses presented proximally in the MG sequence (ca.70 wt.% SiO2), in contrast, 
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medial-distal dispersals to Vulcano and Panarea of MG are exclusively dominated by 

the most evolved rhyolitic components (Fig. 3.25). 

(2) Caron et al. (2012) suggest that the absence of the most evolved components of the 

MG eruption, which dominates the medial-distal deposits within the Aeolian Islands, is 

the result of differing dispersal axes during the eruption. However, within the proximal 

stratigraphy of Monte Guardia (Fig. 3.25) the least evolved glasses are never exclusive 

and are always found mixed with the most evolved pumices (Fig. 3.25). Only the white 

most evolved pumices become exclusive during the latter stages of the eruption. 

(3) Chronology is problematic, Caron et al. (2012) suggest that the distal age of MD 90-

918 820cm is in agreement with proximal ages of the MG. However, Caron et al. (2012) 

present proximal ages of MG as calibrated, when in fact the age is uncalibrated. The 

calibrated age of 19260-19467 cal yrs BP for the tephra at 820 cm is significantly 

younger than the calibrated proximal age range for the MG deposits. The age of 26.3 ± 

0.8 cal ka BP (
14

C 22,600 ± 300; Crisci et al., 1983) is derived from just beneath the 

MG deposits and can be considered slightly younger, but close to the true age of the 

MG. Whilst a less precise age from above the MG deposits, presenting a minimum age 

for the eruption of 24.3 ± 1.8 cal ka BP (
14

C 20.300 ± 0.7; Crisci et al., 1983).  

This evidence would suggest that rather than a correlation to Monte Guardia, MD 90-

918 820 cm may present a new distal marker tephra that is chronologically constrained 

to between the MG and GFB eruptions on Lipari. However its precise proximal links to 

Lipari remain unresolved, its trachy-rhyolitic melt composition is more consistent with 

a provenance from the southern domes of Lipari. This presents evidence for ash 

dispersal from southern Lipari that post dates the MG eruption. Indicating that either the 

recognised proximal units between MG and GFB are under estimated regards their 

potential to disperse ash or proximal equivalents have not been studied. Minor fallout 

deposits of HKCA rhyolitic compositions are identified in conjunction with the Monte 

Giardina and Punta di Costa formations on the southern sector of the island (Lucchi et 

al., 2010) and possibly presented future targets for proximal investigations.  

The Gabellotto-Fiume Bianco (GFB) outcrops on Vulcano (Keller, 1980a; De Astis et 

al., 2006) and Panarea (Lucchi et al., 2008). Beyond the Aeolian Islands, as mentioned 

above GFB is related to the E-1 marine tephra, located in the early Holocene sapropel 

sediments (Paterne et al., 1988; Siani et al., 2004; Caron et al., 2012). More distally, 

three HKCA rhyolitic cryptotephra layers have been recognised in the lacustrine 
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sediments of Lake Ioannina, NW Greece (T. Jones 2012 pers comm.). These crypto-

tephra layers were recovered from sediments at 14.4 m, 15.2 m and 16.1 m, 

respectively, and a radiocarbon age model for the core has been developed using 

experimental dating of n-alkanes (T. Jones 2012 pers comm.). The upper most tephra 

(14.4 m) lies in the early Holocene sediments and is dated to 7.5 cal ka BP. The next 

tephra at 15.2 m is dated to 13.5 cal ka BP and the lower most tephra 16.06 m is dated 

to 18.3 cal ka BP. All three tephras display the homogeneous major element 

compositions identical to the GFB (Fig. 3.36) and are distinct from the older southern 

Lipari activity (Monte Guardia, Falcone formation and P.del Perciato formation). Due 

to the size fraction of this distal ash, trace element characterisation of only the upper and 

lower layer was possible (T. Jones 2012 pers comm.). Whilst incompatible trace 

element concentrations in the glasses are scattered, shards overlap the compositions of 

the GFB, demonstrating the more elevated LREE, Zr and Th (to some extent) than the 

older MG, Falcone and P.del Perciato formations (Fig. 3.37). The distal stratigraphy of 

Ioannina presents three geochemically indistinguishable tephras. The tephra in the early 

Holocene can be correlated to GFB based on stratigraphy allowing an age of 8730–8400 

cal yrs BP to be imported. The 7.5 cal ka BP age derived for the Ioannina tephra at 14.4 

m is not too dissimilar from the widely accepted age of the GFB (~8.5 ka), suggesting 

that the experimental radiocarbon chronology offers a reasonable relative age proxy for 

the remaining two older rhyolitic tephra layers. One is late-glacial in age (13.5 cal ka 

BP) and the oldest tephra is close to the last glacial maximum (18.3 cal ka BP). 

Monte Pilato ash was sampled from within the stratigraphy of Vulcanello, Vulcano and 

as micro-pumices on Stromboli from beneath the onset of present day activity (Rosi et 

al., 2000). These HKCA rhyolitic glasses (Table 3.9; Table 3.18) display major element 

compositions that are indistinguishable from the GFB and MP2 upper glasses. For most 

incompatible elements, concentrations overlap with those observed in the pumices of 

the GBF and the Monte Pilato 2 (MP2), demonstrating the difficulties in separating the 

two eruptions on Lipari. However, Monte Pilato glasses sampled mid-distally on 

Vulcano and Stromboli display higher concentrations in LREE (La, Ce, Pr and Nd) than 

the glasses of both GFB and Monte Pilato sampled at Monte St Angelo, Lipari (Fig. 

3.23). Whole rock data from the proximal stratigraphy of Lami, Monte Pilato (Davi et 

al., 2011) reveal that pumices display variable concentrations of LREE as identified 

here in mid-distal localities.  
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Figure 3.37: Diagnostic trace element bi-plots for distinguishing the products of Lipari during 

the last 42 ka. Shown are medial and distal ash and pumices associated with activity on the 

island of Lipari. Including cryptotephra layers recorded in Lake Ioannina, NW Greece (T. Jones 

2012 pers comm.). Ash and pumices from Panarea and Vulcano respectively. Compositional 

fields are proximal data reported and Roman numeral refers to the eruptive cycle. 
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These stratigraphically well constrained occurrences of Monte Pilato activity recorded 

within the Aeolian Islands present further evidence for greater trace element 

geochemical diversity during this eruption than the previous Gabellotto-Fiume bianco. 

Glasses erupted during the Monte Pilato eruption have two discrete LREE groups; 

(1)  La = 56 ppm; Ce = 112 ppm; Pr = 11.8 ppm and Nd = 42 ppm; 

(2)  La = 64 ppm; Ce= 125 ppm; Pr = 12.7 ppm and Nd = 44 ppm (Fig. 3.23bc; 3.37b, 

d) 

Higher Th and LREE in these Monte Pilato glasses confirm a temporal increase in these 

elements concentrations with successive major explosive eruptions on the Island (Fig. 

3.23), a feature also recognised by whole rock investigations (Gioncada et al., 2003).  

3.5.1.6 Lipari summary  

Major element glass compositions produced over the last 42 ka at Lipari are dominated 

by HKCA rhyolites showing limited major element variability. K2O shows the most 

diagnostic variation (Fig. 3.22a). Trace element can be used more effectively to 

distinguish the glass explosively produced during the main investigated eruptive cycles 

occurring on Lipari during the last 42 ka. 

Importantly there is a trend towards higher Th and LREE concentrations in the glasses 

through time. Th plotted against the LREE, Rb and Y appears to be the most diagnostic 

means to geochemically separate the HKCA Lipari rhyolites. Temporal evolution in the 

trace element glass compositions produced on Lipari enable separation of the main 

eruptive cycles (VII, VIII, IX and X). However, distally evidence exists for more 

numerous eruptions sourcing from the island. These tephras are not always 

geochemically distinguishable using the trace element analysis as demonstrated by 

tephras recorded in Lake Ioannina, north-west Greece (Fig. 3.37). 

The implications are twofold;  

1. Repeated glass geochemistries indistinguishable at a major, minor and trace 

element levels sourcing from Lipari are recorded distally. This is problematic for 

distal tephra correlations and highlights the importance of stratigraphic/bio-

stratigraphic control when using these tephra layers as 

chronological/stratigraphic markers. 
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2. The appearance of more numerous distal Lipari HKCA rhyolites might indicate 

that the less prominent eruptive units on the islands have the potential to present 

widespread tephra markers.  

3.5.2 Salina proximal explosive deposits: 

Within the last 30 ± 3 ka (Gertisser and Keller, 2000) explosive activity has been 

focused at the Pollara centre on the NW of the island. Two explosive eruptions; the 

Lower Pollara tuff and the Upper Pollara eruptions are characterised and discussed here; 

3.5.2.1 Lower Pollara 

As previously reported by Calanchi et al. (1993) the Lower Pollara (LP), dated between 

27.6 ± 0.8 cal ka BP (Morche 1988) and 26.3 ± 0.8 cal ka BP (Crisci et al., 1983), 

represents a reversed compositional sequence, i.e., mafic scoria fall is capped by felsic 

pumice fall. The LP deposits sampled at Valdichiesa, Salina display compositions that 

are transitional along the CA-HKCA boundary. WR analyses of the mafic scoria in the 

lower portion of the stratigraphy reveal a basaltic andesite composition consistent with 

previous reports (Calanchi et al., 1993). The sequence is then interrupted by an oxidised 

lithic rich layer which is interpreted as indicating vent widening just prior to the switch 

to the eruption of the more felsic rich end-members (Fig. 3.11). The pumices are 

heterogeneous (69.1-75.1 wt.% SiO2), with glass composition in the pumices ranging 

from dacites to rhyolites (Fig. 3.20). Trace element concentrations in the pumices are far 

more evolved than the scoria (Fig. 3.26). Previously published data for the Lower 

Pollara pumices are based on WR data (Calanchi et al., 1993). It should be emphasised 

that WR pumice analysis performed herein are clearly not comparable with, or 

representative of, the glass compositions and as such are not suitable for distal tephra 

correlations (Fig. 3.26). The bi-modality of the Lower Pollara erupted end-members is 

concealed within WR data, WR analysis of the pumices containing phenocrysts produce 

more mafic compositions, which shows an erroneous compositional continuity from 

basaltic andesite straight through to rhyolite (Calanchi et al., 1993). However, glass 

compositions of the LP pumices are significantly more evolved demonstrating a clear 

compositional gap between the basaltic scoria and the silicic pumice end-members 

(dacite-rhyolites) (Fig. 3.26).  

The major element variability in the glass compositions of the Valdichiesa outcrop is 

mirrored in the ‘Key bed’ stratigraphy outcropping on NE Lipari which was previously 
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correlated to LP (Morche, 1988). The WR analyses of the basaltic andesitic scoria are 

similar between the two localities (Fig. 3.26) and pumices have a similar range in SiO2 

(69.0-74.6 wt. %) with indistinguishable glass compositions (D
2
 = 0.75) at a 99.5 % 

confidence limit. Incompatible trace element concentrations observed between the 

proximal and medial locality on Lipari reveal that the two stratigraphies are 

indistinguishable (D
2
 = 2.5). Glasses have consistent levels of trace element enrichment 

including LREE enrichment relative to HREE. An interesting feature of the Lower 

Pollara glasses is that they display a slight trough in the middle to heavy REE profile 

(Fig. 3.21a). This could be related to the fractionating phases within these pumices. 

 

3.5.2.2 Upper Pollara 

The upper Pollara pumices are heterogeneous HKCA rhyolites probably due to mixing 

of two evolved melt compositions, demonstrated by a wide ranging SiO2 with 71.4-77.6 

wt.%. Banding (white and grey pumice) reflects both compositional variability and 

textural differences. There is stratigraphic heterogeneity within the Upper Pollara 

deposits; white/grey pumice pairs in ERU1-4 show a progressive introduction of more 

evolved compositions (Fig. 3.28). White pumices in the Upper Pollara stratigraphy 

display trace element variability, the most silicic glasses in ERU1 and ERU2 display 

lower incompatible trace element concentrations than the most silicic glasses of ERU3 

and ER4 (Fig. 3.28). Sulpizio et al. (2008) suggest that the emplacement of the Upper 

Pollara pyroclasts was a prolonged eruptive episode, with the eruptive units 

representing separate pulsating PDC deposits separated by erosional unconformities. 

The subtle incompatible trace element enrichment of the stratigraphically higher 

pumices might reflect replenishment and high-level fractionation facilitated by temporal 

gaps in activity.  

3.5.2.3 Distinguishing Pollara activity, Salina  

Distinguishing between the products of the Upper and Lower Pollara eruptions in distal 

localities is straightforward with good stratigraphic control, due to the temporal gap 

between the two eruptions. However in situations where the stratigraphy is more 

complex (i.e. continental successions, archaeological contexts) geochemical distinctions 

are required.  
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Lower Pollara  Upper Pollara 

 

Pumices Pumices 

SiO2 

(wt.%) 69.1 -75.1 71.4-77.6 

K2O 

(wt.%) 2.3-3.7 3.4-4.4 

   Ba (ppm) 836-1010 1430-1660 

   Zr/Th 11.1 ± 0.5 6.9 ± 0.4 

Nb/Zr 0.10 ± 0.004 0.13 ± 0.1 

 

Table 3.20: Diagnostics used to distinguish the Upper and Lower Pollara glasses distally.  

The most obvious distinguishing feature of the Lower Pollara is the presence of the 

mafic scoria emplaced during an opening phase of the eruption. However, in the medial 

locality of the Lipari ‘Key bed’, the scoria component is much finer than the overlying 

pumices this density separation more distally suggests that the dispersal of the mafic 

component is likely to be far more restricted. From a tephrochronological perspective it 

is likely that more fractionated pumice compositions will be found distally and their 

diagnostic features are most important (Table 3.20).  

The Lower and Upper Pollara pumices have overlapping major element concentrations 

and share a similar evolutionary path (Fig. 3.26) with the Upper Pollara glasses 

extending to higher SiO2, resulting in lower TiO2, FeO, CaO and MgO (Fig. 3.26). The 

pumices of the two eruptions display similar levels of heterogeneity. However the range 

in the Upper Pollara pumices is towards slightly more elevated SiO2 (Fig. 3.28). Mantle 

normalised trace element profiles for the two sets of pumices are similar, with Upper 

Pollara glasses displaying overall greater levels of trace element enrichment (Fig. 

3.21a). Both the Pollara glasses display a slight trough in the MREE and HREE (Dy, Y, 

Er). It would appear that this is a petrological feature of the Salina rhyolites, as it is not 

observed in the Lipari rhyolites which display a flat MREE/HREE profile (Fig. 3.21). 

Whilst pumice compositions produced during the two eruptions do overlap (Fig. 3.26), 

the incompatible trace element concentrations in the Upper Pollara are largely more 

elevated. Petrogenetic differences between the two melts mean they can be easily 

differentiated (Table 3.20). 
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3.5.2.4 Distal Salina deposits in the central Mediterranean  

Distally Paterne et al. (1988) reported the E-2 as the Upper Pollara tephra in KET8003 

north-west of Salina (Fig. 3.1). The average composition does not precisely overlap the 

proximal data presented herein on all major elements, but it does lie at the most evolved 

end-member of the Upper Pollara range (Fig. 3.26) indicating a possible association 

with the more evolved ERU 3 and 4. It is difficult to assess whether the high-SiO2 

products of the Upper Pollara are preferentially dispersed to distal locations based on a 

single average value. Due to limited fall reported within the Upper Pollara stratigraphy 

(Sulpizio et al., 2008) the ash identified in KET8003 (NW of Salina) could be instead 

dominated by co-ignimbritic ash associated with the PDC deposits which dominate the 

stratigraphy. Furthermore the location of the Pollara centre on the NW sector of the 

island might lead to interpretation that the ash layer represents a turbidite deposit 

reflecting Upper Pollara PDC entering the marine environment.   

3.5.3 Panarea proximal explosive deposits 

Whilst the age of final phase of explosive activity on Panarea is poorly constrained, 

geochemical data from the dacite pumices at Punta Falcone and Palisi are 

indistinguishable (D
2
 = 0.7). This geochemical similarity is confirmed by trace element 

concentrations in the glasses (Fig. 3.26). Geochemical evidence supports the previous 

stratigraphic correlations between the two stratigraphies on the island (Dolfi et al., 

2007). The Panarea dacite glasses can be easily distinguished from the Pollara explosive 

deposits due to their lower degrees of evolution, reflected in lower SiO2, K2O, Na2O and 

higher CaO, FeO, Al2O3, MgO, TiO2 (Fig. 3.20; 3.25). Where SiO2 overlaps with the 

Lower Pollara glasses the Panarea dacite pumices trend towards more elevated K2O 

concentrations than the Salina glasses (Fig. 3.25a). At a trace element level, the Panarea 

pumices share similar less enriched incompatible trace element concentrations, 

consistent with the Salina glasses, rather than the more elevated concentrations of 

Lipari. Panarea dacite glasses are easily distinguished from Salina glasses based on 

significantly lower Sr and Ba concentrations (Fig. 3.26d). The rhyolitic component 

mingled with the Punta Falcone dacite glasses, indicate that the most evolved products 

of Panarea show a HKCA affinity (Fig. 3.20), with significantly more elevated alkalis 

than those observed in the Pollara rhyolitic glasses (Fig. 3.20). 
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3.5.4 Lipari-Salina rhyolitic activity 

Distal tephras are typically dominated by the most evolved glass compositions produced 

during explosive eruptions. Rhyolitic end-members from Salina and Lipari display some 

overlap in major element concentrations particularly when the error is considered. 

Petrological differences mean that Lipari rhyolites consistently display more elevated 

K2O than the products of Salina (Fig. 3.20), whilst the Salina glasses display more 

elevated CaO. 

Trace elements are particularly diagnostic, the Lipari rhyolites display dramatically 

more elevated incompatible trace element concentrations than those observed in the 

Salina rhyolites (Fig. 3.21a). Lipari rhyolites are heavily depleted in Ba, Sr and Eu in 

response to K-feldspar removal (Fig. 3.21a). K-feldspar is not present in the Salina 

rhyolitic glasses and consequently Ba remains incompatible showing no decrease in 

concentrations (Fig. 3.21a), this supports whole rock interpretations (Donato et al., 

2006). As mentioned above Salina rhyolitic glasses display a slight trough in their 

MREE/HREE profiles (Fig. 3.21a), this depletion is reinforced by Y behaving 

compatibly and decreasing within Th in the Lower Pollara glasses (Fig. 3.27e).  

3.5.5 Vulcano proximal explosive deposits  

Vulcano glasses display the most geochemical diversity explosively erupted by a single 

Aeolian island during the investigated time frame of the last 21 ± 3.4 ka (Fig. 3.20). The 

explosive deposits investigated range from basaltic-trachy andesites to rhyolites (Fig. 

3.20). Glasses show a temporal progression towards higher K2O compositions. Glass 

compositions move from shoshonitic series in the oldest deposits investigated (ca. 21 

ka) to high-K series compositions associated with La Fossa in the last 5 ka. Activity on 

the island in the last 5 ka is dominated by the more felsic products (trachytes and 

rhyolites) (Fig. 3.29). Compositional variability of the glasses produced on Vulcano is 

consistent with the variability observed in the whole rock products of the island (De 

Astis et al., 1997; Del Moro et al., 1998; De Astis et al., 2000). This variability is 

attributed to changes in the different magma ponding depths beneath Vulcano and has 

been confirmed by fluid inclusion studies (Zanon et al., 2003).  
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3.5.5.1 Quadrara Formation 

The oldest investigated products are associated with the explosively emplaced Quadrara 

formation (21 ± 3.4 ka) and they display a shoshonitic affinity consistent with the older 

series deposits on the island (De Astis et al. 1997) (Fig. 3.20). Glasses are 

heterogeneous, comprising of scoriaceous trachy-andesites and biotite/K-feldspar 

bearing trachytes (Fig. 3.29). The trachytic pumices are distinctive in their composition 

and mineralogy and do not appear to be reported elsewhere on the island. The less 

evolved trachy-andesitic scoria is unlikely to be unique given the presence of other thick 

scoriaceous deposits beneath the Quadrara formation (i.e. Spaggia Lunga Formation; 24 

± 5 Ka; Soligo et al., (2000)).  

The inversely graded pumices at Quadrara (Fig. 3.15) are indicative of a fall from a 

sustained column with increasing energy. Whilst the vent location remains unknown, 

Lucchi et al. (2008) suggest SW Vulcano as the most likely source of origin, but an off 

shore location cannot be ruled out. The absence of Quadrara pumices further north on 

the island might suggest either a south-ward dispersal of fall or that deposits elsewhere 

on the island are not exposed due to burial by more recent activity. Given the 

geochemical variability through the stratigraphy with the most evolved products 

(trachytes) emitted first followed by the least evolved components, it might be possible 

to infer tapping of a compositionally stratified magma chamber (Fig. 3.30). The 

trachytic pumices are likely to be the product of fractional crystalisation of a trachy-

andesite parent magma. However, major element variations clearly demonstrate two 

discrete melt compositions (Fig. 3.30), their trace element analysis reveals that they 

display overlapping incompatible trace element concentrations (Fig. 3.32). Despite 

overlapping trace element concentrations, clear major element differences would 

indicate they are likely to represent two separate melts rather than compositional zoning 

(Fig. 3.32). It is proposed that the injection of the basaltic-andesite melt into the high-

level trachytic magma batch was the likely trigger.  Explosive activity is facilitated by 

the marked difference in temperature and volatiles between mafic and felsic melts 

(Sparks et al., 1977; Huppert et al., 1982; Turner et al., 1983). Interestingly Ba and Sr 

concentrations in the basaltic-andesite component remain constant whilst those in the 

trachytic glasses appear to follow a different evolutionary path (Fig. 3.32). The injection 

of a less evolved melt into a higher level magma system is consistent with Zanon et al. 

(2003) who suggest that there are multiple magma ponding depths beneath Vulcano.  
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3.5.5.2 Casa Lentia 

Casa Lentia activity around 13 ± 1 ka (Soligo et al., 2000) presents evidence of the 

trachy-rhyolitic compositions. This composition is fairly unique to Lentia at this time 

and is compositionally most similar to the trachy-rhyolites of the Pietre Cotte (D
2
 = 

1.94). However, these eruptions are temporally very distinct where the Pietre Cotte is 

constrained to historic times and younger than 1260-1470 cal AD based on radiocarbon 

dates from the underlying Commenda Ash (Todman 2012). Furthermore Pietre Cotte 

glasses can be easily distinguished based on their trace element concentrations where 

the two trachy-rhyolitic analyses display more elevated Th, Nb, Zr and La (Fig. 3.31). 

With an age of 13 ± 1 ka (De Rosa et al., 2003b) Casa Lentia explosive products offer a 

distinct marker for late-glacial activity on the island.  

3.5.5.3 TGR scoria and Monte Saraceno 

Prior to the onset of La Fossa cone formation on the island of Vulcano activity is 

associated with the Tufi Grotte dei Rossi Tuffs (7.7 ka; De Astis et al., 1997). These 

tuffs are attributed to phreatomagmatic activity within the present day La Fossa caldera 

(De Astis et al., 1997). These comprise of thick ash deposit and these tephra are thought 

to be widespread throughout the Aeolian Islands. Within the accumulation profiles 

throughout the Aeolian island these deposits are believed to be associated with the 

‘upper brown Tuffs’ (De Astis et al., 1997; Lucchi et al., 2008). Within the Piano 

caldera, Vulcano, a thin scoriaceous lapilli bed interbedded within these deposits was 

identified at the locality VL201 from De Astis et al. (1997). Glasses reveal a basaltic 

trachy-andesitic composition ranging to trachy-andesites (Fig. 3.29) and these glasses 

are compositionally identical to the Monte Saraceno scoria blanket (D
2
 = 0.3) (Fig. 

3.29). Consequently, they are likely to represent Monte Saraceno activity at 8.3 ± 1.6 ka 

(De Astis et al., 1989) rather than the explosive phreatomagmatic activity of the Tufi 

Grotte dei Rossi. The scoria glass compositions are important as they reveal the more 

basic melts compositions explosively produced on the island during the last 21 ka, 

providing an important proxy for mafic ash dispersals that may have been erupted at 

Vulcano.  

Attribution of the lapilli bed recorded with Tufi dei Rossi deposits to Monte Saraceno 

mean that the glasses of the Tufi dei Rossi are not characterised here. De Astis et al. 

(1997) presented major element glass analysis of ash from the upper VL201 sequence 

above the lapilli layer reported here. These average glass compositions reveal high-K 
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trachy-andesite to trachyte compositions, with 57.9-60.65 wt.% SiO2; 0.65-0.69 wt.% 

TiO2 and 6.9 K2O, which is consistent with more recent La Fossa compositions outlined 

below. Lucchi et al., (2008) suggest that these glass compositions are consistent with 

the Punta Nere activity on Vulcano. 

3.5.5.4 La Fossa 

The formation of La Fossa is constrained to within the last 5.5 ka (Frazzetta et al., 

1983), activity during this period is punctuated by explosive and effusive activity 

(Frazzetta et al., 1983; Dellino et al., 2011). The stratigraphy was outlined by Di Traglia 

(2011) and Dellino et al. (2011). Using explosively erupted glasses from La Fossa 

(Todman, 2012) and the pre-La Fossa activities presented here, glasses fall into two 

broad compositional groups (Fig. 3.29);  

(1) Tephri-phonolites/trachytes 

(2) trachy-rhyolites.  

Explosive activity largely alternates between the two compositional end-members (e.g. 

Todman 2012). The high-K glass compositions are broadly similar at a major element 

level and characteristic of Vulcano (Fig. 3.20). The glasses can be separated on the basis 

of their major element chemistries, although this is not always statistically valid (Table 

3.21). Trace element concentrations within the glasses produced during the La Fossa 

explosive activity are not unique to individual eruptions (Fig. 3.31). However they do 

differ temporally between the older Palizzi cycle and the younger Commenda/Pietre 

Cotte cycles (Fig. 3.31) and offer an important relative age control. For instance the 

older Palizzi tephri-phonolite/trachyte glasses display overlapping trace element 

concentrations (i.e. Palizzi A and Palizzi D), whilst the younger high-K trachytic 

(Commenda/Pietre Cotte) glasses display more elevated trace element concentrations 

again overlapping one another (Fig. 3.31).  

Palizzi A glass compositions represent the least evolved melts explosively erupted by 

La Fossa. Todman (2012) demonstrated that compositions are consistent with those 

produced on nearby Vulcanello. These glasses are important in that they provide the 

most likely proxy for pre-La Fossa activity, which is reinforced by the limited statistical 

distance between (D
2
 = 3.5) the Palizzi A glass compositions and those of the upper 

brown tuff (TGR) (De Astis et al. (1997). Major element geochemistry reveals that the 

oldest Palizzi A glass compositions can be easily distinguished from the Palizzi D 
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trachytes (D
2
 = 52.8; Table 3.21). Palizzi A, tephri-phonolite glasses display lower SiO2 

(55.1-57.8 wt.%), K2O; higher TiO2 FeO and CaO than the Palizzi D trachytic pumice 

fall (Fig 3.29). As outlined above the trace element concentrations between these two 

Palizzi deposits are indistinguishable (D
2
 =1.04). Interestingly the darker glasses 

presented by De Astis et al. (1997) for the upper brown tuff (TGR) are very comparable 

to the Palizzi D compositions (D
2
 = 2.1). 

Palizzi A and D are separated by a compositionally distinct Palizzi B rhyolitic eruption; 

this pumice fall is compositionally unique within the Palizzi succession. These rhyolitic 

glasses represent the most evolved compositions produced by La Fossa given their 

elevated SiO2 (Fig. 3.29), Th (Fig. 3.31) and more pronounced europium anomaly 

(Eu/Eu*N = 0.2) (Fig. 3.21a). Incompatible trace elements displays significant 

variability within the Palizzi B glasses symptomatic of a highly evolved melts.  

Distinguishing the post-Palizzi products of La Fossa is more problematic. Major 

element differences are limited between the Commenda ash/Caruggi and the trachytic 

components of the Pietre Cotte. The Commenda ash only displays slightly elevated 

SiO2; lower TiO2, FeO and consequently they are not statistically different (Table 3.21). 

As mentioned above following the Palizzi activity the levels of trace element 

enrichment become more elevated within all the products where the Commenda Ash 

and Pietre Cotte high-K trachytes are indistinguishable (Fig. 3.21b; 30).  

Unique to the Pietre Cotte cycle however is the presence of mingling, where the high-K 

trachytic (dark glass) component is mingled with a white pumice of rhyolitic 

composition, seen in the banded pumices (Fig. 3.30). Major element concentrations of 

these trachy-rhyolitic pumices are very similar to the glass compositions of the older 

Palizzi B eruption. Palizzi B rhyolites display significantly more K2O variability (Fig. 

3.20b) than the Pietre Cotte rhyolites. D
2 

= 1.4 (Table 3.21) and reflects their overall 

similarity. Importantly at a trace element level these two rhyolitic melts can be 

distinguished by subtle variations. Pietre Cotte rhyolitic glasses display higher Nb, Zr 

and more elevated LREE concentrations (Fig. 3.31). Interestingly the banded pumices 

of the Pietre Cotte are the only example in the La Fossa stratigraphy where the two 

compositional groups interact directly. This is probably the result of the deeper less 

evolved melt intruding into the shallower trachy-rhyolitic magma batch triggering this 

explosive episode. 
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Eruption Pietre Cotte Upper (Tra) Pietre Cotte (R) Commenda Ash (T) Palizzi D (T) Palizzi B (R) Pal A (T-P) 

Pietre Cotte Upper (Tra) 

      Pietre Cotte (R) 61.34 

     Commenda Ash (T) 10.65 51.16 

    Pal D (T) 17.57 53.45 12.73 

   Pal B (R) 327.06 1.40 321.88 280.53 

  Pal A (TP) 26.58 94.33 61.62 52.80 389.17 

 

(a) 

p (confidence limit) D
2
critical,  f =8 

        0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 < 5% probability that the two samples are compositionally different if D2 is less than 2.733 

0.050 

 

15.507 > 95% probability that the two samples are compositionally different if D2 is greater than 15.507 

0.010 

 

20.090 > 99% probability that the two samples are compositionally different if D2 is greater than 20.090 

(b) 

Table 3.21: (a) Statistical distance values (D
2
) matrix for the explosive deposits of La Fossa, Vulcano produced during the last 5.5 ka. (b) The p (confidence limits) 

values and the D
2
 critical values for the statistical distance test where f = 8 (major and minor elements). 
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The transition from shoshonitic compositions (i.e. Quadrara) to High-K compositions 

(i.e. La Fossa) is marked by a distinct switch in the source characteristics of the melts. 

The older Quadrara deposits display more elevated Zr/Th and Y/Th ratios compared 

with the younger La Fossa deposits (Fig. 3.31). This transition present a relative age 

tool for distinguish unknown Vulcano tephras distally. 

Explosive deposits produced on Vulcano clearly demonstrate significant geochemical 

variability at a major element level which is the most diagnostic tool for distinguishing 

the eruptive products, particularly when considering the tephri-phonolite and trachyte 

compositions. Trace element concentrations can be indistinguishable between some 

eruptions within the same eruptive cycle. Trachy-rhyolitic glasses produced on Vulcano 

can be distinguished at a trace element level where variability probably reflects greater 

sensitivity to high level fractionation (Fig. 3.31). 

In summary compositionally indistinguishable magmas (i.e. glasses) are repeatedly 

erupted over time. For instance the Upper brown tuff glass compositions (De Astis et 

al., 1997) are consistent with both Palizzi A and D compositions. From a distal 

tephrochronology perspective this means that Pre-La Fossa activity may be erroneously 

correlated with more recent activity or vice versa, highlighting the importance of 

stratigraphic control when determining proximal distal tephra correlations. 

3.5.6 Stromboli proximal explosive deposits 

Two major explosive episodes are recognised in the proximal stratigraphy of Stromboli 

during the last 13 ka; (1) Upper Vancori pumices (ca. 13 ka) and (2) Secche di Lazzaro 

(ca. 5 ka). Glass compositions of the two deposits are very distinct and reflect a 

compositional switch in the magmas feeding Stromboli (Tommasini et al., 2007).  

3.5.6.1 Upper Vancori 

The Upper Vancori products display a shoshonitic affinity and are trachytic in 

composition (Fig. 3.20). The fall pumices display stratigraphic heterogeneity, with two 

discrete glass compositions observed in the sequence. The lower pumices (unit 1) 

display more elevated SiO2 and K2O, with lower FeO, MgO and CaO than the upper 

pumices (unit 3) (Fig. 3.33). Based on major element concentrations the two fall 

deposits can be statistically distinguished at a 99.5 % confidence limit (D
2

critical = 

21.955) using major elements where D
2
 = 27.7.  
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Interestingly the incompatible trace element concentrations are not reflective of major 

element variations (Fig. 3.33). Both the lower and higher SiO2 group have elevated 

incompatible trace elements and are essentially indistinguishable (Fig. 3.32). HFSE 

ratios to Th are consistent indicating that the two sets of pumices derived from a 

common source (Fig. 3.31). The only trace element to enable distinction between the 

two pumice deposits is the V (Fig. 3.38d), given its compatible behaviour 

concentrations are lower in the higher SiO2 unit 1 lower pumices. 

 

Figure 3.38: Trace element bi-plots displaying the Upper Vancori pumices, Stromboli. Shown 

also are the glass compositions of the EL4 pumices at Drauto, Panarea.  

 

As shown by data presented here, Cortes et al. (2005) also recognise a progression to 

lower SiO2 and higher MgO, CaO compositions with increasing stratigraphic height in 

the upper Vancori sequence using WR samples. Cortes et al. (2005) propose that closed 

system conditions allowed for high level fractional crystallisation of clinopyroxene and 

plagioclase to generate a trachytic melt composition (Unit 1). Following significant 

period of repose on Stromboli a Sciara collapse triggered the rise of a new basaltic 

magma which entered the trachytic melt, triggering the eruption. The stratigraphically 
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higher pumices of unit 3 might be the product of further mixing of a new basaltic 

magma and the residual trachytic melts thus explaining the lower SiO2, higher MgO and 

CaO. This possibly indicates a temporal gap in the explosive product recoded in this 

Upper Vancori stratigraphy. Cortes et al. (2005) suggest that the arrival of new basaltic 

melts marks the introduction of Neo-Stromboli compositions at Stromboli. 

3.5.6.2 Secche di Lazzaro 

The Neostromboli period 13-6 ka terminates with the phreatomagmatic activity Secche 

di Lazzaro. As with the Upper Vancori this explosive episode is linked to a collapse of 

Sciara del Fuoco (Bertagnini and Landi, 1996; Porreca et al., 2006; Giordano et al. 2008 

and Petrone et al., 2009). Bertagnini and Landi (1996) suggest that the collapse enabled 

water to enter the conduit triggering phreatomagmatic activity; accretionary lapilli 

abundant in both stratigraphies are contributed to this interpretation. Sections from 

along the Semaforo track (Northern Stromboli; SDL-N) and near the Centre for 

Advanced operations (COA; Eastern Stromboli; SDL-E) were sampled for geochemical 

analysis (See Fig. 3.5). Major element glass data is also available from other localities 

on the south of island including the type locality at Secche di Lazzaro (Petrone et al., 

2009).  

Secche di Lazzaro (SDL) phreatomagmatic deposits are characterised by the switch 

from shoshonitic activity (Vancori) to K-series activity (Neo-Stromboli). SDL glasses 

range from trachy-andesite to trachyte at different localities (Fig. 3.29). Table 3.22 

presents the statistical distance values of all the glasses characterised here and 

incorporates those from other localities (Petrone et al. 2009).  

At the SDL-N locality major element data reveals two discrete glass compositions 

within the stratigraphy. The darker green scoria fall of unit 2 can be distinguished from 

the grey pumices in the stratigraphically higher unit 5 on the basis of lower SiO2, higher 

MgO, FeO and most dominantly CaO (Table 3.20). Indeed the unit 5 displays a single 

glass analysis that belongs to the lower SiO2 group from unit 2. These two components 

are largely indistinguishable based on their trace element compositions (Table 3.20); 

with consistent HFSE/Th elements ratios (Fig. 3.34e).  

At SDL-E only the most evolved higher SiO2 glasses (trachytic) are observed in the thin 

fall beds of grey pumice at the base of the stratigraphy. The two pumice beds of U3 and 

U4 display major element compositions that are consistent with the upper portion of the 
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SDL-N stratigraphy (Table 3.20). Again incompatible trace element concentrations 

within the glasses of SDL-E are indistinguishable stratigraphically (Fig. 3.34e-h), but 

also are indistinguishable from the lower SiO2 (trachy-andesitic) glass of SDL-N. V 

concentrations offer the only diagnostic feature at a trace element level between the 

trachy-andesite and trachyte glass populations. Given its compatible behaviour V has 

lower concentrations in the higher silica trachytic glasses (Fig. 3.34h). 

Integrating the data from the SDL localities (Petrone et al., 2009) reveals that overall 

there is general agreement between the two data sets (Fig. 3.34a-d), this would indicate 

that the two localities investigated herein are fully representative of the compositional 

variability produced during this explosive phase on Stromboli. Interestingly if we focus 

more specifically on the southern localities reported by Petrone et al., (2009), at Secche 

di Lazzaro (type site) the glasses from the lower most portion of the stratigraphy UA 

(Giordano et al., 2008) have lower SiO2 (trachy-andesitic) similar to the glasses at the 

base of the SDL-N locality investigated herein (D
2
 = 2.3; Table 3.22). WR trace element 

variations between northern and southern SDL deposits observed by Petrone et al., 

(2009) are inconsistent with glass data herein, this is would indicate that WR analyses 

are compromised by the variable proportions of phenocryst observed within the glassy 

matrix of the Secche di Lazzaro products.   

Geochemical data here reveals two compositionally and statistically discrete major 

element glass compositions in the stratigraphy of the SDL explosive activity. From a 

distal tephrochronological perspective recognition of both these end-members is 

important as dispersal of these respective products appears to be variable across the 

island. Petrone et al., (2009) suggest that the two similar but ultimately different 

compositions reflect discrete and separate melts that resided in closed system conditions 

in the high level plumbing system of Stromboli. Collapse of the Sciara del Fuoco caused 

rapid decompression of the high level system and enabled water to enter the conduit 

(Bertagnini and Landi, 1996; Porreca et al., 2006 Giordano et al. 2008) triggering the 

explosive eruption of compositions that had previously been erupted effusively on the 

island.  
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Sample SDL-S-UB  SDL-SW-UA SDL-E-U4 SDL-E- U3 SDL-N-U5 SDL-N-U2 

 

Trace elements D
2 
values; f = 11 

SDL-S-UB (297)* 0.0 - - - - - 

SDL-SW-UA (291)* 3.5 0.0 - - - - 

SDL-E-U4  5.7 5.7 0.0 0.6 1.7 1.5 

SDL-E- U3 4.5 30.9 0.2 0.0 3.7 1.1 

SDL-N-U5 2.1 19.2 2.0 1.1 0.0 6.1 

SDL-N-U2 4.9 2.3 37.7 34.8 22.2 0.0 

 

Major element D
2
 values; f = 8 

(a) 

p (confidence limit) D2critical,  f =8                 

0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 <  5% probability that the two samples are compositionally different if D2  is less than 2.733 

0.050 

 

15.507 > 95% probability that the two samples are compositionally different if D2  is greater than 15.507 

0.010   20.090 > 99% probability that the two samples are compositionally different if D2 is greater than 20.090 

p (confidence limit) D2critical, f =11                 

0.995 

 

2.603 < 0.5 % probability that the two samples are compositionally different if D2 is less than 2.155 

0.990 

 

3.053 < 1%  probability that the two samples are compositionally different if D2 is less than  2.558 

0.950 

 

4.575 < 5% probability that the two samples are compositionally different if D2 is less than 3.940 

0.050 

 

24.725 > 95% probability that the two samples are compositionally different if D2 is greater than 18.307 

0.010   26.757 > 99% probability that the two samples are compositionally different if D2 is greater than 23.209 

(b) 

Table 3.22: (a) Statistical distance values (D
2
) matrix for the explosive deposits of Secche di Lazzaro, Stromboli produced during the last 5.5 ka. (b) The p (confidence limits) 

values and the D
2
 critical values for the statistical distance test where f = 8 (major and minor elements). 
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Petrone et al. (2009) infer that the presence of these two separate magma bodies feeding 

the SDL phreatomagmatic event might be interpreted as two separate explosive events 

in time and space. The temporal relationship between different successions and the two 

glass components is complex. Evidence of the trachy-andesite exclusively in the lower 

successions of both the SDL type locality (Petrone et al., 2009) and SDL-N might 

indicate this batch was erupted first. However, there is no evidence of these 

compositions in the basal deposits of the SDL-E which is exclusively trachytic. This 

clearly highlights the spatial complexities of these deposits. Porreca et al., (2006) 

recognised different emplacement temperatures associated with the different SDL PDC 

and provide evidence for two eruptive events. Determining the temporal relationship of 

the two explosive events is overshadowed by uncertainties in the dating of the entire 

SDL explosive succession which is still poorly constrained.   

3.5.7 Distinguishing Vulcano and Stromboli glasses, a distal tool 

Explosive activity at Vulcano and Stromboli during the last 21 ka has explosively 

produced magma compositions overlapping in their major element chemistry (Fig. 

3.29). Both are dominated by a switch from shoshonitic to high-K series glasses. 

Incompatible trace element concentrations for glasses produced at Vulcano and 

Stromboli are similar, including indistinguishable levels of LREE enrichment (Fig. 

3.24b). Consequently, from a distal tephrostratigraphy perspective it is important to 

consider the geochemical features of the two islands together and to identify diagnostic 

features.    

Fortunately differences in the petrogenetic processes operating beneath the two islands 

are reflected in the glass chemistries of proximal deposits. Consequently, these 

diagnostic features can be used to assign volcanic provenance to distal tephras even in 

the absence of known proximal counterparts. The key features are summarised below;  

Major and minor elements 

(1) K-series glasses at a similar SiO2 wt.% produced at Vulcano display significantly 

higher Na2O (Fig. 3.29g) and significantly lower TiO2 than the glasses of Stromboli 

(Secche di Lazzaro) (Fig. 3.29b). 
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(2) The shoshonitic glasses at a similar SiO2 wt.% produced at Vulcano (Quadrara) 

display higher Al2O3 and lower FeO than the glasses of Stromboli (U.Vancori) (Fig. 

3.29).   

Trace elements 

(1) HFSE/Th ratios are significantly different between the glass compositions of the two 

islands;  

 Nb/Th is the most diagnostic ratio - Stromboli glasses displaying more 

elevated values (Fig. 3.31a).  

 Zr/Th ratios change with time in the glasses produced on Vulcano 

between the Shoshonitic glasses and the K-series glasses (Fig. 3.31b).  

 K-series activity (La Fossa) display Zr/Th values that are dramatically 

lower than those seen in Neo-Stromboli glasses (SDL) (Fig. 31b). Pre La 

Fossa: The older shoshonitic series glasses (Quadrara) display more 

elevated ratios than those seen in the shoshonitic glasses of the Upper 

Vancori Stromboli.    

(2) Neo-Stromboli SDL glasses predominantly display more elevated Ba and Pb 

concentrations than glasses erupted La Fossa glasses on Vulcano. 

(3) K-series glasses on Vulcano at La Fossa display consistently lower Y concentrations 

than the glasses of SDL, Stromboli, as shown by lower Y/Th (Fig. 3.31e). 

(4) Shoshonitic trachytes produced on Vulcano are restricted to lower Th concentrations 

than those on Stromboli (U. Vancori). 

3.5.7.1 Medial-distal Vulcano and Stromboli deposits 

Diagnostic features are tested on medial-distal tephra in the Aeolian Islands in an 

attempt to assess/refine their provenance solutions. A pumice fall bed at Drauto, 

Panarea contain grey cm size lapilli (Fig. 3.39). Lucchi et al. (2008) propose a local 

origin from inlets east of Panarea. The glasses are trachytic and exotic/external when 

compared with the CA activity on Panarea (Fig. 3.20). Representative glass analyses for 

the pumices are presented in Table 3.19; the layer was termed ‘EL4’ by De Rita et al. 

(2008) and was tentatively correlated to pumice fall from the Quadrara formation, 

Vulcano (21 ka).  
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Sample Exotic Layer 4  Upper Vancori U3 Upper Vancori U1 Quadrara Pumice 
  Trace elements D2 values; f = 10 

Exotic Layer 4 (EL4) Panarea 0.0 15.2 1.0 22.8 
Upper Vancori U3 6.5 0.0 4.8 25.9 
Upper Vancori U1 29.6 27.7 0.0 19.0 
Quadrara Pumice 9.5 13.5 30.3 0.0 

  Major elements D2 values; f = 8  

(a) 

p (confidence 

limit) D2critical,  f =8                 

0.995 

 

1.344 

<  0.5 % probability that the two samples are compositionally 

different if D2 is less than 1.344. 

0.990 

 

1.646 

<  1% probability that the two samples are compositionally 

different if D2 is less than 1.646. 

0.950 

 

2.733 

<  5% probability that the two samples are compositionally 

different if D2 is less than 2.733. 

0.050 

 

15.507 

> 95% probability that the two samples are compositionally 

different if D2 is greater than 15.507 

0.010   20.090 

>  99% probability that the two samples are compositionally 

different if D2 is greater than 20.090 

p (confidence 

limit) D2critical, f =10                 

0.995 

 

2.156 

< 0.5 % probability that the two samples are compositionally 

different if D2 is less than 2.155 

0.990 

 

2.558 

< 1%  probability that the two samples are compositionally 

different if D2 is less than  2.558 

0.950 

 

3.940 

< 5% probability that the two samples are compositionally 

different if D2 is less than 3.940 

0.050 

 

18.307 

> 95% probability that the two samples are compositionally 

different if D2 is greater than 18.307 

0.010   23.209 

>99% probability that the two samples are compositionally 

different if D2 is greater than 23.209 

(b) 

Table 3.23: (a) Statistical distance values (D
2
) matrix for the explosive deposits of the Upper Vancori, 

Stromboli (13 ka); the Quadrara pumices (21 ka), Vulcano and the EL4 pumices, Drauto, Panarea. (b) 

The p (confidence limits) values and the D
2
 critical values for the statistical distance test where f = 8 

(major and minor elements).  

Figure 3.39: ‘Exotic’ lapilli pumice 

fall recorded at Drauto (EL4), Panarea, 

consistent with the layer reported by 

De Rita et al., (2008).   
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The trachytic glasses display a relatively homogenous population with 63.1-64.2 wt.% 

SiO2, 0.7-08 wt.% TiO2 and 5.5-6.2 wt.% K2O. Major element compositions of the 

glasses outcropping on Panarea are statistically indistinguishable from either the upper 

Vancori unit 3 (D
2
 = 6.5) and Quadrara (D

2
 = 9.5) trachytic glasses. Interestingly the 

distal pumices display TiO2 more consistent with Stromboli activity, whilst the K2O is 

subtly more elevated and consistent with Vulcano. Consequently major element 

compositions are inconclusive in determining a provenance of this pumice bed.  

EL4 pumices display HFSE/Th ratios (Nb/Th = 1.3 ± 0.05; Zr/Th = 9.9 ± 0.3) consistent 

with an origin from Stromboli (Fig. 3.31a-b). Trace element concentrations of these 

pumices at a multi-element level are clearly very similar to those produced proximally 

during the Upper Vancori period (Table 3.23). Given the discrepancies between the EL4 

major element concentrations and the Upper Vancori a precise proximal-distal link is 

not possible in this instance. Trace element geochemistry of these shoshonitic glasses 

suggests that this fall may be related to a south-western dispersal of pumice lapilli 

during the Upper Vancori, explosive activity. It may present evidence for another subtly 

discrete magma composition that has not yet been characterised on the island. The 

published correlation to the fall from the Quadrara explosive activity is cannot be 

confirmed (De Rita et al., 2008). 

To the south of the Aeolian Islands a diffuse pumice lapilli bed was identified in the 

accumulation profile of Capo di Milazzo, Sicily. Pumices were bi-modal with a trachy-

andesite to trachytic composition with major elements ranging from 57.6-63.4 wt.% 

SiO2, 2.7-6.5 wt.% FeO, 2.7-5.7 wt.% CaO and 4.9-6.1 wt.% K2O. Representative data 

is given in Table 3.19. The major element glass composition corresponded to the two 

end-members of the Quadrara formation on Vulcano (Fig. 3.30). Trace element 

concentrations re-affirm this correlation with identical HFSE/Th ratios (Nb/Th = 1.0 ± 

0.04; Zr/Th = 8.9 ± 0.2) (Fig. 3.31a- b). A single trace element analysis of the lighter 

(trachytic) pumice at Capo Milazzo reveals the similarity with the basal pumices of 

Quadrara formation (Fig. 3.32). Elevated Th and lower Sr concentrations in this glass 

are indicative of proximally reported lighter Quadrara pumices (Fig. 3.32d). This 

provides strong evidence for a south-ward dispersal of the explosive Quadrara 

formation on Vulcano.  

Narcisi (2002) reports a trachy-andesitic to trachytic tephra layer from Lago di Pergusa, 

central Sicily that displays indistinguishable major element concentrations to the 
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Quadrara proximal data presented herein  (D
2
 = 6.6). Unfortunately only an average 

value is given and it lies between the two proximal end-members (Fig. 3.30). However 

major element bi-plots confirm that this average is derived from data points that 

correspond with both proximal end-members. Chronological and stratigraphical 

problems with correlations to the Quadrara formation, Vulcano meant that Narcisi 

(2002) suggested a more distal origin for the ash layer. A source on the Italian mainland 

was proposed and in particular the (i.e., Pomici di Base, Vesuvius). Figure 3.30a clearly 

illustrates that both Pomici di Base and Codola glasses of Vesuvius have significantly 

more elevated K2O than is present in the Lago di Pergusa tephra and the Aeolian island 

trachytic glasses. Consequently Vesuvius seems an unlikely source for this tephra.  

The Quadrara formation correlation to Lago di Pergusa was rejected by Narcisi (2002) 

given that the distal tephra lies stratigraphically beneath a tephra correlated to the Monte 

Guardia activity, Lipari. Proximal stratigraphic investigations place the Quadrara 

formation above the Monte Guardia (Lucchi et al., 2008). The two deposits are never 

present in the same stratigraphy on Vulcano. The Quadrara formation is dated at 21.3 ± 

3.4 ka and is younger than the Monte Guardia activity (ca. 26.3 cal ka BP) supporting 

the stratigraphic interpretations of Lucchi et al. (2008). However the Quadrara age is far 

from precise given the errors reported. There is no proximal evidence of evolved 

trachytic glass compositions stratigraphically beneath the Quadrara formation. However 

the absence of exposed products does not preclude similar compositions being erupted. 

The origin of the Quadrara type ash at Lago di Pergusa remains unresolved and may 

require reinvestigation of the proximal stratigraphy, SW Vulcano.  

3.5.7.2 Distal marine tephras 

Three tephra layers from the Tyrrhenian Sea marine cores (Paterne et al., 1988) display 

compositions comparable to glass explosively produced on Vulcano and Stromboli, 

only average glass compositions are presented (Paterne et al., 1988). Below are re-

evaluations of these distal tephras in light of the new proximal data herein. 

KET8011-94cm is trachytic in composition and is dated at 11.9 ka. It is geochemically 

similar to the trachy-rhyolitic deposits of Casa Lentia and the Pietre Cotte, Vulcano 

(Fig. 3.29). Considering its stratigraphic position and age the Lentia complex is a 

sensible solution (Paterne et al., 1988). The locality of KET8011 north-east of 

Stromboli might provide evidence for a north-east dispersal during this activity. 

KET8011-35cm represents high-K activity and is dated to 5.7 ka (Paterne et al., 1988), 
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at a similar SiO2 wt.% the distal tephra displays more elevated TiO2 than the products of 

Vulcano. This tephra lies on the evolutionary trend of the Stromboli glasses (Fig. 3.29), 

whilst displaying lower Na2O than is typical of the Vulcano glasses (Fig. 3.29). 

Consequently proximal data would suggest a provenance from Stromboli. The glass 

data does not overlap with the Secche di Lazzaro (SDL) deposits, the elevated TiO2 and 

the age of the tephra (5.7 ka) would support correlation to the phreatomagmatic eruption 

of the SDL. KET8003-0cm is tephri-phonolitic and dated to 1.7 ka. This tephri-

phonolite is comparable to the oldest Palizzi A (La Fossa) and to Vulcanello (Todman, 

2012). Given their similar total alkalis and their lower TiO2 at a given SiO2 these distal 

glasses may have derived from Vulcano (Fig. 3.29). These three tephras from 

Tyrrhenian Sea marine cores require a re-investigation given the comprehensive glass 

database for Stromboli and Vulcano.  

3.6 Conclusions: 

1. Glass geochemistry from the major explosive episodes in the Aeolian Islands 

indicates dramatic variability consistent with previous whole rock investigations.  

2. Similar major elements compositions produced at separate volcanic centres can be 

easily distinguished based on differing petrological processes in operation reflected in 

the trace element geochemistry of the glasses, essential for determining provenance of 

unknown distal tephras sourcing from the Aeolian Islands. 

3. Volcano specific geochemical variability maybe best defined by major, minor 

element diagnostic features (i.e., Vulcano and Stromboli), whilst in other instances trace 

elements variations are imperative to reliably distinguishing proximal units (i.e., Lipari). 

4. The integration of major, minor and trace element glass geochemistry offers an 

essential diagnostic tool for defining and refining proximal-distal correlations.  

5. Where repeated major, minor and trace element geochemistries are produced from a 

single volcanic centre, stratigraphy has a crucial role to play in determining age and 

provenance of distal tephras (i.e., P.del Perciato and Falcone formations, Lipari).  

6. Stratigraphic compositional variability is evident in many of the eruptive sequences 

of Aeolian island eruptions, this has two important implications;  

 This variation may reflect polybaric storage and mixing of compositionally 

discrete melts with explosive eruptions being triggered during replenishment. 
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 From a tephrochronological perspective this investigation highlights the 

importance of grain-specific analyses to capture the full stratigraphic 

geochemical variability of an eruption, essential for proximal-distal correlations.  

7. Mid-distal outcrops on the neighbouring islands offer a test bed for proximal-distal 

matching. Proximal data has been used to verify the southern and north-eastern 

dispersal of the Monte Guardia eruption (Lipari). Pumice fall on Panarea previously 

linked to the Quadrara formation (Vulcano) is refuted, these pumices have a greater 

trace element affinity to the neighbouring island of Stromboli. The distal fall from the 

Quadrara formation confirms a south-eastern dispersal with pumices outcropping 25 km 

away on Capo Milazzo (Sicily). 

8. Proximal data herein indicate that several published interpretations of distal marine, 

lacustrine and continental tephra might require re-investigation. 
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Chapter 4: Marine-continental tephra correlations: volcanic glass geochemistry 

from the Marsili Basin and the Aeolian Islands, Southern Tyrrhenian Sea, Italy. 

 
This chapter is adapted from a paper that was published in the Journal of Volcanology 

and Geothermal Research in June 2012. The paper‘s text and figures were produced by 

the candidate. The original standalone version can be found in the appendix I. 

 

Abstract 

 
Major, minor and trace element analysis of volcanic glass in proximal and distal tephra 

(<2mm) deposits underpins tephrochronology. This approach has been tested in the 

Aeolian Islands and the Tyrrhenian Sea using juvenile clasts in pyroclastic fall and flow 

deposits. Geochemical data are used to link marine tephras in the Marsili Basin (core 

TIR2000-C01) to explosive eruptions of (i) Lipari (Monte Pilato; 776 cal AD); (ii) 

Vulcano; (iii) Campi Flegrei (Soccavo 1; 11915-12721 cal yrs BP). Whether a 

polymictic coarse grained volcaniclastic turbidite in the Marsili Basin originated from 

collapse on Salina remains unresolved because multi-elemental analysis raises doubt 

about the published correlation to the Pollara region.  

It is evident that correlation of proximal continental and distal marine tephras, at a high 

level of confidence, requires a full complement of major, minor and trace element data. 

In conjunction with considerations of the mineralogy and morphology of juvenile 

deposits these data help define petrological lineages such that precise provenance can be 

established. Whilst a precise proximal-distal match must be based on identical major, 

minor and trace element concentrations it is clear that resurgent activity from a single 

volcano can produce magmas with identical compositions. In such cases stratigraphic 

relationships must complement any geochemical study. Occasionally proximal 

stratigraphies may be unrepresentative of the complete eruptive history because of a 

lack of exposure due to burial by more recent effusive and explosive activity, or sector 

collapse which can remove vital stratigraphy particularly on volcanic islands.  
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4.1 Introduction 

Presented in this chapter is major, minor and trace element glass data for five tephra 

layers from the marine core TIR2000-C01 from the Marsili basin in the Tyrrhenian Sea. 

The proximity of this core to the explosive activity on the Aeolian Islands presents a 

test-bed for continental proximal-marine distal correlations. Initial investigations on this 

same Marsili basin core (Di Roberto et al., 2008) identified three primary tephra that 

were correlated to eruptions from the Aeolian Islands (i.e., Lower Pollara; Salina and 

Gabellotto-Fiume Bianco; Lipari) and Vesuvius (AP1-3). Additionally two monogenetic 

(single composition) turbidites were also correlated to volcanic sources, all on the basis 

of major element data (EDAX).  

To date tephrochronology has largely been based on matching stratigraphies, phenocryst 

mineralogy and texture underpinned by major and minor element glass geochemistry. 

This chapter illustrates the benefits of grain-specific major, minor and trace element 

analysis of glasses as a diagnostic tool in tephrochronology. The following aspects of 

proximal distal correlations will be addressed:   

a) Does major element data (Wavelength Dispersive Electron Micro Probe Analysis- 

EMPA) provide the same provenance solutions as trace element data (Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry; LA-ICP-MS)? 

b) Do exposed proximal deposits record the same geochemical variability as the distal 

equivalents?  

c) To what extent do monogenetic and polygenetic turbidites in the marine environment 

provide tephrochronological information? 

 4.2 Marsili Basin core (TIR2000-C01) 

The Tyrrhenian Sea is a backarc basin formed during the convergence of the European 

and African plates (Lucchi and Kidd, 1998). The Marsili Basin core (TIR2000-C01; 

Fig. 4.1) was recovered from a site 27 km ENE of the main channel mouth of the 

Stromboli Valley and about 20 km ESE from the summit of the Marsili Volcano (Fig. 

4.1). The Stromboli Valley channels unconsolidated volcaniclastic material from the 

flanks of the Eastern Aeolian Islands (Lucchi and Kidd, 1998).  
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Figure 4.1: (A) Marsili Basin core (TIR2000-C01), divided into four segments 1.2 m segments, 

IV (top) - I (bottom). Stars marking the tephras investigated in this paper (adapted from Di 

Roberto et al., 2008). Right (B) Southern Italy and Tyrrhenian Sea region; CF: Campi Flegrei 

volcanic province. (C) Sub-aerial Aeolian Islands. (D) Aeolian Islands and marine setting of the 

surrounding area including Marsili Basin: Core location; TIR2000 and previously investigated 
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core from nearby (Paterne et al.,  1988) Markings are as follows; Aeolian islands; A, Alicudi; F, 

Filicudi; S, Salina; L, Lipari; V, Vulcano; P, Panarea; St, Stromboli. Seamounts; Si, Sisifo; Eo, 

Eolo; En, Enarete; La, Lametini, M, Marsili. 

 

 

Figure 4.2: SEM images of Marsili Basin (TIR2000-C01) tephras; (A) TIR2000-7; (B) 

TIR2000-50; (C) TIR2000-93; (D) TIR2000-398-Component 1; (E) TIR2000-398-Component 

2; (F) TIR2000-417. 
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The Marsili Basin core was recovered during the TIR2000 cruise using 1.5 tonne 

gravity corer at a water depth of about 3200m on a small topographic high that rises 

about 100 m from the sea floor in the eastern sector of the basin (Di Roberto et al., 

2008). The core is 4.8 m long (Fig. 4.1) and further details on the core are given in Di 

Roberto et al. (2008).  

Investigated samples were taken from five layers, two were primary tephra fall and 

three were turbidites. Primary tephras were identified on the basis of their contact with 

the underlying sediments. Primary tephras displayed planar contacts with the underlying 

sediments and there were no erosive features. In an attempt to constrain the chronology 

of the marine core we have bracketed the core by analysing tephra layers at the top and 

the base of TIR2000-C01 (Fig. 4.1). The samples were dried and sieved between 63-125 

µm, 125-250 µm and 250-500 µm. Analysis was conducted on all size fractions to 

insure all chemical heterogeneity was observed. However data presented here are from 

the largest available size fraction, as long as the glass populations were consistent 

within the different fractions. Individual glass shards were hand-picked under a light 

microscope and mounted in Struers Epofix epoxy resin.  

4.3 Results 

4.3.1 TIR2000-C01 (Marsili Basin) 

TIR2000-C01 tephras often contained background shard populations. This is common 

within marine archives with such close proximity to active volcanoes (e.g., Siani et al., 

2004). Here we focus on the geochemistry of the dominant shard populations, which we 

consider reflective of volcanic related events in time and space. Shard populations 

which make up ≤ 15% of the bulk are considered “background” and are not discussed 

herein.  

The Marsili Basin is surrounded by subduction derived explosive and effusive 

volcanism from both the Aeolian Islands and the Italian mainland. Primitive mantle 

normalised patterns for all tephra recorded in the Marsili basin core were consistent 

with this tectonic setting, displaying enrichment in the large ion lithophile elements 

(LILE; Rb, Th, U), relative to the high field strength elements (i.e., HFSE; Nb, Ta and 

Zr).
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TIR2000-C01 TIR2000- TIR2000- TIR2000- 

Depth (cm) 7 50 93 

Shards n=32     n=38     n=32     

Material Glass Glass Glass Glass Glass Glass Glass Glass Glass 

Sample 42D 1A 26C 4A 11A 22B 21C 22C 7A 

Major (wt. %)                   

SiO2  75.14 75.59 75.29 56.46 56.93 57.8 57.79 58.61 59.11 

TiO2 0.08 0.10 0.04 0.66 0.80 0.70 0.48 0.48 0.52 

Al2O3 13.28 12.85 13.25 17.45 18.11 17.05 19.18 19.26 18.92 

FeOt 1.48 1.41 1.53 6.8 6.23 6.65 4.56 4.06 3.83 

MnO 0.00 0.09 0.13 0.12 0.16 0.09 0.13 0.16 0.19 

MgO 0.04 0.04 0.03 2.41 2.15 2.23 1.07 0.88 0.72 

CaO 0.78 0.74 0.74 4.93 4.26 4.64 3.64 3.45 3.20 

Na2O 3.85 3.64 3.8 4.52 4.55 4.47 3.73 3.71 3.82 

K2O 5.35 5.54 5.2 6.65 6.81 6.38 9.43 9.39 9.68 

Analytical Total 94.90 94.46 98.68 97.20 98.28 97.83 97.47 94.30 98.53 

D.I. 93.7 94.2 93.2 69.1 71.4 70.4 78.0 79.3 81.6 

Na2O + K2O 9.20 9.18 9 11.17 11.36 10.85 13.15 13.1 13.5 

K2O/Na2O 1.39 1.52 1.37 1.47 1.49 1.43 2.53 2.53 2.53 

Trace   

 

    

 

    

 

  

ppm   

 

    

 

    

 

  

Ti 493 439 495 4208 4148 4002 3167 2963 2959 

Rb 339 328 351 231 236 230 385 387 395 

Sr 30.4 16.8 17.9 1235 1152 1095 940 950 910 

Y 38.1 42 40.6 19.8 19.1 20.8 26.5 26.4 26.2 

Zr 167 177 182 180 194 179 274 288 295 

Nb 37.0 38.0 38.7 25.5 26.2 25.8 46.2 48.3 47.7 

Ba 19.5 16 18.6 1241 1249 1143 1946 2010 1891 

La 53.7 56.7 66.2 66 68.9 65.9 66.2 70.8 70.7 

Ce 105 113 128 120 122 122 130 133 134 

Pr 10.8 11.4 12.7 12.6 12.1 12.6 14.4 14.2 14.2 

Nd 39.0 42.6 43.8 44.6 46.9 46.9 52.2 54.5 54.0 

Sm 8.0 7.9 8.3 8.4 7.9 7.2 10.3 9.3 9.6 

Eu 0.2 0.2 0.2 1.7 1.7 1.5 2.2 2.5 2.3 

Gd 6.4 7.2 6.4 5.5 5.5 5.6 6.7 6.4 7.3 

Dy 6.6 7.2 7.2 4.1 3.8 3.9 5.2 5.0 5.2 

Er 4.3 4.2 4.3 1.9 2.0 2.1 2.7 2.4 2.4 

Yb 4.6 4.8 4.8 1.9 2.0 2.2 2.5 2.6 2.4 

Lu 0.68 0.71 0.70 0.30 0.31 0.28 0.36 0.37 0.33 

Ta 2.71 2.68 2.4 1.4 1.44 1.34 2.17 2.23 2.38 

Pb 33.2 32.9 32.3 29.6 30.2 27.7 55.8 58.2 60.7 

Th 48.6 53 54.4 28.8 29.4 29.8 26.2 26.4 28.7 

U 16.4 16.2 16.9 9.0 9.3 9.4 9.6 9.4 10.3 

 

Table 4.1: Representative grain-specific major (EPMA) and trace (LA-ICP-MS) element data 

for the distal Marsili Basin tephras (Full data given in Appendix eIII).  
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TIR2000-C01 TIR2000- TIR2000- TIR2000- 

Depth (cm) 398cm Component 1 398cm Component 2 417 cm  

Shards n=47     n=19     n=79       

Material Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass 

Sample 8A 23B 37D 28C 12A 5A 15B 21B 11A  37E  

Major (wt. %)                     

SiO2  55.01 62.57 71.6 52.76 55.51 57.15 52.37 58.43 66.83 70.59 

TiO2 1.31 1.22 0.60 1.32 1.23 1.25 1.01 1.17 0.71 0.63 

Al2O3 14.42 14.44 13.98 15.25 16.7 14.78 15.73 15.09 15.42 14.17 

FeOt 11.66 8.07 3.43 11.46 9.58 10.64 9.55 8.99 4.62 2.87 

MnO 0.24 0.13 0.13 0.11 0.2 0.17 0.11 0.28 0.10 0.14 

MgO 4.15 2.23 0.56 4.48 3.09 3.19 6.10 3.15 1.26 0.75 

CaO 8.23 5.31 2.28 9.19 8.08 6.92 11.25 6.73 3.41 2.25 

Na2O 3.01 3.41 4.06 3.22 3.58 3.10 2.44 3.37 4.02 4.59 

K2O 1.96 2.63 3.37 2.23 2.03 2.80 1.43 2.79 3.63 4.02 

Analytical  Total 98.37 97.47 92.35 98.71 97.85 98.96 99.06 98.23 94.83 97.35 

D.I. 38.7 58.6 81.4 40.4 43.6 47.0 29.1 50.5 73.2 84.2 

Na2O + K2O 4.97 6.04 7.43 5.45 5.61 5.90 3.87 6.16 7.64 8.61 

K2O/Na2O 0.65 0.77 0.83 0.69 0.57 0.90 0.59 0.83 0.9 0.88 

Trace   

 

    

 

    

  

  

ppm   

 

    

 

    

  

  

Ti 7668 6830 3422 8276 8595 7004 6209 5126 4857 3752 

Rb 59.73 84.59 110.52 75.48 75.92 78.72 38.64 64.56 106 122 

Sr 587 344 291 646 459 547 487 476 320 243 

Y 28.4 29.7 34.4 31.1 30.5 26.6 19.2 23.8 32.8 34.9 

Zr 101 142 179 155 149 110 82 143 253 293 

Nb 7.9 8.8 10.9 18.1 14.3 8.6 10.3 19.1 32.2 36.6 

Ba 472 538 690 678 608 592 484 761 1144 1253 

La 27.8 25.3 34.7 54.8 39.9 34.3 24.5 38.3 58 61.2 

Ce 57.5 51.5 70.4 106 81.2 69.9 51.1 76.8 112 117 

Pr 6.8 6.1 8.0 11.7 9.2 7.6 5.8 7.9 12.1 11.9 

Nd 30.1 25.5 32.6 47.5 38.9 31.1 23.8 32.1 43.2 44.9 

Sm 6.1 5.5 6.9 8.7 7.5 6.9 5.6 5.8 8.4 8.8 

Eu 1.7 1.3 1.5 2.2 2.0 1.7 1.4 1.5 1.7 1.6 

Gd 5.3 5.4 5.9 7.1 6.4 5.7 5.0 5.5 6.7 6.4 

Dy 5.4 5.4 6.2 6.4 6.2 4.9 4.2 4.6 6.0 6.3 

Er 3.0 3.4 3.9 3.4 3.3 2.9 2.2 2.6 3.5 3.6 

Yb 3.0 3.4 3.9 3.1 3.0 2.7 1.9 2.4 3.3 4.0 

Lu 0.43 0.53 0.59 0.45 0.47 0.44 0.30 0.35 0.54 0.57 

Ta 0.41 0.57 0.68 0.87 0.79 0.51 0.52 0.93 1.61 1.87 

Pb 10 13.6 17.0 15.9 13.8 12.2 11.2 17.3 22.2 23.1 

Th 5.3 6.9 10.1 15.7 11.3 7.7 7.0 12.9 20.5 22.6 

U 1.9 2.2 3.1 4.2 3.7 2.5 1.7 3.7 5.5 6 

 

Table 4.1: Continued. 
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Table 4.2: Trace element ratios for the distal tephras investigated in TIR2000-C01 and their potential correlatives sourcing from the Aeolian Islands and Campi 

Flegrei. R = Rhyolite; T.A = Trachy-andesite; B.as.And = Basaltic andesite; P = Phonolite; Tr.And = Trachy-andesite. 

Tephra TIR-7cm M. Pilato TIR-IV-50cm Palizzi A SDL Upper TGR TIR-IV-93cm Soccavo 1 TIR-I-38cm (1) (2) TIR-I-57cm Lower Pollara 

Sampled M.B Lipari M.B Vulcano Stromboli Vulcano M.B Campi Flegrei M.B M.B M.B Salina 

Chemistry R R T.A T.A / P T.A Bas.Tr.And - T.A P P Bas.And - R Bas.And - T.A Bas.And- R Bas.And - R 

             
Nb/Zr 

0.20-
0.22 0.21-0.23 0.13-0.14 0.14-0.15 0.13-0.15 0.13-0.15 0.16-0.18 0.15-0.17 0.06-0.08 0.11-0.12 0.11-0.16 0.07-0.10 

Ti/Zr 2.4-3 2.4-2.7 20.9-25.3 16.8-22.0 19.7-22.4 22.9-33.0 9.7-15.4 9.01-11.86 89.9-19.1 51.2-53.5 12.3-81.3 8.0-77.9 

Ti/Y 
10.5-
13.1 10.1-11.5 170-227 164-193 198-234 183-217 113-168 76.3-124.9 123-281 265-270 77.4-365.4 2.1-94.8 

Ta/Th 
0.04-
0.05 0.05 0.04-0.06 0.04-0.05 0.06-0.07 0.04-0.05 0.08-0.10 0.08-0.10 0.06-0.08 0.05-0.06 0.06-0.08 0.04-0.07 

Nb/Th 0.7-0.8 0.7-0.8 0.8-0.9 0.8-0.9 1.2-1.5 0.8-0.9 1.7-2.0 1.5-1.8 1.0-1.5 1.2-1.5 1.4-2.3 1.0-1.3 

Zr/Th 3.3-3.5 3.3-3.5 5.9-6.6 5.9-6.4 8.6-10.6 6.8-6.9 10.1-11.7 7.2-12 14.4-21.5 9.9-13.5 9.9-15.0 10.5-17.8 

Nd/Nb 1-1.2 1.6-1.1 1.7-1.9 1.6-1.8 1.2-1.4 1.8-2.3 1.01-1.16 0.83-1.16 2.72-3.99 2.33-2.64 0.98-2.22 1.2-5.8 

                          

Zr/Sr 10-11 0.02 0.1-0.2 0.2-0.5 0.5-0.7 0.1-0.2 0.8-0.9 0.6-0.90 0.1-0.7 0.2-0.3 0.2-1.7 0.1-0.5 

La/Yb 11-15 11-13 25-38 27-34 23-27 24-29 26-32 
 

6.9-12.9 11-19 10-23 5.8-21 

La/Sm 6.7-8.0 6.1-7.2 7.4-10.0 7.5-9.6 6.2-7.2 6.2-8.3 6.4-8.3 4.9-8.7 4.0-5.7 5.1-6.6 4.4-9.4 4.3-16.3 

Ce/Yb 23-31 23-26 46-69 49-64 45-56 43-54 50-63 28-62 14-29 25-37 21-44 11-36 

Eu/Eu* 
0.06-
0.10 0.06-0.11 0.7 0.58-0.75 0.7-0.8 0.68-0.80 0.64-0.95 0.6-1.3 0.7-0.9 0.8-0.9 0.5-0.9 0.6--2.7 
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The tephras display a “trough” or negative anomaly at Nb and Ta, whilst also displaying 

a negative anomaly at Ti (Fig. 4.4; 4.6; 4.8; 4.10; 4.11). Representative major, minor 

and trace element data for distal tephra are given in Table 4.1 and diagnostic ratios in 

Table 4.2. Full geochemical data sets for distal marine tephras are given in appendix eIII 

4.3.2 TIR2000-7 (7 cm below sea floor (b.s.f.)) 

The upper most tephra layer in the Marsili Basin core is TIR2000-7cm which was 

previously correlated to Monte Pilato explosive activity on Lipari (Di Roberto et al., 

2008). The tephra comprised of an uneven basal contact with the underlying sediments 

and was interpreted as deriving from a turbidity current (Di Roberto et al., 2008). Two 

shard populations can be identified macroscopically; the dominant is represented by 

angular, moderately vesicular shards, with tubular vesicles that extend the length of the 

shard (Fig. 4.2). The layer comprised of loose crystals of plagioclase and clinopyroxene, 

in addition to some minor lava and bioclasts fragments. 

The major element analysis defines a dominant (~ 85%) population of shards with a 

high silica composition. This rhyolitic population is homogeneous and displays a 

HKCA compositional affinity (Fig. 4.3a) with 74.5-75.5 wt.% SiO2 and 5.1-5.5 wt.% 

K2O (Table 4.1). Due to the dominance of the homogeneous HKCA rhyolitic shards 

within this layer it is interpreted as being representative of a significant event in time 

and space (i.e., volcanic eruption/collapse).  

TIR2000-7 rhyolitic glasses are highly evolved (Zr/Sr = 10.2 ± 0.7) (Fig. 4.4a) and 

homogeneous with 313-351 ppm Rb, 49-55 ppm Th; 171-185 ppm Zr and 38-40 ppm 

Nb (Table 4.1). The most significant heterogeneity is observed within the LREE 

elements (La = 54-64 ppm; Ce = 108-128 ppm). Primitive mantle normalised (Fig. 4.4a) 

profiles reveal LREE enrichment over the HREE (La/Yb = 13 ± 2) and that the glasses 

are depleted in Sr, Ba and Eu (16-20 ppm Sr, 16-21 ppm Ba, Eu/Eu*N = 0.8 ± 0.01) 

relative to the incompatible elements (Fig. 4.4a, Table 4.2). Incompatible trace elements 

display constant inter-element positive relationships (Fig. 4.5) and constant HFSE/Th 

ratios (Table 4.2).  
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Figure 4.3: TAS (Le Bas et al., 1986) and SiO2 vs. FeO diagrams of the Marsili basin tephras 

and possible proximal counterparts. (A) TIR2000-7, Lower Monte Pilato and Upper Monte 

Pilato (Monte St. Angelo Lipari), white Ash, Vulcanello (Vulcano) and white Lapilli 

(Stromboli). (B) TIR2000-50; Pal A (Vulcano); Secche di Lazzaro (Stromboli); Upper TGR 
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(Vulcano). SDL water-free data from Petrone et al. (2009) for comparison (C) TIR2000-93, 

Secche di Lazzaro (Stromboli), Mercato (Vesuvius); Pomici Principali (CF); Soccavo 1 (CF); 

Neapolitan Yellow Tuff (NYT; CF). (D) TIR2000-398, component 1 and component 2; 

TIR2000-417; Monte Guardia (Lipari); Lower Pollara (Salina); Monte dei Porri (Salina). Errors 

given are 2 x standard deviation based on reproducibility of MPI-DING StHs6/80 analyses. 
(1)

 

Wulf et al. (2004). 
(2)

 Smith et al. (2011). 

 

 

Figure 4.4: TIR2000-7 cm (7cm b.s.f.); Monte Pilato, Lipari; White ash, Vulcanello trace 

element plots. (A) Sample average and average ± 2 x standard deviation of the data set 

normalised to Primitive mantle compositions (Sun and McDonough, 1989). (B) Monte Pilato 

and distal TIR2000-7 glass compositions normalised to the average composition of the distal 

tephra (TIR2000-7). 
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Figure 4.5: Incompatible trace element bi-plots comparing TIR2000-7, Monte Pilato Lower and 

Upper, a white Ash layer from Vulcanello stratigraphy, Vulcano and micro-pumices 

outcropping on Stromboli. Also given is the compositional field of the Gabellotto-Fiume 

Bianco. Errors given are 2 x standard deviation based on reproducibility of MPI-DING 

StHs6/80 analyses. 

4.3.3 TIR2000- 50 (50 cm b.s.f.) 

Di Roberto et al. (2008) correlated this tephra to the Secche di Lazzaro eruption and 

associated flank collapse of Stromboli. This tephra layer displays a bimodal population, 

with one dominant population of light/dark brown blocky/Y shaped vesicular shards 

(Fig. 4.2b), and a second smaller population of clear stretched tubular shards. The 

tephra contains loose crystals of plagioclase and clinopyroxene. The tephra showed an 

uneven contact with the underlying sediments and is interpreted as a turbidite (Di 

Roberto et al., 2008).  
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Major element analysis confirms the morphological observations, indentifying two 

shard populations (Fig. 4.3b). The dominant shard population (~90%) is silica 

undersaturated, displaying a fairly homogeneous trachy-andesite composition (Fig. 

4.3b), with 56.0-59.8 wt.% SiO2 and 5.9-7.1 wt.% K2O (Table 4.1). The dominance of 

this shard population is taken to represent an individual event in time and space. 

Increasing SiO2 concentrations see a decrease in K2O, Na2O (Fig. 4.7), FeO (Fig. 4.3b), 

TiO2 (Fig. 4.7), MgO, CaO, whilst Al2O3 and MnO remain largely constant.  

 

Figure 4.6: TIR2000-50 (50cm b.s.f.), Palizzi (Vulcano), Secche di Lazzaro (Stromboli) and 

the Upper TGR (Vulcano) trace element plots. (A) Sample averages and average ± 2 x standard 

deviations of glass data set normalised to Primitive mantle compositions (Sun and McDonough, 

1989). (B) Proximal Pal A, Secche di Lazzaro, Upper TGR scoria and distal TIR2000-50 glass 

compositions normalised to the average composition of the distal tephra (TIR2000-50). 
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Figure 4.7: Major and trace element bi-plots comparing the TIR2000-50 distal tephra with 

proximal Secche di Lazzaro (Stromboli), Palizzi A and TGR scoria (Vulcano). Errors given are 

2 x standard deviation based on reproducibility of MPI-DING StHs6/80 analyses. 

Glasses display moderate levels of evolution (Zr/Sr = 0.2 ± 0.02) (Fig. 4.6) and are 

largely homogeneous  with 201-297 ppm Rb, 163-216 ppm Zr, 23-32 ppm Nb, 59-72 

ppm La and 23-37 ppm Th (Fig. 4.7c-e; Table 4.1). Strontium and Ba display the most 

significant variability (715-1307 ppm Sr; 1051-1292 ppm Ba), where Sr behaves 

compatibly. Primitive mantle normalised glasses display significant LREE enrichment 

relative to the HREE (La/Yb = 32 ± 3) and incompatible trace elements display tight 

positive linear relationships (Fig. 4.7c-d), with constant ratios of HFSE/Th (Table 4.2). 
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4.3.4 TIR2000- 93 (93 cm b.s.f.) 

This tephra layer is considered a primary fall tephra due to its planar contact with the 

underlying sediments in the Marsili Basin core (Di Roberto et al., 2008). The fall tephra 

was correlated by Di Roberto et al. (2008) to cycle IX explosive activity, Lipari. The 

tephra layer is comprised of clear/light brown tephra. Shards range from highly 

vesicular to poorly vesiculated and blocky. Where vesicles coalesce, shards display a 

tubular morphology (Fig. 4.2c). Previous work by Di Roberto et al. (2008) had 

exhausted the > 250 µm component on this fall tephra, therefore analysis concentrated 

on the 125-250µm and 63-125µm components.  

 

Figure 4.8: TIR2000-93 (93cm b.s.f) and Soccavo 1 (Campi Flegrei) trace element plots. (A) 

Sample average and average ± 2 x standard deviations of the data set normalised to Primitive 

mantle compositions (Sun and McDonough, 1989). (B) Soccavo 1 normalised to the average 

composition of the distal tephra (TIR2000-93). 
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TIR2000-93 comprises of compositionally homogeneous phonolitic shards (Fig. 4.3c) 

with 57.8-60.4 wt.% SiO2 and high-K (9.2-10.2 wt.% K2O). There is a negative 

relationship between SiO2 and FeO, CaO, MgO and TiO2. K2O increases with 

increasing SiO2, until a slight inflection at ~59 wt.% SiO2, whilst Al2O3, MnO and Na2O 

remain constant. Glasses display moderate levels of evolution (Zr/Sr = 0.3 ± 0.02) (Fig. 

4.8a), significant variability is observed in the range of trace element concentrations 

with 327-404 ppm Rb, 20-27 ppm Y, 19-29 ppm Th, 212-295 ppm Zr, 38-49 ppm Nb 

and 52-71 ppm La. Ba and Sr display the most significant heterogeneity (1413-

2010ppm Ba, 686-950ppm Sr) both increasing with fractionation. Glasses display 

significant LREE enrichment relative to the HREE (La/Yb = 29 ± 2) and glasses display 

constant ratios of HFSE to Th (Table 4.2).  

 

Figure 4.9: Trace element bi-plots comparing TIR2000-93 distal tephra with proximal flow 

deposits of the Soccavo 1 eruption, Campi Flegrei (Smith et al., 2011). Errors given are 2 x 

standard deviation based on reproducibility of MPI-DING StHs6/80 analyses. 



 
 

162 
 

4.3.5 TIR2000-398 (398 cm b.s.f.); Coarse Grained Volcaniclastic Turbidite 

(CGVT): 

A stratified volcaniclastic polygenetic turbidite deposit occurs at 398 cm below the sea 

floor (Di Roberto et al., 2008). It is a 10cm thick unit with an erosional lower contact 

(Fig. 4.1), it comprises three types of glass (Fig. 4.2) as outlined by Di Roberto et al. 

(2008); 

(1) honey coloured, poorly vesicular, porphyritic scoria glass shards;  

(2) grey moderately vesicular pumices;  

(3) colourless, highly vesicular, nearly aphyric pumice fragments.  

In addition the unit contains loose crystals of clinopyroxene and lithics (e.g., quartz rich 

sediments, metamorphic basement).  Di Roberto et al. (2008) suggested that this layer 

comprises partly of Lower Pollara tephra and results from a sector collapse of the Island 

of Salina, an event that post dated the eruption.  

Analysis was conducted at intervals through the deposit, to confirm that all geochemical 

heterogeneity was observed. All levels were consistent with the presented sample 

TIR2000-398. The total alkali silica diagram (Fig. 4.3d) demonstrates that glasses 

within this deposit contain two magmatic suites (Table 4.1). Firstly, a calc-

alkaline/HKCA transitional suite spanning from basaltic-andesite to rhyolite where the 

following range in major element chemistry is observed, 55-71.9 wt.% SiO2, 0.5-1.3 

wt.% TiO2, 3.2-11.7 wt.% FeO, 2.2-8.7 wt.% CaO, 2.7-4.6 wt.% Na2O and 1.5-3.6 wt.% 

K2O. Secondly, High-K basaltic-andesites trending towards trachy-andesite, these 

glasses are less heterogeneous, 52.8-58.1 wt.% SiO2, 1.1-1.5 wt.% TiO2, 8.3-11.8 wt.% 

FeO, 5.8- 9.2 wt.% CaO, 2.9-3.7 wt.% Na2O and 1.9-3.4 wt.% K2O (Table 4.1). 

Increasing SiO2 reflecting increasing fractionation results in; increasing K2O and Na2O; 

decreasing TiO2, FeO (Fig. 4.3d), CaO Al2O3, MgO and MnO. Trace element data 

reinforces the presence of two geochemically distinct volcanic suites within this 

turbidite (Fig. 4.12).  The Nb vs. Zr plot clearly defines the two separate suites (Fig. 

4.12b) and this is confirmed by incompatible trace element ratios (Nb/Zr; Zr/Th; Table 

4.2).
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Figure 4.10: (A) TIR2000-398 and Lower Pollara; sample average and average ± 2 x standard 

deviations of the data set normalised to primitive mantle compositions (Sun and McDonough, 

1989). (B) Lower Pollara compositions normalised to the average composition of the distal 

tephra (TIR2000-398 component 1). 

The two compositionally distinct types are as follows:  

(1) CA/HKCA suite (component 1) - Compositional heterogeneity is reflected in the 

trace element concentrations  observed in this suite of tephra (Table 4.1) with the 

following ranges: 36-125 ppm Rb, 18-38 ppm Y, 55-208 ppm Zr, 3.6-11.8 ppm Nb, 14-

38 ppm La and 2.6-11 ppm Th. The basaltic-andesites are poorly evolved (Zr/Sr = 0.1) 

whilst glasses become more evolved towards the rhyolitic end-member (Zr/Sr = 0.5-0.7) 

(Fig. 4.10a). Throughout this suite the LREE are enriched relative to the HREE (La/Yb 

= 8.4 ± 1.5). Strontium concentrations decrease strongly (267-589 ppm Sr) with 
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increasing fractionation as demonstrated by increasing Nb (Fig. 4.12). Other 

incompatible elements display positive linear correlations (Fig. 4.12) and relatively 

constant incompatible trace element ratios (Table 4.2).  

(2) High-K basaltic andesites (component 2) - The High-K basaltic glasses are 

moderately evolved (Zr/Sr = 0.3 ± 0.03) (Fig. 4.10a) and relative to component 1 

glasses, the trace element concentrations are homogeneous as indicated by 59-116 ppm 

Rb, 24-34 ppm Y, 120-167 ppm Zr, 12-20 ppm Nb, 30-35 ppm La and 9-16 ppm Th 

(Table 4.1). These glasses appear to display comparable levels of trace element 

enrichment (Fig. 4.10a) to the rhyolitic glasses of component 1 despite their lower silica 

concentrations. This is reflected by their greater levels of LREE enrichment relative to 

the HREE (La/Yb = 15 ± 3). Within this suite both Sr and Ba (442-638 ppm Sr and 491-

1019 ppm Ba) increase with increasing fractionation (Fig. 4.12). 

4.3.6 TIR2000-417 (417 cm b.s.f.) 

This tephra layer is the lowermost visible fallout layer within TIR2000-C01 (417cm 

b.s.f.) and was correlated to fall from the Lower Pollara eruption, Salina by Di Roberto 

et al. (2008). Shard morphologies indicate two populations, (1) greyish, low to 

moderately vesicular shards; (2) abundant colourless, highly vesicular shards (Fig. 4.2f). 

Major and trace element data are given in Table 4.1. The glass analyses within this 

distal tephra display a wide compositional range from a mafic end-member (i.e. basaltic 

andesite on the CA/HKCA boundary) to a felsic end-member (i.e. rhyolite with HKCA 

affinity) (Fig. 4.3d). TIR2000-417 glasses are heterogeneous with the following major 

and minor element variability, 51.8-74.2 wt.% SiO2, 0.3-1.2 wt.% TiO2, 1.5-9.7 wt.% 

FeO, 1.1-11.4 wt.% CaO, 2.4-4.9 wt.% Na2O and 1.2-5.2 wt.% K2O (Table 4.1). With 

increasing silica there is an increase in K2O, Na2O; decreasing TiO2, FeO (Fig. 4.3d), 

CaO, Al2O3, MgO and MnO. At ~ 72 wt.% SiO2 an inflection is observed with a switch 

to  decreasing Na2O.  

Glasses within this suite range in terms of evolution between the basaltic-andesites 

(Zr/Sr = 0.2) and the rhyolitic (Zr/Sr = 1.7) components (Fig. 4.11a). This is illustrated 

in the range of the trace element concentrations from 36-193ppm Rb, 16-43ppm Y, 82-

320ppm Zr, 10-39ppm Nb, 25-68ppm La and 6.8-30ppm Th (Fig.  4.12). The suite 

displays consistent levels of LREE enrichment relative to the HREE (La/Yb = 16 ± 2). 

Sr (184-628 ppm) decreases with increasing fractionation, whilst Ba (404-1438 ppm) 
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continues to increase throughout the suite (Fig. 4.12). Incompatible trace element 

concentrations display positive linear relationships demonstrated by Nb vs Rb, Y, Zr 

and La (Fig. 4.12).   

 

 

Figure 4.11: (A) TIR2000-417 and Lower Pollara; sample average and average ± 2 x standard 

deviations of the data set normalised to primitive mantle compositions (Sun and McDonough, 

1989). (B) Lower Pollara compositions normalised to the average composition of the distal 

tephra (TIR2000-417). 
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Figure 4.12: Trace element bi-plots: Distal tephras TIR2000-398 (398cm b.s.f.); TIR2000-417 

(417cm b.s.f.) and proximal explosive deposits of the Lower Pollara, Salina. Errors given are 2 

x standard deviation based on reproducibility of MPI-DING StHs6/80 analyses. 
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4.4 Discussion 

4.4.1 Proximal-distal correlations/Tephrochronology 

The basis of tephrochronology is an accurate assessment of the source of a particular 

tephra layer such that time can be accurately assigned to that layer. Chapter three 

presented detailed glass geochemical data for the major explosive eruptions occurring 

within the Aeolian Islands during the last 42 ka. The investigated eruptions are detailed 

in Table 3.1. Below five marine tephra layers previously assigned provenance solutions 

on the basis of SEM-EDS data (Di Roberto et al., 2008) are re-evaluated, using a multi-

elemental approach, in light of this new proximal glass data.  

4.4.1.1 TIR2000-7 (7 cm b.s.f.)/Lipari 776 cal AD  

 

This tephra was previously correlated with the medieval eruption of Monte Pilato (MP, 

Lipari) (Di Roberto et al., 2008) based on the tephras position at the top of the core and 

its HKCA rhyolitic affinity. Major and minor element glass compositions in this tephra 

are indistinguishable from the glasses produced during the Monte Pilato and Gabellotto-

Fiume Bianco (GFB) eruptions (Fig. 4.3a). TIR2000-7 glasses have the characteristic 

mantle normalised pattern associated with Lipari rhyolites, where depletions are 

observed in Ba, Sr and Eu (Fig. 4.4a; Chapter 3). Trace element concentrations in the 

distal tephra enable precise attribution to the Monte Pilato eruption (Fig. 4.4b), owing to 

more elevated concentrations than those seen in the homogeneous, older, Gabellotto-

Fiume Bianco (Fig. 4.5; Table 3.8). Investigations of proximal Monte Pilato fall glasses 

both on Lipari and in medial-distal stratigraphies within the Aeolian Islands revealed 

that this activity is more heterogeneous than the previous explosive episode, GFB 

(Chapter 3). Two groups of LREE concentrations were identified in the Monte Pilato 

glasses (Chapter 3; Table 3.9). The glasses recorded from the volcanic stratigraphies of 

Vulcanello and Stromboli displayed more elevated LREE than the fall recorded more 

proximally on Lipari at Monte Sant’ Angelo (Fig. 4.5). The monogenetic turbidite 

TIR2000-7 has glasses corresponding to both the LREE groups which is a diagnostic 

feature of the Monte Pilato activity. Subtle variations within the geochemistry of Monte 

Pilato glasses observed proximally and distally may support the interpretations of Davi 

et al. (2011), who suggest Monte Pilato was made up of numerous closely spaced 

explosive phases. Consequently the small temporal gaps in the activity from MP may 

result in the subtle compositional variations seen in the glasses. 
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It seems plausible that ash fall from the multi-phase Monte Pilato explosive activity 

mantles the seafloor and would be readily available to be remobilised by a turbidity 

current. The turbidity current is likely to result from a PDC entering the marine 

environment or a partial collapse of the Monte Pilato cone. The result is a tephra deposit 

(TIR2000-7) that is geochemically representative of the entire prolonged Monte Pilato 

explosive activity.  

Ash layers attributed to the Monte Pilato activity are identified in other marine cores 

from the southern Tyrrhenian Sea (Keller and Leiber, 1974; Paterne et al., 1988). Keller 

and Leiber (1974) identify a HKCA rhyolitic ash layer at the base of a 4 meter core 

from the central Marsili basin. Paterne et al. (1988) report a rhyolitic tephra in the 

uppermost centimetre of the marine core KET8003, located north-west of Salina (Fig. 

4.1). Significant discrepancies in the depths of the Monte Pilato tephras are likely to 

represent the highly variable depositional environments in the southern Tyrrhenian Sea.  

Paterne et al. (1988) suggest that the rhyolite in KET8003 is fall from Monte Pilato. 

KET8003 is located sufficiently north west of Lipari and might avoid dominant 

turbidite inputs that are predominantly fed via the Stromboli canyon to the Marsili basin 

(Gamberi and Marani, 2007). The rhyolitic tephra identified by Keller and Leiber 

(1974) in the Marsili basin is likely to represent the contemporaneous input of a 

turbidite and fall as recorded in TIR2000-C01. At the temporal resolution of marine 

archives the Monte Pilato activity provides an important regional tephrochronological 

marker in the southern Tyrrhenian Sea, multiple closely spaced eruptive episodes are 

likely to represent composites in the marine record. In the context of intra-island 

stratigraphic correlations it has been demonstrated that identification of subtle trace 

element variations are important for robustly correlating individual stratigraphies. The 

Monte Pilato has more recently been recognised beyond the southern Tyrrhenian Sea 

region, Caron et al., (2012) have identified a HKCA rhyolitic tephra in the 2-5 cm 

sediments of MD90-918 in the northern Ionian Sea. This extends the known dispersal of 

the Monte Pilato eruption further east and confirms it as a widespread distal tephra 

sourcing from the Aeolian Islands.  
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4.4.1.2 TIR2000- 50 (50 cm b.s.f.)/K-series activity of Stromboli/Vulcano 

Whilst originally correlated with the Secche di Lazzaro (SDL; Stromboli; ~5 ka BP) (Di 

Roberto et al., 2008), the high-K composition of TIR2000-50 tephra requires 

comparison with the products of Stromboli and Vulcano (Fig. 4.3b; Chapter 3). 

Similarities exist between the marine tephra and SDL (~ 5 ka BP), Stromboli (Fig. 4.3b) 

including some major element compositional overlap, whilst also showing similarities 

in physical characteristics of the glasses. Both SDL juvenile glasses and the distal 

tephra display a high K-series signature and are characterised by blocky-Y shaped 

shards typical of phreatomagmatic activity. This appears to underpin the original 

correlation made by Di Roberto et al. (2008). However, some discrepancies are 

observed between the distal tephra and the SDL glasses, specifically the distal tephra 

have lower TiO2 wt.% and higher Na2O wt.% than the SDL proximal glasses (Fig. 4.7a-

b). 

Normalising the trace element concentrations of the proximal Secche di Lazzaro (SDL) 

glasses to the average composition of the distal TIR2000-50 glasses reveals significant 

differences between the two populations (Fig. 4.6b).  SDL glasses display more elevated 

concentrations in Ba, Nb, Ta, Pb, Sr, Zr, the MREE and HREE (Fig. 4.6b). These 

discrepancies are most pronounced within Ba, Nb, Ta, Zr, Y (Fig. 4.7c-e). HFSE/Th 

ratios indicate the distal tephra derive from a different magmatic source to Stromboli 

(Table 4.2). Based on trace element data presented herein, the correlation of TIR2000-

50 and Secche di Lazzaro eruption, Stromboli cannot be verified and so assigning the 

SDL age of 5 ka to the Marsili basin core is questionable. In the absence of other 

significant proximally defined K-series explosive eruptions from Stromboli activity on 

Vulcano is considered as an alternative. Two explosive deposits on the island displaying 

high-K compositions are considered here, the scoria within Upper TGR (7.7 ± 1 ka BP; 

De Astis et al., 1997) and the younger Palizzi A activity dated 2.1 ± 0.3 ka BP 

(Voltaggio et al., 1995) (Fig. 4.3b). The scoria from the TGR unit is largely less evolved 

than the distal tephra. However, the most evolved glasses display similar major 

elements (Fig. 4.3b; 4.7a-b). Glasses from this particular sub-unit do not provide a 

precise correlation on the basis of major elements. The Palizzi A scoriaceous deposits 

are compositionally similar in major element chemistry to the distal tephra (Fig. 4.3b; 

4.7a-c). However, glasses display slightly higher total alkalis, a function of more 

elevated K2O (Fig. 4.3b), whilst TiO2 is much more comparable with the distal glasses 
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(Fig. 4.7). Statistical distance calculated between the marine tephra and both proximal 

Palizzi A and SDL glasses show greater distance between the SDL and the marine 

tephra (D
2 

= 5.2) than the Palizzi A (D
2
 = 2.5). Discrepancies identified between the 

distal glasses and Palizzi A are probably the result of slightly elevated K2O (Fig. 4.3b). 

In summary neither proximal Vulcano units provide a precise correlation at a major 

element level.  

Palizzi A glasses normalised to the distal tephra indicate at a multi-element level that 

this tephra is far more comparable than the Stromboli deposits (Fig. 4.6b). The HFSE 

(Nb, Ta, Zr) and Ba concentrations of TIR2000-50 are more comparable to those 

observed in the Vulcano glasses (Fig. 4.7). Ratios of the HFSE to Th confirm Vulcano 

as a more likely source for this distal ash (Table 4.2). Multi-element data suggest that 

the distal tephra is derived from Vulcano rather than its previous attribution to 

Stromboli (Di Roberto et al., 2008).  

Proximal-distal correlation to an eruptive phase on Vulcano is difficult. Subtle major 

element discrepancies coupled with the stratigraphic position of this marine tephra 

(TIR2000-50), some 20cm below the Vesuvian layer TIR2000-30 cm, correlated to 

AP1-3 (2.7-3.6 cal ka BP; 
14

C 2710 ± 60 yrs BP to 
14

C 3,200 ± 65 yrs BP) (Andronico 

et al., 1995; Rolandi et al., 1998; Di Roberto et al., 2008), invalidate correlation to 

Palizzi A given proximal age constraints (2.1 ± 0.3 ka BP; Voltaggio et al., 1995). As 

such the TIR2000-50cm tephra is likely to originate from pre-Palizzi activities on the 

island of Vulcano. Given the blocky morphology of the distal tephra (Fig. 4.2) it is 

probable that this tephra was produced by phreatomagmatic activity on the island. 

Paterne et al. (1988) presented tephras from the Tyrrhenian Sea geochemically similar 

to this trachy-andesitic activity of TIR2000-50 (Chapter 3), indicating tephras of this 

geochemical affinity are not uncommon and are dispersed in the southern Tyrrhenian 

Sea region. At present TIR2000-50 glass compositions indicate a provenance from the 

Vulcano magmatic system, but a precise proximal equivalent is not available currently. 

It would seem sensible to suggest that this layer was produced prior to the formation of 

the La Fossa cone, with perhaps more recent intra-caldera activity of La Fossa removing 

vital proximal information.  
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4.4.1.3 TIR2000-93 (93 cm b.s.f.)/Campi Flegrei 11915-12721 cal yrs BP 

Geochemical characterisation of this distal fall tephra demonstrates homogeneous, silica 

undersaturated, K-series phonolitic glass compositions (Fig. 4.3c). This differs 

significantly from Di Roberto et al. (2008) who reported HKCA rhyolitic shards 

matching the narrow composition of cycle IX Lipari. This allowed for comparison to 

proximal equivalents at the Vallone Canneto dentro and Gabellotto-Fiume Bianco 

centres on the island (Gioncada et al., 2003). The former is poorly constrained in age, 

but is significantly older than the later which is dated distally in the Adriatic to 8547 ± 

74 cal yrs BP (
14

C 7770 ± 70 yrs BP; Siani et al., 2004 and reference therein). Di 

Roberto et al. (2008) analyses were conducted on the >250µm size fraction, the coarsest 

grain size in the > 1 cm thick fall deposit. The HKCA rhyolitic shards made up 90% of 

this size fraction, with the remaining shards displaying tephra-phonolitic compositions 

(Di Roberto et al., 2008).  

This study aimed to validate the provenance of this fall tephra, investigating the smaller 

grain size fractions (250-125/125-63µm) in the absence of remaining > 250µm shards. 

The identification of 100% homogeneous, phonolitic glasses in the finer size fraction of 

TIR2000-93 confirms that this fall tephra comprises mixed provenance recording fall 

events from two contemporaneous but compositionally distinct (rhyolitic and 

phonolitic) explosive events.  

Total alkalis, in particular K2O values (> 9 wt.%) in these phonolites are more elevated 

than the most fractionated K-series glasses sourcing from the Aeolian islands (i.e., 

Vulcano; ~7-8 wt.% K2O). Consequently, volcanic source regions further to the north-

east on mainland Italy at Somma-Vesuvius and Campi Flegrei are considered. 

Specifically, early Holocene and Late-glacial proximal activities at Vesuvius-Campi 

Flegrei (<14 ka) were considered given the presence of cycle IX HKCA Lipari rhyolites 

intermixed with the phonolite and its stratigraphic position beneath the Monte Pilato 

(776 cal AD) in TIR2000-C01. Zanchetta et al. (2011) recognise that the phonolitic 

Mercato eruption of Vesuvius, 7750-8550 cal yrs BP (
14

C 7770 ± 40 yrs; Zanchetta et 

al., 2011), occurs distally in the Ionian Sea at a similar stratigraphic position to the early 

Holocene rhyolitic Gabellotto-Fiume Bianco/E-1 within sapropel 1. TIR2000-93cm was 

compared to glass data associated with the Mercato eruption (Wulf et al., 2004), but the 

Mercato tephras displayed considerable differences, most noticeably lower FeO and 
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MgO and higher Na2O (Fig. 4.3c). Consequently, Vesuvius is rejected as a possible 

source for the marine tephra.   

At Campi Flegrei the caldera forming eruptions of the Neapolitan Yellow Tuff (NYT) 

dated to 15.6 ± 0.8 ka BP (Deino et al., 2004) and the Pomici Principali (PP), 11.97-

12.39 cal ka BP (
14

C 10 320 yrs BP) (De Vito et al., 1999) are two of the largest 

magnitude eruptions during the last 30 ka BP. NYT was rejected on the basis that these 

glasses displayed far greater compositional variation (56-62 wt.% SiO2; Fig. 4.3c) than 

the distal tephra and at overlapping SiO2, the distal tephra displays higher Al2O3, K2O; 

lower TiO2, CaO, MgO and comparable FeO, MnO and Na2O. PP glasses are similar to 

TIR2000-93, but can be separated from the distal tephra because they show lower SiO2, 

K2O and higher CaO.  

The geochemistry of the TIR2000-93 phonolites is more consistent with Campi Flegrei 

activity during post NYT, Epoch 1 activity at between ~ 15-10.6 ka BP (Smith et al., 

2011). Glasses precisely match the Pre-Pomici Principale phreatomagmatic eruptions of 

Soccavo 1 that occurred between 11915-12721 cal yrs BP according to calibrated 
14

C 

chronology (Smith et al., 2011). This eruption represents the second largest eruption of 

Epoch 1 (0.5 km
3
) (Smith et al., 2011). Conveniently the major and minor elements of 

Soccavo 1 surge deposits (Fig. 4.3c) are unique to Epoch 1 (Smith et al., 2011). 

Soccavo 1 trace elements concentrations normalised to TIR2000-93 (Fig. 4.8b) and bi-

plots (Fig. 4.9a-c) confirm the geochemical correlation.   

The attribution of the phonolitic component to Soccavo 1 (11915-12721 cal yrs BP) 

makes correlation of the rhyolitic component (Di Roberto et al., 2008) to the Gabellotto-

Fiume Bianco/E-1 (8547 ± 74 cal yrs BP) problematic given the age discrepancies. 

Distally the Gabellotto-Fiume Bianco/E-1 tephra is constrained to sapropel 1 sediments 

(Siani et al., 2004; Zanchetta et al., 2011), but the Marsili Basin core offers no such bio-

stratigraphy which makes constraining the early Holocene of the core problematic. 

Zanchetta et al. (2011) recognise that the identification of the Gabellotto-Fiume 

Bianco/E-1 is problematic if it is not supported by a stratigraphic or chronological 

framework. The occurrence of compositionally similar rhyolites is common in the 

successions of the Tyrrhenian and Ionian Sea. Thus, given the unique diagnostic 

composition of the Soccavo 1 eruption and its constraints within Epoch 1 it presents a 

more reliable chronological marker than the Lipari rhyolites in this instance. 
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The alternative attribution of the rhyolitic glass component to Gabellotto-Fiume 

Bianco/E-1 (8547 ± 74 cal yrs BP) in the Marsili core would chronologically constrain 

the contemporaneously deposited phonolitic component to a period of volcanic 

quiescence at Campi Flegrei between Epoch 2 and 3. The calibrated 
14

C chrono-

stratigraphy at Campi Flegrei presents a period of quiescence between ~ 9.1 and 5.5 ka 

BP (Smith et al., 2011; Isaia et al., 2012). Instead it is proposed that the rhyolitic ash 

component remains attributed to cycle IX activity on Lipari (Di Roberto et al., 2008), 

but relates to pre-Gabellotto-Fiume Bianco explosive activity, tentatively attributed to 

the older Vallone Canneto Dentro deposits reported on the island (Lucchi et al., 2008).  

Currently, tephra from Soccavo 1 eruption has a N to NE dispersal axis. Given the 

absence of intra-caldera deposits and the proximity of Campi Flegrei caldera to the 

Tyrrhenian Sea an assessment of other dispersals axes may be problematic. This 

proximal-distal correlation represents the first record of the Soccavo 1 eruption being 

recorded outside the immediate Campi Flegrei region and enables a southerly dispersal 

axis to be inferred. The distal occurrence of Soccavo 1, in the southern Tyrrhenian Sea 

may require a revision of estimated magma volumes for this eruption.  

Compositional variations observed between the different ash size fractions of the distal 

fall layer TIR2000-93 have important implications for distal tephrochronological 

investigations. The coarsest ash component of TIR2000-93 (> 250 µm) derived from a 

more proximal source on Lipari (Di Roberto et al., 2008), whilst the finer ash (< 250 

µm) reported here sourced more distally from Campi Flegrei. Geochemical 

characterisation of the different size fractions is imperative to ensure 

tephrochronological information is not lost.   

4.4.1.4 TIR2000-398 (398 cm b.s.f.)/CA/HKCA activity, Aeolian Islands 

Geochemical analysis of the glasses within the coarse grained volcaniclastic turbidite 

(CGVT) indicates that it is comprised of two volcanic suites, (1) CA/HKCA transitional 

glasses; and (2) High K basaltic andesites (Fig. 4.3d) illustrated best by the trace 

element bi-plots (Fig. 4.12).  

(1) CA/HKCA transitional glasses (Component 1): The wide ranging compositional 

variation (55.2-71.9 wt.% SiO2) observed in CA/HKCA glasses (Fig. 4.3d) coupled 

with particularly low K2O (Table 4.1) values immediately confirm Salina as the most 

likely provenance of these tephra. Salina and the Pollara centre are recognised as 
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displaying the most typical of calc-alkaline island arc products, displaying the lowest 

K2O values in the Aeolian Island arc (Keller, 1980b). The tephra fall stratigraphy of the 

Lower Pollara (LP) contains juvenile clasts with a wide geochemical range from 

basaltic-andesite to rhyolite. The observed depositional sequence and geochemical 

analysis (Fig. 4.3d) of the fallout from this sub-plinian eruption, with mafic scoria 

followed by felsic pumices, support previous interpretations that a felsic melt entered a 

mafic magma body triggering the eruption (Calanchi et al., 1993). The CA/HKCA 

component of the distal tephra displays similar major element chemistry to the LP fall 

deposits and critically is characterised by low K2O glasses (Fig. 4.3d). However, some 

subtle variations in the glass chemistry exist. The compositional range of the distal 

glasses is more restricted than LP, with the proximal glasses displaying more elevated 

SiO2 than those observed in the distal tephra. At overlapping SiO2 values Al2O3, MgO, 

MnO, CaO, Na2O and K2O are very comparable, whilst the distal glasses display 

slightly elevated TiO2 and FeO (Fig. 4.3d). Overlapping major element chemistries 

certainly provide justification for previous correlations to the LP eruption (Di Roberto 

et al., 2008). Additionally the distal glasses and the LP glasses share a similar 

incompatible trace element pattern, displaying wide overlapping degrees of enrichment 

(Fig. 4.10a). Both LP and distal glasses display increasing Ba with increasing 

differentiation (Fig. 4.12c) and no pronounced Eu depletion (Fig. 4.10a) confirming the 

absence of K-feldspar fractionation. At a multi-element level normalising the LP 

proximal deposits to the distal glasses reveals some critical variations. LP glasses 

display slightly elevated Ba, Th, U and most noticeably lower middle and heavy REE 

concentrations (Fig. 4.10b). With such compositionally diverse tephras, trace element 

bi-plots (Fig. 4.12) illustrate both similarities and difference between the LP fall and 

transitional CA/HKCA distal tephra. Rb, Nb Sr, La concentrations are similar and 

overlap in the distal tephra and LP glasses (Fig. 4.12), however Zr is more elevated in 

the LP glasses. Nb/Zr ratios should remain constant during fractionation and therefore 

subtle variations reflect differences in magmatic source compositions or degrees of 

melting (Table 4.2). Y concentrations in the LP glasses are considerably lower and 

decreasing with fractionation (Fig. 4.12d). The lower concentration of middle and heavy 

REE in the LP glasses could be associated with the removal of hornblendes, dominant 

within the felsic Salina products. Gertisser and Keller (2000) also suggest that 

amphiboles in the older Salina dacites were responsible for MREE depletions. Multi-

elemental data do not confirm that the CA/HKCA component of the distal tephra 
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contain Lower Pollara (LP) pyroclasts. Some similarities in trace element compositions 

exist but ultimately REE profiles differ significantly.  

(2) High-K basaltic-andesites (Component 2): These glasses are believed to be 

representative of pre-Pollara activity on Salina (Di Roberto et al., 2008). Elevated K2O 

is consistent with magma of earlier activity from Salina and Monte dei Porri (Fig. 4.3d). 

Low TiO2 concentrations (~0.4 wt.%) in Porri glasses confirm similarity to more recent 

Pollara activity on Salina and consequently they dramatically differ from those of 

component 2 (TiO2 = > 1 wt.%) of the CGVT (Appendix eIII ).  

The absence of a robust correlation between the trace element compositions of the 

glasses within the CGVT and activity on Salina, in particular Lower Pollara (LP), raises 

broader volcanological implications. As previously suggested the CGVT is attributed to 

a major volcanic collapse (Di Roberto et al., 2008). In which case, considering the 

dominance of fractionated pumices this deposit is consider related to an explosive 

volcanic event. Salina offered a logical provenance solution based on some similarities 

in major element chemistry, in the type of lithics (quartz-bearing shale fragments and 

thermometamorphic rounded basement fragments), but crucially physical parameters. 

Salina displays evidence of a young collapse scar (Pollara) and a clear submarine 

passage for material to travel to the Marsili basin. If the CGVT does not originate from 

Salina, then it provides important evidence of a major collapse/explosive eruption not 

yet recognised on land. Briefly considered are other CA volcanic centres in the arc with 

the necessary pathways for material to enter the Marsili basin. Panarea shares a largely 

similar CA affinity to Salina, although analyses of dacite pumices suggest SiO2 is 

restricted to 66 wt.% (Calanchi et al., 2002; Lucchi et al., 2008). Evidence for caldera 

collapse during the evolution of Panarea is suggested by Gabbianelli et al. (1993), 

whilst other researchers suggest instabilities from the western flank of Panarea (Favilli 

et al., 2005; Cimarelli et al., 2008). With explosive activity on Panarea associated with 

dome collapse (Cimarelli et al., 2008). Presently geochemical evidence casts doubt on 

the origin of the CGVT, despite strong volcanological evidence suggesting provenance 

from Salina. At present the origin of the CGVT remains unresolved. 

4.4.1.5 TIR2000-417 (417 cm b.s.f)/HKCA of the Aeolian Island activity 

These tephras display a wide degree of differentiation (52.4-74.2 wt.% SiO2) which is 

mirrored by wide ranging incompatible trace element concentrations (Fig. 4.3d; Fig. 
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4.12). Constant incompatible trace element ratios within the TIR2000-417 confirm a 

single magmatic source (Table 4.2). The tight inter-element ratios within the distal 

tephra is consistent with magma mixing, which is typical of the explosive products of 

the Aeolian islands, including Salina (Calanchi et al., 1993) and Lipari (De Rosa et al., 

2003) (Fig. 4.12). The wide range in major element compositions justifies initial 

correlations with the Lower Pollara, eruption of Salina (Di Roberto et al., 2008). 

However, these distal glasses display slightly more elevated K2O than the proximal 

Lower Pollara glasses, illustrated by overall higher total alkalis (Fig. 4.3d). Levels of 

trace element enrichment are greater in this distal tephra compared with the Lower 

Pollara deposits (Fig. 4.11). This is best illustrated by variations in Nb (Fig. 4.12), at a 

multi-element level, trace element concentrations in the most fractionated distal glasses 

far exceed those seen in the most fractionated Lower Pollara glasses (Fig. 4.11b). Multi-

element data presented herein suggest that the previous correlation to fall from the 

Lower Pollara eruption is invalid (Di Roberto et al., 2008). 

The CA/HKCA affinity of this marine tephra merely confirms its origin from this island 

arc setting, rather than any of the volcanic centers to the north-east on the Italian 

mainland (e.g., Campi Flegrei, Vesuvius). Recognised eruptions producing glass 

compositions with a HKCA affinity are dominant in the volcanostratigraphy of Lipari, 

as demonstrated by the Monte Pilato glasses. The Monte Guardia eruption of Lipari 

with an age slightly younger than 26.3 ± 0.8 cal ka BP (
14

C 22, 600 ± 300 yrs BP; Crisci 

et al., 1983) is chronologically suitable for consideration, however, as with all HKCA 

explosive volcanism at Lipari, these products are easily dismissed as a potential source 

of TIR2000-417 fall on the basis that rhyolitic glasses from Monte Guardia are 

characterised by low Ba, Sr, Eu concentrations (Fig. 4.11a). 

The absence of K-feldspar related trace element anomalies within the highly 

fractionated Lower Pollara rhyolites and those of the distal tephra TIR2000-417 indicate 

that they are the product of a similar magmatic system, one that differs from that of 

Lipari. Ba and Sr concentrations are decoupled in both the TIR2000-417 and Lower 

Pollara glasses. Strontium concentrations decrease with increasing degrees of 

fractionation (Fig. 4.12e), whilst Ba is highly incompatible (Fig. 4.12c) and rhyolitic 

shards in the distal tephra have high Ba up to 1200 ppm. Both the proximal Lower 

Pollara and the distal tephra are produced by magmatic systems in which conditions 

prevented the crystalisation of K-feldspar, a phase typical of highly silicic rhyolites. 
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Similar observations were made by Donato et al. (2006) who highlighted that high 

water content may have been responsible for preventing the crystalisation of K-feldspar 

within the younger Upper Pollara pyroclasts. Trace element data present here indicate 

that a similar control is likely for both the Lower Pollara glasses (H2O ~3-4 wt.%) and 

the distal tephra TIR2000-417 (H2O 3-4 wt.%).  

As outlined above Panarea pumices are geochemically similar to that of Salina, with the 

lower levels of trace element enrichment and consequently do not offer a potential 

solution to the provenance of TIR2000-417. The western part of the Aeolian arc offers a 

potential source of provenance; ages of final phase activity on Alicudi are poorly 

constrained. On the neighboring island of Filcudi two exotic fall deposits have been 

attributed to possible explosive activity on Alicudi (Lucchi et al., 2008). Most recent 

activity on Alicudi (Villari, 1980, Peccerillo and Wu, 1992), based on whole rock 

analysis, indicates andesitic products with incompatible trace element concentrations 

that differ from those of Salina. Alicudi deposits display more elevated K2O than those 

of Salina, whilst showing HFSE (Nb>20ppm at 55-59 wt.% SiO2), LREE (La >50ppm; 

Ce >85ppm) and HREE concentrations equal or greater than those seen in the more 

evolved Lower Pollara rhyolites of Salina (Villari, 1980; Peccerillo and Wu, 1992). 

Although this is based on whole rock data that is not appropriate for precise tephra 

correlation due to the occurrence of phenocrysts and possibly lithics, it does offer an 

insight into Alicudi compositions which would appear to be in better agreement with the 

glasses of TIR2000-417. Final phase activity on Alicudi is tentatively suggested as a 

potential source of this tephra.  

A final consideration concerning the provenance of this marine tephra and other 

previously unresolved tephras in TIR2000-C01 is the possibility of submerged volcanic 

edifices that may have been sub-aerial during lower Mediterranean sea levels during the 

last glacial (Lambeck and Bard, 2000). The Aeolian island volcanoes represent only the 

sub-aerial portion of significantly larger volcanic structures, for instance approximately 

2/3 of Stromboli is submerged (Rosi et al., 2000). Activity from volcanic edifices below 

sea level in the Aeolian Islands arc may provide the sources of proximally unrecognised 

geochemical signatures in the glasses.  However, this remains problematic given the 

absence of such tephras from within the accumulation profiles recorded on the Aeolians 

Islands during the last glacial period (i.e. Lucchi et al., 2008). Currently the origin of 

TIR2000-417 remains unresolved; the presence of fall in the Marsili Basin provides 
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evidence of a major explosive event not presently recognised on-land in Aeolian 

Islands. 

4.4.2 Implications for tephra correlations 

This study highlights the necessity, of wherever possible, to supplement major element 

analysis with trace element analysis of distal glasses, in order to precisely validate 

tephra marine-continental (distal-proximal) correlations. In some instances major and 

minor element data may suggest a reliable match between proximal and distal tephras 

(i.e. TIR2000-417 - Lower Pollara). However, through the examination of a full suite of 

trace elements, it is evident that these major element correlations do not nessessarily 

provide robust proximal-distal matches.  

This is not a new problem for distal tephrochronolgy. It is well recognised that many 

magmatic systems systematically over time produce distally dispersed tephras with very 

similar (often indistinguishable) major element chemistries, for example Katla, Iceland 

(Haflidason et al., 2000; Hall and Pilcher, 2002; Davies et al., 2004), Mount St Helens 

(Buscca et al., 1992), Toba caldera (Smith et al., 2011b) and the Campanian province 

(Wulf et al., 2004; Smith et al., 2011a). Consquently, correlations based solely on major 

element data given the associated errors and limited variability between temporally 

distinct erupted deposits can be erroneous. In the absence of good stratigraphic control, 

trace element concentrations of distal tephras are essential in defining reliable proximal-

distal correlations. 

This chapter has highlighted that highly evolved tephras recorded distally in the Marsili 

basin are not yet recognised in the proximal deposits on the Aeolian Islands. Volcanic 

islands are prone to multiple flank failures (Pasquare et al., 1993; Kokelaar and 

Romagnoli, 1995; Masson et al., 2006; Tibaldi, 2001; Di Roberto et al., 2010; de 

Alteriis et al., 2010), where vital proximal information is lost during subsequent 

volcanic and seismic activity, manifested in the marine environment as polygenetic 

turbidites with complex mix tephra compositions (Di Roberto et al., 2010). Determining 

the complete eruptive history of volcanic islands can be difficult owing to the following 

factors; small on-land volume of deposits; their limited lateral extent and burial and 

erosion of underlying deposits by more recent activity (Gertisser et al., 2010; 

Tamburrino et al., 2012). Limited Aeolian Island fall tephras are reported in the 
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southern Tyrrhenian Sea (Paterne et al., 1988; McCoy and Cornell, 1990) for the reason 

articulated in Paterne et al. (1988);  

(1) Despite the explosive nature of volcanic activity at these volcanic centres, the 

quantity of erupted material was volumetrically much lower than for the Campanian 

centres;  

(2) Prevailing westerly winds prevented the widespread northward dispersal of Aeolian 

island tephras; 

(3) The orientation of dispersal axes from short-lived eruptions may be an issue. 

More recently Aeolian Island tephras are reported distally in the southern Adriatic 

(Siani et al., 2004) and Ionian Seas (Clift and Blusztajn, 1999) and continentally on 

Sicily. Examples include distally occurring tephra from Salina (Grey Porri Tuff; Keller, 

pers comm.), Lipari (Monte Guardia and Gabellotto-Fiume Bianco; Narcisi, 2002; Siani 

et al., 2004; Lucchi et al., 2008) and Vulcano (Quadrara; Morche, 1988). This would 

suggest that despite lower magma volumes, these eruptions can be dispersed long 

distances (>600 km; Clift and Blusztajn, 1999). Additionally more recent detailed field 

investigations suggest that some of the explosive Aeolian island eruptions are prolonged 

(Sulpizio et al., 2008; Davi et al., 2010). Thus it seems most likely that the prevailing 

westerlies are the dominant control on ash dispersals from the Aeolian Islands. 

4.4.3 Primary tephras Vs. Turbidites 

Three primary fall tephras have been identified within the TIR2000-C01 core, TIR2000-

30 (30 cm b.s.f.); TIR2000-93 (93 cm b.s.f.) and TIR2000-417 (417 cm b.s.f.). Fall 

tephras are infrequent in the Tyrrhenian Sea (see above). It is widely accepted that 

Tyrrhenian Sea stratigraphies are complicated by the presence of turbidites (McCoy and 

Cornell, 1990; Calanchi et al., 1994; De Ateris et al., 2010) and the Marsili basin core is 

no exception. The basin is directly linked to the Aeolian Islands and the Italian 

mainland by a series of submarine canyons (Gamberi and Marani, 2007). These canyons 

act as conduits for volcaniclastic debris produced by pyroclastic flow, flank failures and 

sector collapse on the sub-aerial volcanoes. Stacked sequences of turbidites as seen in 

TIR2000-C01 are not always related to collapse, they can be related to the erosion and 

remobalisation of volcanic detritus related to instabilities and seismic activity.  
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Monogenetic turbidites must be considered carefully, where there is a clear dominance 

of a single chemical affinity that can be reliably correlated to proximal source this is 

considered as representing a ‘syn-volcanic’ event (i.e., TIR2000-7 (7 cm b.s.f)). 

Consequently, these deposits present an event marker with tephrostratigraphic 

significance (Di Roberto et al., 2008). Monogenetic turbidites may result from the 

collapse of a rhyolitic dome and/or the formation of hot or cold pyroclastic (block and 

ash) flows and detached surges which can enter the marine environment (Schneider et 

al., 2001). They may also represent the remobilization of primary tephra fall, where ash 

mantling the sea floor is available to be entrained by turbidity currents.  

Polymictic turbidites usually have no chronostratigraphic meaning. These tephras 

represent the remobilization of volcanic material following a gravitational collapse, 

seismically induced failure or a major erosive event. Such material may have originated 

within (1) the sub-aerial volcano-stratigraphies; (2) submarine deposits surrounding the 

sub-aerial part of the volcano; or (3) a mixture of both. The high frequency of 

polygenetic tephra within the Marsili basin core is likely to reflect that of volcano-

sedimentary processes (mass wasting and erosional processes) that are very dominant 

within this active back arc basin (Di Roberto et al., 2008). 

4.4.4 Chronological implications for the Marsili basin core: 

Two chronological points can be fixed within the upper portion of the TIR2000-C01 

stratigraphy, the Monte Pilato eruption of Lipari at 7 cm b.s.f (776 cal AD) and the 

Soccavo 1 eruption, Campi Flegrei, at 93 cm b.s.f (11915-12721 cal yrs BP). A third 

chronological constraint is derived from the previous attribution of TIR2000-30 (30 cm 

b.s.f) to the AP1-3 eruptions of Vesuvius (between 2.7-3.6 cal ka BP) (Di Roberto et al., 

2008). Although this tephra does not offer a precise chronological tie point it provides 

an age range. Given the limited number of fixed chronological points within the Marsili 

basin core a simple linear age-depth relationship for the upper portion of the core is 

determined. Given the numerous turbidite inputs linear age models are problematic (see 

Lowe et al., 2007) and sedimentation rates must be considered only as rough estimates. 

Between present day and the Monte Pilato eruption a sedimentation rate of 6.36 cm ka
-1

 

is observed. This is a period of lower volcaniclastic input and perhaps indicative of a 

less volcaniclastic dominated sedimentation within the Tyrrhenian Sea. Between Monte 

Pilato and the Soccavo 1 tephra layer sedimentation rates increased to 7.72 cm ka
-1

. The 

AP1-3 Vesuvius activity at 30 cm (Di Roberto et al., 2008) is in keeping with the age-
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depth relationship reported. Given the sedimentation rates between Monte Pilato and 

Soccavo 1, TIR2000-50 (50 cm b.s.f) has an approximate age of 6.6 ka BP. Reaffirming 

that despite similarities with the Palizzi A major, minor and trace element data, the 

proximal deposits on Vulcano are too young to be the proximal counterpart of TIR2000-

50. This confirms that repeated geochemistries are produced from the Vulcano 

magmatic system through time.  

The absence of a reliable tephra marker beneath Soccavo 1 becomes problematic for 

assessing both the chronology and sedimentation rates in the lower core. The absence in 

the Marsili core of the two prominent visible marine tephra markers the Y-3 and Y-5, at 

30-31 ka BP (Zanchetta et al., 2008) and 39 ka BP (De Vivo et al., 2001) respectively, 

which are reported extensively in southern Tyrrhenian Sea cores (Paterne et al., 1988), 

would indicate that the basal age of the Marsili core is younger than 30-31 ka BP. This 

indicates that sedimentation has increased beneath Soccavo 1, this is supported by the 

high frequency volcaniclastic turbidite inputs (Fig. 4.1).  This could be related to a 

greater number of near instantaneous volcaniclastic sediment input events within this 

time period, such as flank collapse or sub-marine failures of material on the continental 

shelf. Additionally, lower sea levels during the last glacial (Lambeck and Bard, 2000), 

meaning sub-ariel volcanic edifices in the Aeolian islands were larger thus offering  

greater potential for erosion/collapse which would provide increased quantities of 

volcaniclastic material to become delivered into the Marsili basin. 

4.5. Conclusions 

(1) Proximal continental-distal marine tephra correlations are more reliable when based 

on an integration of major, minor and trace element glass data (EMPA and LA-ICP-

MS). 

(2) Correlations based solely on major elements given the associated errors, can in some 

cases be misleading and result in incorrect attribution of age-markers to marine 

archives. The addition of trace element data, with smaller errors, offers more diagnostic 

geochemical information essential for fingerprinting tephras.  

(3) Characterisation of the geochemistry of proximal deposits must include juvenile 

deposits of all eruptive phases to ensure reliable proximal-distal matches. Examples are 

provided of proximal-distal correlations to both proximal fall and flow deposits.  
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(4) Flank failure and sector collapse can remove proximal stratigraphies especially on 

volcanic islands such that the remaining proximal suites are not fully representative of 

all the eruptive events/geochemistries identified distally. 

(5) The Marsili Basin is dominated by turbidites. Monogenetic turbidites can be used as 

tephrostratigraphic markers of syn-eruptive activity within the island arc marine setting. 

Polygenetic turbidites offer very little tephrochronological meaning.  

(6) Only limited tephra fall is reported north in the Marsili Basin from Aeolian Island 

volcanism, suggesting that fall footprints are dispersed in a south south-easterly 

direction. Hence the paucity of Aeolian tephras in the Tyrrhenian Sea and their greater 

abundance on neighbouring islands to the south, Sicily and in Ionian Sea marine cores. 

Dispersal is mainly controlled by prevailing circulation patterns in the Mediterranean 

which are westerly during most of the year.     
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Chapter 5: Ionian Sea Marine Core (M25-4/12)  

Abstract  

Primary fall tephras recorded from major Aeolian Islands explosive eruptions were 

found to be limited in their northward dispersal with only few examples in the Marsili 

basin core (Chapter 4). Herein sediments from the Ionian Sea core M25/4-12 were 

examined to assess whether Ionian Sea marine archives might contain a cryptotephra 

record of Aeolian island explosive activity and provide new chronological constraints 

for the core. The provenance of two visible layers in the core Y-3 and Y-5 is assessed 

using additional trace element characterisation.  

Two explosive eruptions from the Aeolian Islands (early Holocene to 40 ka) are present 

in the core, indicating that there is potential to improve the chronology of the Ionian 

archives using cryptotephra analysis. HKCA rhyolitic shards dispersed by the 

Gabellotto-Fiume Bianco (GFB) eruption of Lipari are identified within sapropel 1 

(28cm b.s.f) in the early Holocene sediments of Ionian Sea core M25/4-12 providing a 

new age marker of 8730–8400 yrs BP cal (7770 ± 70 yrs BP uncalibrated).  

Trace element data confirm that the VRa proximal deposits of Tufi Biancastri are not 

the proximal equivalent of the Y-3 tephra marker recorded in the Ionian Sea. Whilst the 

precise proximal source of the Y-3 tephra remains unresolved, the diagnostic 

geochemical characteristics reported from the type locality (M25/4-12) should be used 

as the preferred criteria for the assignment of Y-3 correlations. Trace element data are 

presented that verifies the correlation of the Ionian Sea Y-5 tephra to the Campanian 

Ignimbrite (Kraml, 1997). Geochemical data here confirm that this distal tephra can be 

attributed to the first Plinian episode of the eruption, a feature consistent with other ultra 

distal occurrences of the Campanian Ignimbrite.  
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5. 1 Introduction 

Primary fall tephras from major Aeolian Islands explosive eruptions were found to be 

rather limited in their northward dispersal with few examples in the Marsili Basin core 

(Chapter 4). The eastward dispersal of tephras from the Aeolian Islands is assessed; 

sediments from an Ionian Sea marine core (M25/4-12; Fig. 5.1) are examined with the 

following aims; 

(1) To establish whether the Ionian Sea marine archives contain tephras from the 

Aeolian Islands.  

(2) To improve the chronology of the Ionian Sea core M25/4-12, furnishing it with 

additional cryptotephra (non-visible) chronological markers. 

(3) Assess the provenance solutions of visible tephra layers using additional trace 

element characterisation. 

The Ionian Sea core contains numerous visible tephra layers, which were assigned 

provenance predominantly from the Campanian region and to a lesser extent the Roman 

provenance, Etna and Pantelleria (Keller et al., 1978). The visible tephrostratigraphy 

provides a chronological framework that enabled a targeted investigation of sediments 

overlapping in time with last 40 ka of explosive volcanism on the Aeolian Islands. 

Visible tephra layers, Y-5, Y-3 and sapropel stratigraphy are used to establish a 

temporal framework for the upper portion of the core. Y-5 is assigned to the Campanian 

Ignimbrite (CI) eruption (Keller et al., 1978; Kraml, 1997), which is 
40

Ar/
39

Ar dated at 

39.28 ± 0.11 ka BP (De Vivo et al., 2001). This provides the lowermost boundary for 

this investigation and is correlated to distal tephras from the Tyrrhenian, Adriatic and 

Ionian Seas (Paterne et al., 1988; Thunell et al., 1979; Vezzoli, 1991). Y-5/CI has also 

been identified within numerous terrestrial records including Lago Grande di 

Monticchio (LGdM) tephra TM-18 (Wulf et al., 2004) and has been reported as far 

afield as the Russian plains (Pyle et al., 2006). Consequently the CI represents the most 

widespread late Quaternary tephra horizon (Zanchetta et al., 2008).  

Keller et al., (1978) was first to report the most recent last glacial visible trachytic 

tephra layer in the Ionian Sea, termed the Y-3, with a source attributed to explosive 

activity within Campi Flegrei. This eruption coincides with a period of significant 

environmental change during the last glacial. Y-3 occurs at the transition between 
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marine isotope stage 2/3 or Heinrich event 3 and hence offers enormous potential to 

assess leads and/or lags in environmental change (Zanchetta et al., 2008).  Zanchetta et 

al., (2008) review the presence of Y-3 tephra in other archives across the central 

Mediterranean and emphasise its widespread dispersal throughout the region as far as 

the Balkans (Wagner et al., 2008). Considerable discrepancies exist in the age of this 

distal tephra, largely as the precise proximal counterpart remains unresolved and ages 

are thus imported from distal archives. Interpolation of the Mediterranean Sapropel 

chronology allowed Kraml (1997) to assign an age of 25.3 ± 3 ka yrs B.P to this tephra 

in the Ionian Sea. Wulf et al., (2004) correlated LGdM tephra, TM-15 a 29cm thick, 

predominantly co-ignimbritic ash to the Y-3 tephra, providing the first terrestrial record 

and age of this eruption. The early varve chronology of LGdM suggested an age of 23, 

930 yrs BP, but more recently this was revised to 27, 256 yrs B.P (Wulf et al., 2006). 

Importantly at LGdM TM-15 falls in a decline in the tree pollen spectra related to a 

climatic transition linked with Heinrich event 3. A maximum age of 30,493 ± 303 cal 

yrs B.P (25, 570 ± 110 
14

C yrs B.P) using IntCal 09 (Reimer er al., 2009) is derived 

from a foraminifera 
14

C age from 3 cm beneath the Y-3 layer in Salerno Gulf cores 

(Munno and Petrosino, 2004). Y-3 data from the Ionian Sea presents an opportunity to 

assess proximal links and re-access distal to distal correlations.  

Herein we present grain specific major minor and trace element data to verify the 

provenance solutions of the Y-5 and Y-3 (Keller et al., 1978; Kraml, 1997), whilst 

attempting to complement the existing visible tephrostratigraphy with additional 

cryptotephra markers horizons.  

5.2 Site 

M25/4-12 is a type site for tephrochronology in the Ionian Sea (Keller et al., 1978), 

distal tephras reported across the central Mediterranean are correlated to its visible 

tephrostratigraphy. M25/4-12 is located on the Calabrian rise, in the Ionian Sea (Fig. 

5.1), east of Sicily (N37 57, 98 E18, 11, 04). Water depth is 2473 meters and the total 

core length is 12.40 meters. The core is located 450 km SE of the Campanian Volcanic 

Zone (CVZ), 280km east of Mount Etna,  290 km east of the Aeolian islands and is over 

650 km NW of Santorini and the Aegean volcanic centres.  
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Figure 5.1: Location of the investigated marine core M25/4-12 in the Ionian Sea, also shown is 

the location of Lago Grande di Monticchio (LGdM) and the PRAD 1-2. (L=Lipari; CF= Campi 

Flegrei; SV = Somma-Vesuvius; IS = Ischia; Et = Mount Etna).  

5.3 Methodology 

For visible tephras samples of both the Y-3 and Y-5 tephra layers were separated, 

washed in distilled in water, picked under a light microscope and mounted in epoxy 

resin, shards were then sectioned and polished.   

For cryptotephras in the sediments of M25/4-12 continuous 5cm scans (5x1cm
3
) were 

taken from the top of sapropel 1 to the Y-5 tephra, as described by Keller et al. (1978). 

All samples were dried and weighed to allow for the calculation of tephra glass shards 

concentrations per gram of dry sediment (shards/g). Samples were then processed using 

the cryptotephra extraction technique (Blockley et al., 2005). Shard concentrations were 

counted under a high powered microscope to identify tephra layers. On identification of 

cryptotephras the 5 cm scan was re-sampled at a continuous 1cm
3
 resolution, repeating 

the processing outlined above. Once 1cm resolution peaks in shard concentrations were 

identified, new samples were processed for geochemistry. Shards were picked from 
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distilled water using a microscopic needle, mounted in resin and sectioned for 

geochemical analysis. 

5.4 Results  

5.4.1 Stratigraphy and Visible tephra layers 

 

Figure 5.2: Tephrostratigraphy of the investigated upper 180cm of the Ionian Sea marine core 

M25/4-12 

Detailed litho-stratigraphy and oxygen isotope stratigraphy of M25/4-12 was outlined 

by Keller et al., (1978) and Kraml, (1997). The relevant stratigraphy and markers 

relevant to this investigation are shown in Figure 5.2 and include; 

(1) Sapropel 1, organic rich layer; between 24-36cm below sea floor (b.s.f); 

(2) Y-3: The 1 cm thick Y-3 tephra layer occurs between 117.5-118.5cm b.s.f. Y-3 

shards were all dominated by clear glasses. Shards sampled displayed typically two 

shard morphologies, those that were angular and blocky with limited vesicularity and 
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then those that are highly vesiculated (Fig. 5.3). Shards from this layer were typically 

between 100-200 µm in length (Fig. 5.3). 

(3)  Y-5: The 2.5cm thick tephra layer occurs between 184-186.5 cm b.s.f. Y-5 shards 

were dominated by clear glasses with occasional brown shards. Shards were highly 

vesicular and elongate (Fig. 5.3). Shards sampled were typically greater than 300 µm on 

the long axis (Fig. 5.3). 

 

 

 

Figure 5.3: Shards extracted from the four investigated tephra layers. (a) M25/4-12_28cm, 

small stretched highly vesicular shards; (b) M25/4-12_44cm, larger angular and blocky shards; 

(c) M25/4-12_118.5cm b.s.f. Y-3, two distinct shard morphologies, right, highly stretched 

vesicular shards, left, less vesicular and more blocky shard; (d) M25/4-12_184.5cm b.s.f Y-5, 

particularly large (> 300µm) and highly vesicular. 
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5.4.2 Cryptotephra layers 

Two discrete cryptotephra layers have been identified on the basis of their peaks in 

shard concentrations (Fig. 5.2). Layers are named according to their depth in the M25/4-

12 core (in cm). The upper most cryptotephra (M25/4-12_28) is located at 28 cm b.s.f. 

and lies within the sapropel 1 sediments. A second peak in tephra shard concentrations 

M25/4-12_44 was identified at a depth of 44 cm b.s.f. Shards concentrations were most 

abundant in M25/4-12_28, with a precise peak of 2037 shards/dried gram of sediment. 

M25/4-12_44cm displayed much lower shard concentrations, with 234 shards/dried 

gram of sediment. This tephra is more defuse with a less pronounced peak in glass shard 

concentrations. The physical characteristic of the tephra shards appear to differ between 

the two cryptotephra layers, the upper most layer (28cm b.s.f) is characterised by 

smaller (typically < 80um), tubular shards (Fig. 5.3). The lowermost layer is 

characterised by larger (typically > 80um), blocky shards (Fig. 5.3). These shards 

display high abundances of microcrysts within the glasses. 

5.4.3 Geochemistry: 

Representative major, minor and trace element geochemistry for the four tephra layers 

are given in Table 5.1 and full geochemical data sets are available in appendix eIV. 

Diagnostic trace element ratios for the tephras, potential proximal source volcanic and 

other distal equivalents are given in Table 5.2.  

M25/4-12_28cm b.s.f 

Glasses are homogeneous with 75.37 ± 0.11 wt. % SiO2 (n=11) and are classified as 

rhyolitic (Fig. 5.4). These rhyolites contain typically 5 wt. % K2O making them HKCA 

in composition. Glasses are highly evolved, Zr/Sr = 10.7 ± 0.3, the homogeneous 

rhyolitic shards (Rb = 313 ± 4 ppm; Th = 49 ± 1 ppm; Zr = 174 ± 2 ppm; Nb = 37 ± 1 

ppm; La = 55 ± 0.4 ppm) display relative enrichment in the LIL elements relative to the 

HFSE (Fig. 5.5a), with a strong depletion in Ti (Ti/GdN = 0.03-0.05).   
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Sample 
M25/4-

12_28cm 
M25/4-

12_44cm 
M25/4-12_118.5cm- Y-3 M25/4-12_184.5cm- Y-5 

Shard 12A 17A 31C 18B 36C 49D 47D 

EPMA  (wt. % oxide)         
 

  
SiO2 75.24 75.91 60.53 62.23 61.12 61.07 62.09 
TiO2 0.07 0.09 0.40 0.34 0.46 0.42 0.34 
Al2O3 13.27 12.98 18.35 17.82 18.63 18.68 18.36 
FeOt 1.42 1.32 3.77 2.77 2.97 2.97 2.72 
MnO 0.08 0.01 0.11 0.10 0.24 0.21 0.14 
MgO 0.04 0.04 0.83 0.35 0.31 0.33 0.47 
CaO 0.70 0.64 2.63 2.28 1.70 1.84 2.13 
Na2O 4.19 3.98 2.98 4.50 6.60 6.46 4.57 
K2O 4.99 5.03 9.96 8.75 7.07 7.18 8.72 
P2O5 - - 0.14 0.05 - - - 
Cl - - 0.30 0.81 0.90 0.85 0.45 
Total 95.57 94.25 95.26 98.59 99.38 99.19 98.41 
LA-ICP-
MS (ppm)         

 
  

V <LOD <LOD 68.87 29.79 14.10 15.38 32.19 
Rb 316 322 268 344 448 466 307 
Sr 17 13 597 138 25 21 139 
Y 41 42 19 31 55 56 25 
Zr 178 169 172 370 645 668 256 
Nb 38 37 30 53 118 122 42 
Ba 15 12 801 24 21 15 45 
La 55 50 43 71 126 128 60 
Ce 108 102 79 134 237 245 113 
Pr 12 11 8 14 23 25 12 
Nd 40 39 31 49 84 86 44 
Sm 7.5 7.2 6.1 8.3 14.0 15.6 7.6 
Eu < LOD 0.2 1.9 1.6 1.3 1.5 1.8 
Gd 7.2 6.5 4.5 6.0 10.3 11.4 5.7 
Dy 6.7 7.0 3.6 5.6 9.7 9.9 4.6 
Er 4.4 4.3 1.8 3.1 5.5 5.7 2.7 
Yb 4.6 4.8 1.7 3.3 5.5 5.5 2.5 
Lu 0.7 0.7 0.3 0.5 0.8 0.8 0.4 
Ta 2.6 2.7 1.5 2.7 5.7 5.6 2.2 
Pb 33 32 37 60 67 65 44 
Th 50 50 13 31 51 53 20 
U 15 15 4.4 10 18 18 6.7 
 Ratio           

 
  

Zr/Sr 10.5 12.7 0.3 2.7 26.1 32.6 1.8 
Nb/Zr 0.21 0.22 0.17 0.14 0.18 0.18 0.17 
La/Yb 12.1 10.4 24.4 21.5 23.1 23.1 23.6 
Nb/Th 0.8 0.7 2.2 1.7 2.3 2.3 2.1 

 

Table 5.1: Representative major, minor and trace element data from investigated marine tephras in the 

Ionian Sea core (M25/4-12). Full data set are given in appendix eIV. 
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Figure 5.4: Major element glass chemistry of M25/4-12_28cm and M25/4-12_44cm cryptotephra layers 

recorded in the Ionian Sea. (TAS classification after Le Bas et al., 1986). 

Glasses display LREE enrichment relative to the HREE (La/Yb = 11.9 ± 1.2) and are 

heavily depleted in Sr, Ba and Eu (Sr = 16.2 ±0.5ppm; Ba = 15.5 ± 0.8ppm; Eu/Eu*N = 

0.14) relative to incompatible elements (Fig. 5.5a). Incompatible trace elements display 

positive linear relationships (Nb/Zr = 0.21-0.23; Ta/Th = 0.05-0.06). 

M25/4-12_44 cm b.s.f. 

Glass shards in this layer display slightly more major element variability than the 

overlying tephra (Fig. 5.4). Silica concentrations range from 73.4 - 75.9 wt. % (n=21) 

and are classified as rhyolitic. The glasses are characterised by typically 5 wt. % K2O 

making them HKCA in composition. Glasses are highly evolved, up Zr/Sr = 12.04 ± 

0.9, displaying strong depletions in Ti (Ti/GdN = 0.03-0.04). Glasses display LREE 

enrichment relative to the HREE (La/Yb = 10.3 ± 0.7), whilst pronounced depletions in 

Sr, Ba and Eu are observed (Sr = 13.1 ± 0.6 ppm; Ba = 13.7 ± 7 ppm; Eu/Eu*N = 0.14) 

(Fig. 5.5a). Incompatible trace elements display tight positive linear relationships 

supported incompatible trace element ratios (Nb/Zr = 0.21-0.23; Ta/Th = 0.05-0.06).  
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Figure 5.5: (A) Distal cryptotephras normalised to Primitive Mantle (Sun and McDonough, 1989) (B) 

Cryptotephras normalised to the glass compositions from proximal surge deposits of the Gabellotto-

Fiume bianco, Lipari. 

 

M25/4-12_118.5 cm b.s.f. - Y-3   

Silica concentrations range from 60.0-62.8 wt. % (n=32). These silica undersaturated 

glasses display variable FeOt (2.7 -3.8 wt. %) and CaO (2-2.8 wt. %) and high K2O > 

Na2O (K2O = 8.2-10.4 wt. %).  Glass shards in this tephra horizon range from phono-

trachytic to trachytic compositions (Fig. 5.6). Increasing SiO2 as a fractionation index 
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shows the following major and minor element variations, decreasing Al2O3, FeOt, MgO, 

CaO, K2O, P2O5; whilst increasing Na2O, Cl; and constant TiO2 and MnO. Glass 

compositions largely cluster at both ends of the SiO2 variation observed here, with some 

glass compositions lying between the two end members. Trace elements concentrations 

reflect this bimodality at the two ends of the SiO2 variation. A small number of shards 

lie compositionally between the two end-members (n=4) outlined below.  

The higher silica (> 62 wt. %), trachytes (n=7) show high levels of trace element 

enrichment levels (Zr/Sr = 2.46 ± 0.6) and are largely homogeneous (Rb = 343 ± 7ppm; 

Th = 30 ± 3ppm; Zr =356 ± 32ppm; Nb = 53 ± 3; La = 53 ± 3ppm). Glasses display 

significant concentrations of V (32 ± 4 ppm) given the levels of enrichment. These 

shards show depletions in Sr and Ba (Sr = 131-265ppm; Ba = 23-211ppm) relative to 

the enrichment in other LILE and HFSE trace elements (Fig. 5.5). Shards display LREE 

enrichment relative to HREE (La/Yb = 22.6 ± 1.2) and pronounced Eu depletions 

(Eu/Eu*N= 0.5-0.9). Incompatible trace element ratios are consistent within theses 

shards (Nb/Zr = 0.15 ± 0.01; Nb/Th 1.8 ± 0.1; Zr/Th = 12 ± 0.3). 

The lower silica (< 62 wt. %), phonolitic-trachytic shards (n=7) display lower levels of 

trace element enrichment (Zr/Sr = 0.32 ± 0.01), concentrations are largely homogeneous 

(Rb = 272 ± 4ppm; Th = 14 ± 1ppm; Zr = 183 ± 8 ppm; Nb = 29 ± 1ppm; La 44 ± 

1ppm). Greater enrichment of LREE relative to the HREE (La/Yb = 25 ± 1) is apparent 

in these glasses.  The phonolitic-trachytic shards show more elevated concentrations of 

V, Sr, Ba and Eu (V = 64 ± 4; Sr = 530-638ppm; Ba = 667-845ppm; Eu/Eu*N = 1.06 ± 

0.09) than the higher silica shards (Fig. 5.7a). Consequently V, Ba, Sr (Fig. 5.8) and Eu 

behave compatibly with increasing fractionation, whilst the remaining trace elements 

behave incompatibly (Fig. 5.8).  Incompatible trace element ratios in this end member 

glasses are internally consistent, but are more elevated than those in the most silica rich 

glasses shown in Table 5.2 (Nb/Th = 2.1 ± 0.1). 
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Figure 5.6: Major element bi-plots displaying major element concentrations of the ‘Y-3’ tephra 

layer M25/4-12_118.cm b.s.f compared to the proximal Tufi Biancastri, Campanian deposits 

recorded in the Verdoline Valley, VRa and VRb units (Tomlinson et al., 2012b) and also other 

previously interpreted distal equivalents of the ‘Y-3’ tephra; TM-15 (LGdM) (Wulf et al., 2004; 

2008; Tomlinson et al., 2010b); PRAD 1332 (Bourne et al., 2011) and a layer from Lake Ohrid, 

in the Balkans (Wagner et al. 2008). (TAS classification; after Le Bas et al., 1986). Errors given 

are 2 x standard deviation of repeated analyses of the StHs6/80G secondary standard. 
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Figure 5.7: (a) Y-3 Ionian Sea glasses and Tufi Biancastri proximal glasses normalised to 

primitive mantle (Sun and McDonough, 1989); (b) Y-3 glasses normalised to LGdM TM-15 

glasses; (c) Y-5 Ionian Sea glasses and CI glasses normalised to primitive mantle; (d) Y-5 

Ionian Sea glasses normalised to LGdM TM-18 glass compositions. 
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M25/4-12_186.5 cm b.s.f. ‘Y-5’ 

Shards in this tephra layer predominantly display a Phonolitic composition, lying upon 

the phonolite-trachyte boundary, whilst a small population of trachytic shards are 

observed (Fig. 5.9). The phonolites demonstrate a very homogeneous population 

(n=42), with 61.2 ± 0.3 wt. % SiO2; 1.7 ± 0.1 wt. % CaO; 2.9 ± 0.1 wt. % FeOt. The 

smaller population (n=5) of trachytic shards have slightly elevated SiO2 displaying 

higher concentrations of CaO, MgO, K2O and lower Na2O (Fig. 5.9).  

The main phonolitic population are highly evolved, displaying significant overall trace 

element enrichment (n=21; Zr/Sr = 33 ± 2.9) (Fig. 5.7a) and are largely homogeneous 

(Rb = 461 ± 34ppm; Th =54 ± 4 ppm; Nb = 122 ± 9 ppm; La =130 ± 9 ppm). These 

glasses show low concentrations of Ba, Sr, Eu (Ba = 16 ± 4 ppm; Sr =20 ± 3 ppm; Eu = 

1.4 ± 0.1 ppm) relative to the enrichment seen in other trace elements (Fig. 5.6). 

Incompatible trace element ratios are particularly tight in the phonolites (Table 5.2) 

(Th/Nb = 2.3 ± 0.05). 

The trachytic shard population (n=3) is characterised by low to moderate levels of 

evolution (Zr/Sr = 1.6 ± 0.8) (Fig. 5.7c), with less elevated concentrations of 

incompatible trace elements (Rb = 302 ± 4 ppm; Th = 6 ± 0.8 ppm; Zr = 242 ± 33 ppm; 

Nb = 40 ± 6 ppm; La = 57 ± 6ppm). The trachytic glasses display more elevated Ba, Sr, 

Eu concentrations than phonolites. Strontium, Ba and Eu behave compatibly within this 

minority shard population (Fig 5.10). The phonolitic shards comprise of consistently 

lower concentrations (typically Sr < 30ppm; Ba <30ppm; Eu < 1.7ppm) regardless of 

increasing fractionation shown (Fig. 5.10). Trace element ratios in the trachytic glasses 

are constant (Table 5.2; Nb/Th = 2.2 ± 0.04) and are slightly lower than those in the 

phonolites.  

5.5 Discussion - Tephra correlations 

5.5.1 M25/4-12_28cm & M25/4-12_44cm b.s.f  

Both tephra layers display an almost indistinguishable HKCA rhyolitic glass chemistry 

(D
2

 = 0.4), consequently the two tephras will be discussed together in the context of 

potential provenance. Their major element rhyolitic composition with high K2O and 

subsequently high total alkalis (Fig.5.4) suggests a provenance from Lipari, Aeolian 

Islands. Other Mediterranean rhyolitic magma producing volcanic systems (Pantelleria, 
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Santorini, Salina), can be excluded on the basis of lower K2O and noticeably more 

elevated MgO, CaO, TiO2, FeO (Fig. 5.4). Both tephra layers display an island arc 

signature (i.e. Nb, Ta, Ti depletions) comparable with that of the Lipari rhyolites (Fig. 

5.5a). The chemistry of both rhyolitic tephras is strongly influenced by the fractionation 

of K-feldspar, evident in the loss of Ba, Sr and Eu typical of Lipari rhyolites. 

Although the trace element concentrations observed in both the distal tephra layers are 

very similar (Fig 5.5a,b), they do show subtle variations. Most noticeably the lower 

most rhyolitic tephra layer (44cm b.s.f) displays lower concentrations of La, Ce than the 

upper rhyolitic layer (Fig. 5.5b). Where D
2
 = 7.01 between the trace element 

compositions of the two distal tephras, it is not possible to statistically distinguish them 

at a 95% confidence interval (D
2
 calculated = < 18.307). However the D

2
 value is not 

particularly low confirming some differences exist between the two tephras.  

Eruption of homogeneous rhyolites is typical of Lipari, with the last four eruptive cycles 

(< 42 ka) showing very little compositional variation, typically restricted to Sr, Ba, Zr, 

La, Ce and Th (Chapter 3). Therefore stratigraphic controls are vital for unravelling 

distal equivalents of Lipari rhyolites and attributing age.  

Since the upper rhyolitic tephra (28cm b.s.f), is stratigraphically located within sapropel 

1, (Early Holocene), we consider the early Holocene eruption of Gabellotto-Fiume 

bianco (GFB) on Lipari. Proximal deposits on the Lipari display limited fall deposits. 

Instead they are dominated by thick surge beds (Chapter 3) which are thickest in 

Vallone del Gabellotto and comprise of white pumices that flow from west to east. 

Contemporaneous tephra are reported in the volcanic stratigraphies of the nearby 

Vulcano (Lucchi et al., 2008), Panarea (Lucchi et al., 2007) and Stromboli (Di Roberto 

2012 pers comm.). This tephra is associated with widespread dispersal in the central 

Mediterranean with contemporaneous rhyolitic tephras reported in marine archives 

from; (a) Tyrrhenian Sea, E-1 (Paterne et al., 1988; Di Roberto et al., 2008); (b) Adriatic 

Sea (Siani et al., 2004) and more recently (c) the Ionian Sea (Zanchetta et al.2011; 

Caron et al. in prep). Importantly in both the Adriatic and Ionian Sea archives the 

occurrence of the tephra is within Sapropel 1 (Siani et al., 2004; Zanchetta et al., 2011; 

Caron et al., 2012). 
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Figure 5.8: Trace element bi-plots displaying the concentrations within the ‘Y-3’ tephra layer 

M25/4-12_118.5 cm b.s.f compared to the proximal Tufi Biancastri Campanian deposits 

recorded in the Verdoline Valley, VRa and VRb units (Tomlinson et al., 2012b), whilst also the 

NYT series data (Tomlinson et al. 2012b) and also the previously interpreted distal equivalent 

of the ‘Y-3’ tephra; LGdM TM-15 reported in Lago di Monticchio (Wulf et al., 2004; 2008; 

Tomlinson et al., 2010b). Errors given are 2 x standard deviation of repeat analyses of the 

StHs6/80G secondary standard.  
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Sample M25/4-12_118.5- Y-3  VRa VRb TM-15 

Locality Ionian Sea (This Study) Verdoline Valley Verdoline Valley LGdM 

TAS classification Phonolite-trachyte Trachyte Phonolite-trachyte Trachyte Trachyte Trachyte 

  (This Study) Tomlinson et al. (2012b) 

FeO/CaO 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 1 1.2 ± 1 1.3 ± 1 

Nb/Th 2.1 ± 0.1 1.8 ± 0.1 1.9 ± 0.1 1.9  ± 0.1 1.9 ± 0.3 1.8 ± 0.1 

Zr/Th 13.1 ± 0.4 12.0 ± 0.3 12.0 ± 0.4 12.2  ± 0.3 11.2± 1.1 12.2 ± 0.5 

Ta/Th 0.10 ± 0.01 0.09 ± 0.01 0.09 ± 0.003 0.09  ± 0.01 0.09± 0.01 0.09 ± 0.01 

Nb/Zr 0.16 ± 0.01 0.15 ± 0.01 0.16 ± 0.004 0.15  ± 0.01 0.17 ± 0.01 0.15 ± 0.01 

Y/Th 1.43 ± 0.04 1.03 ±  0.1 1.15 ± 0.04 1.06  ± 0.1 1.01 ± 0.1 1.09 ± 0.1 

Sample M25/4-12_186.5- Y-5  C.I. (Fall)  C.I (Main flows) C.I. Upper Flow TM-18 (Base and Top) 

Locality Ionian Sea (This Study) Voscone & Aquafidia Mondragone Mondragone LGdM 

TAS classification Phonolite Trachyte Phonolite-Trachyte Phonolite-Trachyte Trachyte Phonolite-Trachyte 

  (This Study) Tomlinson et al., (2012b) 

FeO/CaO 1.7 ± 0.1 1.3 ±  0.1 1.6 ± 0.2 1.8 ± 0.1 1.3-2.2 1.7 ± 0.1 

Nb/Th 2.2 ± 0.1 2.2 ± 0.04 2.4 ± 0.1 2.4 ± 0.2 2.1-2.5 2.4 ± 0.1 

Zr/Th 12.5 ± 0.2 13.0 ± 0.3 13.4 ± 0.6 12.7 ± 0.6 11.8-13.4 12.9 ± 0.4 

Ta/Th 0.11 ± 0.003 0.10 ± 0.004 0.11 ± 0.004 0.11 ± 0.01 0.16-0.19 0.11 ± 0.01 

Nb/Zr 0.18 ± 0.002 0.17 ± 0.002 0.18 ± 0.01 0.19 ± 0.01 0.10-1.13 0.19 ± 0.01 

Y/Th 1.04 ± 0.03 1.31 ± 0.1 1.04 ± 0.1 1.06 ± 0.06 1.0-1.5 1.08 ±  0.1 

 

Table 5.2: Y-3 and Y-5 elemental ratios allowing comparison to proximal Tufi Biancastri and Campanian Ignimbrite deposits (Tomlinson et al., 2012b). Also shown are 

corresponding Lago Grande di Monticchio (LGdM) tephra layers.    
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Whilst major and trace element data confirm the similarity of both the Ionian Sea distal 

tephras to the Gabellotto-Fiume bianco rhyolitic eruption (Fig. 5.4, 5a, b), the younger 

rhyolitic tephra (28cm) correlates better with the GFB proximal deposits (Fig. 5.5b), 

particularly in the LREE concentrations (La & Ce). This is reflected statistically by the lower 

statistical distance values (D
2 

= 1.68), compared to the older 44cm b.s.f tephra (D
2
 = 3.79).  

Based on geochemical evidence and crucially its stratigraphic position in sapropel 1, this 

rhyolitic tephra can be confidently assigned to the GFB proximal deposits and the E-1 marine 

tephra. Zanchetta et al., (2011) suggest the best age for the E-1 tephra is 7770 ± 70 yrs BP 

(8730–8400 cal yrs BP); based on corrected 
14

C ages from the Adriatic (Siani et al., 2001, 

2004). This distal age is in reasonable accordance with the most recent proximal age of 7,170 

± 720 yrs B.P derived for the GFB based on fission track dating (Bigazzi et al., 2003). 

Therefore an age of 8730-8400 yrs B.P cal is assigned to the 28 cm b.s.f tephra in M25/4-12.  

 The identification of the GFB within this Ionian Sea marine core stratigraphy has important 

implications. The tephra provides an additional well constrained age for M25/4-12. It 

provides further evidence that this eruption was a widely dispersed tephra marker within the 

central Mediterranean. Given its stratigraphic position relative to Sapropel 1 it is important 

for the synchronisation of palaeoenvironmental records from the Tyrrhenian, Adriatic and 

Ionian Seas. This is particularly important as in the higher resolution archives (MD 909 17; 

Adriatic) GFB/E-1, occurs at the onset of Sapropel interruption between S1a and S1b. This 

interruption is tentatively associated with the 8.2 ka cooling event (Zanchetta et al., 2011) and 

thus offers new potential to constrain the timing of this environmental event in this Ionian 

Sea core. 

Proximal stratigraphies on Lipari indicate a period of quiescence between the major explosive 

HKCA eruptions of Monte Guardia 27.3 ± 0.8 ka BP cal (22. 6 ± 0.3 ka BP un-calibrated; 

Morche, 1988) and the GFB. Given the depth of the lower HKCA rhyolitic tephra (44cm 

b.s.f) and the age of Monte Guardia activity, it would require a dramatic change in 

sedimentation rate, not supported by the depth and age associated with the Y-5 tephra 

(discussed below).  
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Figure 5.9: Major and minor element bi-plots displaying the concentrations of the ‘Y-5’ tephra layer M25/4-

12_186.5cm b.s.f. compared to the proximal deposits of the Campanian Ignimbrite; including First Plinian 

deposits recorded at Aquifidia. (TAS classification; after Le Bas et al., 1986). Errors given are 2 x standard 

deviation of repeat analyses of the StHs6/80G secondary standard. 
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Figure 5.10: Trace element bi-plots displaying concentrations of the ‘Y-5’ tephra layer M25/4-12_184cm b.s.f. 

compared to the proximal deposits of the Campanian Ignimbrite (Tomlinson et al., 2012b). Errors given are 2 

x standard deviation of repeat analyses of the StHs6/80G secondary standard. 
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Furthermore, as discussed in chapter 3, Monte Guardia rhyolites can be separated from 

the younger Gabellotto-Fiume bianco glasses on the basis of subtle trace element 

variations (i.e., lower Th, Zr, La, Ce concentrations). Based on the depth of the Y-1 

(Biancavilla) in neighbouring Ionian Sea cores (M25/4-13 and M25/4-11) and the depth 

of this tephra in M25/4-12 (44cm b.s.f) it would indicate that the layer represents an 

eruption younger than Y-1 (ca.16-18 ka; Chapter 7). According to the δ
18

O (G.ruber) 

curve of M25/4-12 (Negri et al., 1999) this tephra at 44cm b.s.f lies in the transition to 

lower δ
18

O values indicative of climatic warming in the early Holocene, thus it is likely 

to present the distal evidence of an explosive HKCA rhyolitic eruption from the Aeolian 

Islands in the Late-glacial period.  

Interestingly, a tephra from the Marsili basin, Tyrrhenian Sea was previously attributed 

to the Gabellotto-Fiume Bianco (Di Roberto et al., 2008) (Chapter 4). This tephra layer 

was shown to be of mixed provenance, containing HKCA rhyolites (Di Roberto et al., 

2008) and the smaller size fraction phonolites. Albert et al., (2012) correlate these 

phonolites to the Soccavo 1 eruption, Campi Flegrei (ca. 12 ka). Since the age of this 

eruption is older that the previously reported Gabellotto-Fiume bianco occurrences it is 

proposed that the mixed tephra layer in the Marsili basin (TIR2000-IV-93cm b.s.f) is 

equivalent to the older tephra recorded in the M25/4-12 (44cm b.s.f). It should be noted 

that the Marsili basin core does not provide the same stratigraphic control as the Ionian 

Sea core due to the absence of sapropel formation. Furthermore this older rhyolitic 

tephra recorded in the Ionian Sea sediments may relate to the HKCA rhyolite ash 

recorded in Lake Ioannina (NW Greece) at 15.2 m, provisionally dated at 13.5 cal ka BP 

(T. Jones 2012; pers comm.) (Chapter 3).  

Evidence of an older (44cm b.s.f) HKCA rhyolitic eruption largely compositionally 

indistinguishable from the Gabellotto-Fiume Bianco/E-1(28cm b.s.f) in sediments 

beneath the Sapropel 1 emphasises the importance of stratigraphic control when 

assigning provenance to HKCA rhyolites from Lipari and importing or exporting age. It 

also raises issues regarding the precise proximal origin of this older distal rhyolitic 

tephra. No major explosive eruptions have been reported on Lipari between the GFB 

and the Monte Guardia explosive eruption. However, more recently Lucchi et al., 

(2010) have recognised HKCA rhyolitic pumiceous fallout units, pyroclastic breccias 

and additionally tuff layers (surge beds) in the lower part of the Vallone Caneto Dentro 

formation, Lipari. This unit outcrops just to the south of the Vallone de Gabellotto and 
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predates the Gabellotto-Fiume bianco formation (Lucchi et al. 2010). However, it is not 

regarded as more than a small localised explosive eruption (De Rosa pers comm.). One 

could argue the presence of a distal marker indicative of explosive volcanism almost 

300 km from source prior to the Gabellotto-Fiume bianco activity, might suggest that 

the full extent of explosive activity in this north-eastern sector of Lipari may not have 

been fully recognised proximally. This is likely to be exacerbated by (a) resurgent dome 

formation concealing earlier deposits (i.e. Gabellotto and Pilato eruptive centres); (b) 

collapse of proximal deposits into the Tyrrhenian Sea; (c) erosion of limited on-land 

proximal deposits. A final consideration regarding a proximal source on Lipari is that 

the Gabellotto-Fiume bianco episode was not a single eruptive pulse. Recent studies 

suggest that some explosive eruptions occurring on the Aeolian Islands are punctuated 

by periods of quiescence, including the Upper Pollara, Salina and Monte Pilato, Lipari 

(Sulpizio et al., 2008; Davi et al., 2010). However there is no significant evidence of a 

hiatus in the deposition of the proximal deposits of Gabellotto-Fiume bianco reported in 

Chapter 3.  

Finally, an alternative less likely scenario is that the Ionian sea tephra M25/4-12_44cm 

b.s.f derives from another volcanic source within the Aeolian Islands, a source that 

produced HKCA rhyolites with an near identical to those produced by Lipari. The 

Lentia domes, Vulcano, are probably the best equivalent as they are considered part of 

the same volcanic complex as Lipari (Gioncada et al., 2005) The Lentia collapse, 

Vulcano occurred between 13-15 ka (Soligo et al,. 2000). However, compositions 

reported by Gioncada et al., (2005) indicate slightly less differentiated compositions 

than observed in the pumices of Lipari rhyolites. Pumices display ca. 73 wt. % SiO2 and 

crucially have only limited evidence of K-feldspars micro-crysts (Gioncada et al., 2005) 

indicating that trace element compositions of the glass would not be as significantly 

depleted in Ba, Sr and Eu concentrations as the distal tephra M25/4-12_44cm b.s.f. 

However without a detail glass study of these proximal deposits it is difficult to fully 

assess a potential correlation of this tephra to the Lentia dome collapse.  

A precise provenance solution for the older rhyolitic eruption (44cm b.s.f) consequently 

remains unresolved. It does however provide evidence for a previously unreported 

explosive eruption originating from Lipari in the late-glacial period that must post date 

the Monte Guardia eruption and pre-date the Gabellotto-Fiume bianco eruption.  
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The presence of at least two eruptions originating from the Aeolian Islands in the upper 

1.8 m of the Ionian Sea core (M25/4-12), demonstrates that the sub-Plinian eruptions 

typical of an arc magmatic setting are of significant magnitude to disperse tephras up to 

300 km. Thus these tephras can provide important chronostratigraphic markers in 

marine archives beyond the Tyrrhenian Sea. The dominantly westerly winds across the 

central Mediterranean would disperse tephras to the east from the Aeolian Islands 

towards the Ionian Sea as indicated by previous investigations of Ionian Sea sediments 

(Keller et al., 1978; Clift and Blusztajn, 1999; Caron et al., 2012).  

The identification of these two cryptotephra layers also highlights the potential for 

further investigations of the remaining marine sediments of M25/4-12 to determine a 

more robust eruptive history of explosive Aeolian Island volcanism. Proximal records 

becomes more complicated with age due to burial of older deposits by more recent 

activities, whilst the Tyrrhenian sea records are complicated by reworking and turbidity 

currents due to proximity to active volcanism.   

5.5.2 M25/4-12_118.5 b.s.f ‘Y-3’ 

Major element data presented here re-affirms the previous identification that the Y-3 

tephra is phono-trachytic to trachytic in composition deriving from Campi Flegrei 

(Keller et al. 1978). Shards display K2O >> Na2O which is characteristic of Campi 

Flegrei. Niobium and Th concentrations ratios in the most evolved glasses confirm that 

the Y-3 tephra is associated with the NYT/Pre-NYT series of erupted deposits from the 

Campi Flegrei caldera (Fig. 5.11). These values being typically lower than observed in 

the older Campanian Ignimbrite series (39 ka). V concentrations (Table 5.1) are 

relatively high indicative of the NYT/Pre NYT series compositions (Tomlinson et al., 

2012b) within the Tufi Biancastri deposits. Mantle normalised diagram (Figure 5.7a) 

illustrates that the most evolved Y-3 glasses overlap with the Pre-NYT glasses, whilst 

the least enriched glasses (phono-trachytes) are less enriched than anything 

characterised by Tomlinson et al., (2012b). Other HSFE to Th ratios observed in the Y-

3 glasses are slightly more elevated than those observed in Pre-NYT proximal deposits 

(Tomlinson et al., 2012b), but values remain typically lower than the Campanian 

ignimbrite series, particularly in the most silica-rich glasses (Table 5.2).  
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Figure 5.11: Th vs. Nb diagram showing the M25/4-12_118.5cm b.s.f – Y-3 and M25/4-12_186.5cm 

b.s.f- Y-5 shards concentrations from the Ionian Sea core tephra layers, the plot clearly defines the origin 

of the two Campanian tephras from the separate magmatic series. The evolved Y-3 shards clearly 

associated with the younger Pre-NYT (Tufi Biancastri) - NYT magmas, whilst the Y-5 clearly lies within 

the Pre CI and Campanian Ignimbrite series.  

We can assess the precise proximal source of the Y-3 tephra in the context of proximal 

Tufi Biancastri deposits given; (a) the stratigraphic position of this tephra layer above 

the Y-5/Campanian Ignimbrite (discussed below), (b) its interpolated age (25.3 ± 0.3 ka 

yrs BP) (Kraml, 1997) and (c) a greater affinity of its trachytic glasses to the NYT/Pre 

NYT chemistries. Tufi Biancastri represents the products of numerous eruptions 

recognised by Orsi et al., (1996) that pre-date the NYT eruption (ca. 14 ka) and post 

date the Campanian Ignimbrite (ca. 39 ka).  

The Y-3 is considered a precise stratigraphic marker across the central Mediterranean, 

however its proximal counterpart and consequently age are not clearly defined 

(Zanchetta et al., 2008). Consequently exporting proximal ages to distal archives is 

complicated.  Sulpizio et al., (2003) and Di Vito et al., (2008) suggest that the white 

pumiceous SMP1-e eruptive unit (30,670 ± 230 yrs B.P cal) recorded on the Sorrentina 

peninsular is a medial-distal equivalent of the distal Y-3 tephra layer. Di Vito et al., 

(2008) correlated SMP1-e to the proximal Campi Flegrei intra-caldera deposits, unit 
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VRa, located in the Verdoline Valley (Orsi et al., 1996). The VRa unit is 
40

Ar/
39

Ar 

dated to 30,000 ± 200 yrs B.P. (Pappalardo et al., 1999). The sequence comprises of 

basal, rounded white pumice lapilli beds associated with surges, capped by clast 

supported angular pumice lapilli fall bed comprised on both white and grey pumices 

(Orsi et al., 1996). 

The evidence used to support the correlation of VRa/SMP1-e proximal deposits to the 

distal Y-3 tephras included the following similarities; (1) stratigraphic position 

(stratigraphically closer to the CI than the NYT); (2) chemistry; white/clear K-trachytic 

pumiceous glasses; (3) mineral assemblage (sanidine, biotite) and; (4) proximal ages 

derived largely correspond to the distal Y-3 ages (Sulpizio et al., 2003; Zanchetta et al., 

2008).  

The correlation of unknown trachytic tephras to the Y-3 and adopting associated ages is 

equally problematic for the following reasons; (1) proximally the Tufi Biancastri 

stratigraphy is made up of numerous eruptions post CI (Orsi et al., 1996); (2) the 

trachytic glass components of these Tufi Biancastri deposits are at both a major and 

trace element level are indistinguishable (i.e. VRa, VRb, PRa) shown in Table 5.3; the 

consequence of (3) very similar mineral assemblages (typically k-feldspar, 

clinopyroxene, plagioclase and biotite); (4) given the errors associated with distally 

derived tephras it is possible that numerous eruptions are potentially masked within this 

boarder time period. Presented here is the first full major, minor and trace element 

characterisation of the Y-3 from the type site in the Ionian Sea. These geochemical data 

are used to validate proximal-distal correlations; 

5.5.2.1 Proximal Tufi Biancastri and distal Y-3 Ionian Sea correlation 

Both the proximal VRa (Fig. 5.6) deposits (Tomlinson et al., 2012b) and the distal 

Ionian Sea Y-3 tephra (Fig. 5.6) display compositional bi-modality, with both phono-

trachytic and trachytic components. Consequently when considering them as 

correlatives, using statistical distance test (Perkins, 1995), both end-members are 

considered independently (Table 5.3). At a major element level it becomes apparent that 

the most fractionated, trachytic end-members of the distal Ionian Sea Y-3 shards 

(M25/4-12) are geochemically indistinguishable from the evolved trachytic component 

of the bimodal VRa (D
2
 = 1.69) (Fig. 5.6). However as identified by Tomlinson et al., 

(2012b) these temporally distinct, Tufi Biancastri trachytic eruptions are not easily 
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distinguished. As a result the VRa trachytes are also indistinguishable from the 

stratigraphically younger VRb (D
2
 = 3.64) and PRa (D

2
 = 1.19) eruptions (Table 5.3), 

highlighting the issues of repeat magma compositions through time within individual 

volcanic systems. Trace element concentrations in the most fractionated, trachytic, 

distal Y-3 Ionian Sea glasses correspond to the trachytes of the VRa (D
2 

= 2.99) (Fig. 

5.8), re-affirming major element observations (Fig. 5.8). Although again the trachytic 

distal Y-3 glasses are also indistinguishable from the younger VRb eruption (D
2
 = 1.79).  

The phono-trachytic component of the bimodal VRa proximal tephra and distal Y-3 

Ionian Sea tephra layer differ on major element concentrations. Y-3 phono-trachytes 

display higher SiO2, K2O; lower TiO2, FeOt, CaO, MgO, Na2O than the phono-trachytic 

component of the VRa (Fig. 5.6). At a 99.5 % confidence limit the phono-trachytic 

shards of VRa are statistically different to the phono-trachytic shards of the distal Y-3 

(Table 5.3; D
2
 = 99.06). However on the basis of major element concentrations one 

might suggest that the least evolved phono-trachytic component of the Y-3 represents a 

missing proximal component of the VRa and that they lie upon a evolutionary trend 

between the bi-modal VRa end-members as argued by Di Vito et al. (2008).  

Trace element bi-plots (Fig. 5.8) reveal that a correlation between the Y-3 Ionian Sea 

tephra and the proposed proximal counterpart is not possible. The trace element 

variability of the VRa deposits between the two end-members is more restricted than 

that of the distal Y-3 (Fig. 5.8). Crucially the lower silica, phono-trachytic glasses 

observed in the VRa unit, display greater incompatible trace element enrichment than 

the higher silica phono-trachytic component of Y-3 tephra layer (Fig. 5.8). 
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Sample TM-15 Y-3 (M25/4-12) Y-3 (M25/4-12) PRa  VRb VRa VRa  

  

(Tra) (Pho/Tra) (Tra) (Tra) (Tra) (Pho/Tra) (Tra) 
D

is
ta

l 

 

Trace elements D2 values; f = 10 

TM-15 0.00 38.05 3.39 0.92 7.55 145.20 1.57 

Y-3 (Pho/Tra) 17.80 0.00 156.85 143.48 119.78 106.65 138.23 

Y-3 (Tra) 3.74 51.55 0.00 7.54 1.79 670.24 2.99 

T
u

fi
 

B
ia

n
ca

st
ri

  
  

  
  

  
  

  
  

  
  

S
tr

at
ig

ra
p
h

ic
 

o
rd

er
 

Pra 4.65 42.09 2.64 0.00 1.31 881.53 1.76 

VRb (Tra) 7.55 49.25 7.22 1.15 0.00 515.44 0.49 

VRa (Pho/Tra) 143.16 99.06 375.01 301.36 378.09 0.00 695.01 

VRa (Tra) 2.24 34.95 1.69 1.19 3.64 284.56 0.00 

 

Major element D2 values; f = 8 

(a) 

p (confidence limit) D
2
critical,  f =8                 

0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 <  5% probability that the two samples are compositionally different if D2 is less than 2.733 

0.050 

 

15.507 > 95% probability that the two samples are compositionally different if D2 is greater than 15.507 

0.010   20.090 > 99% probability that the two samples are compositionally different if D2 is greater than 20.090 

p (confidence limit) D
2
critical, f =10                 

0.995 

 

2.156 < 0.5 % probability that the two samples are compositionally different if D2 is less than 2.155 

0.990 

 

2.558 < 1%  probability that the two samples are compositionally different if D2 is less than  2.558 

0.950 

 

3.940 < 5% probability that the two samples are compositionally different if D2 is less than 3.940 

0.050 

 

18.307 > 95% probability that the two samples are compositionally different if D2 is greater than 18.307 

0.010   23.209 > 99% probability that the two samples are compositionally different if D2 is greater than 23.209 

(b) 

Table 5.3: (a) Statistical distance values (D
2
) matrix based on major, minor and trace element compositions of the Ionian Sea distal Y-3 tephra, in light blue the major and 

minor element values, whilst in grey the trace element values. Compared to proximal to proximal Tufi-Biancastri deposits (VRa, VRb and PRa) and the distal tephra TM-15 

recorded in LGdM; Tra = Trachytic and Pho/Tra = Phono-trachytic (b) The p (confidence limits) values and the D
2
critical values for the statistical distance, where f = 8 

(Major and minor elements). and f =10 (trace elements). 



210 

 

Problems with this proximal-distal correlation are best illustrated by the Sr and Ba 

verses Nb diagrams (Fig. 5.8), where the phono-trachytic glasses of VRa display far 

more elevated Sr and Ba concentrations than the phono-trachytic component of the Y-3 

tephra layer. The D
2 

value between the two phono-trachytic populations confirm that 

they are statistically different at a 99.5% confidence limit (Table 5.3; D
2
 = 106.65). The 

phono-trachytic glasses from the VRa proximal deposits and the distal Ionian Sea Y-3 

tephra are then compositionally distinct. Trace element concentrations observed in the 

phono-trachytic distal Ionian Sea Y-3 glasses are not consistent with the currently 

available NYT/Tufi-Biancastri series data (Fig. 5.8; Tomlinson et al., 2012b). This is 

confirmed by more elevated incompatible trace element ratios in this component of the 

distal Y-3 (Table 5.2; Nb/Th, Zr/Th, Ta/Th) than the VRa glasses. Instead the VRa 

glasses despite their bimodality, display constant incompatible element ratios (Table 

5.2) between the phono-trachytic and trachytic end-members. These are consistent with 

the younger VRb deposits (Table 5.2). Instead the phono-trachytic distal Y-3 glasses 

display concentrations and ratios arguably more akin to those seen in the older 

Campanian Ignimbrite Upper flow (Table 5.2). 

The compositional variability of the VRa distinguishes this unit from the other trachytic 

Tufi Biancastri eruptions (Sulpizio et al., 2003; De Vito et al., 2008). However, as 

outlined above the phono-trachytic glass component of the distal Y-3 displays 

diagnostic characteristics that differ from the proximal VRa phono-trachytic glasses. 

Consequently the distal Ionian Sea Y-3 tephra (M25/4-12) is not the distal product of 

the VRa, Tufi Biancastri eruption. The absence of a presently identified proximal 

stratigraphy displaying a phono-trachytic component matching the Y-3 means that 

proximal age cannot be exported distally. 

5.5.2.2 Distal-distal Y-3 correlations 

Major and trace element glass compositions of the distal Y-3 Ionian sea ash layer are 

now used to assess the integrity of the distal-distal correlations. As outlined previously 

the Lago Grande di Monticchio (LGdM) TM-15 tephra layer is assigned to the Y-3 

(Wulf et al., 2004). At a major element level, the trachytic TM-15 glasses are 

indistinguishable from the trachytic components of the distal Ionian Sea Y-3 tephra 

layer (D
2
 = 3.74) (Fig. 5.6), but also similar to the trachytic proximal Tufi Biancastri 
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deposits; VRa (D
2
 = 2.24); VRb (D

2
= 7.55). It is this greater similarity to the VRa unit, 

supported by stratigraphy, lithology and mineralogy that is previously used to support 

correlation of TM-15 (Di Vito et al. 2008; Zanchetta et al., 2008; Tomlinson et al., 

2012b). Trace element concentrations in the trachytic TM-15 glasses re-affirm the 

similarity to the most evolved, trachytic glasses of the distal Y-3 (Fig. 5.7b) (D
2
 = 3.39) 

and again with proximal Tufi Biancastri trachytes, VRa (D
2
 = 1.57); VRb (D

2
 = 1.69) 

(Table 5.3).  

Given the diagnostic importance of the least evolved, phono-trachytic end-members, it 

is unfortunate that TM-15 does not offer such a component (Fig. 5.6, 5.8). Tephras 

recorded in distal archives being dominated by the most fractionated glasses is 

common; for instance the Vedde Ash, dispersed across much of Northern Europe, 

typically only contains the rhyolitic end-member rather than the basaltic component 

observed at source (Lane et al., 2012). In the case of TM-15, Tomlinson et al., (2012b) 

argue that the absence of the VRa bimodality does not preclude a proximal-distal 

correlation, instead suggesting that changes in eruptive dynamics and/or wind direction 

may mean that only the early most fractionated deposits were recorded distally in 

LGdM.  

Despite the absence of a diagnostic phono-trachytic glass population within the TM-15, 

trace element concentrations observed reveal the most compelling evidence to support 

the correlation of TM-15 to the distal Ionian Sea Y-3.  The fractionation trend observed 

within the glasses of TM-15 clearly indicates a relationship with least evolved end-

member of the distal Y-3 glasses rather than the VRa proximal deposits (Fig. 5.8). The 

least enriched TM-15 glasses correspond to the Y-3 glasses that compositionally lie 

between phono-trachytic and trachytic end-members (Fig. 5.8). Strontium and Ba 

concentrations in the TM-15 glasses trend with Y-3 glasses rather than towards the 

more elevated compositions seen in the VRa glasses (Fig. 5.8). Consequently, the 

evolutionary trends shown in the trace element concentrations of TM-15 validate 

correlation with the Ionian Sea Y-3 re-affirming the proposed correlation by Wulf et al., 

(2004). As a result of the trace element comparison of TM-15 to the Ionian Sea Y-3 

tephra, it becomes evident that TM-15 is the equivalent of the Y-3, but is not related to 

the VRa.  
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Bourne et al., (2010) correlate the PRAD 1332 cm in the Adriatic to the Y-3/TM-15. 

However, Figure 5.6 illustrates that PRAD 1332 is not a robust correlative for the Y-3 

Ionian Sea/ TM-15. PRAD 1332 cm glasses display a bi-modality with a greater 

similarity to the VRa proximal deposits and the phono-trachytic end-member 

(Tomlinson et al. 2012b). However the trachytic glasses do not offer a precise match. 

PRAD 1332 is stratigraphically located near the MIS 2/3 transition and may represent a 

distal occurrence of the VRa rather than the Y-3. Another proposed distal ‘Y-3’ tephra 

layer is presented from Lake Ohrid in the Balkans, major element glass data (Fig. 5.6) 

(Wagner et al. 2008) clearly illustrates that this tephra displays the same range from 

phono-trachytic to trachytic glass compositions as the Ionian Sea Y-3 layer providing a 

strong major element correlation.  

5.5.2.3 Implications 

The rejection of the VRa - Y-3 links does not preclude the proposed correlation between 

SMP1-e and the Y-3 tephra (Sulpizio et al. 2003); this remains untested at a trace 

element level. However, it appears that conclusive links can only be determined by 

establishing which least evolved end-member (phono-trachytic component) is present or 

if not, which evolutionary trend can be identified within the SMP1-e glasses.  

Clearly resurgent activity within the Campi Flegrei caldera complicates proximal-distal 

links and prevents the determination of a complete eruptive history proximally. Grain-

specific trace element characterisation of distal tephra layers with clear stratigraphic 

superposition may offer an opportunity to unravel the frequency of the different 

explosive events during the Tufi Biancastri period. Given that they represent different 

eruptions, the identification and superposition of the VRa and Y-3 tephras within the 

same distal stratigraphy would provide clarity. With the Y-3 tephra lying at a critical 

environmental transition in the oxygen isotope curve, it is imperative that proximal ages 

are not incorrectly exported to distal localities. It is equally imperative that when 

synchronising environmental archives across the central Mediterranean, proposed ‘Y-3’ 

correlatives are validated using the diagnostic compositional features identified within 

the Y-3 tephra from the type site. Without this validation there is potential for distal 

equivalents of the chemically and temporally similar Tufi Biancastri eruptions (i.e. VRa 

and VRb) being incorrectly assigned to the Y-3 tephra. Consequently this might prevent 
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the accurate synchronisation of palaeoenvironmental records. For instance the PRAD 

1332 tephra (Bourne et al. 2010) should not be used to synchronise this Adriatic core 

with the Ionian Sea core Y-3 (M25/4-12). Where the diagnostic features of the Y-3 are 

met then distal archives can be robustly synchronised (i.e. LGdM TM-15 - Y-3 (M25/4-

12)).  

5.5.3 M25/4-12_186.5 b.s.f - ‘Y-5’ 

Major element glass data presented here in Figure 5.9 unequivocally overlaps the 

Campanian Ignimbrite (CI) glass data set (Tomlinson et al., 2012b). This re-affirms 

previous major and minor element correlations of this prominent Ionian Sea tephra 

marker to the CI eruption (Keller et al., 1978; Kraml 1997).   

The homogeneous phonolitic shard population of the Y-5 reported here overlaps the 

compositions of the early fallout recorded at Aquafidia and fall from Voscone, whilst 

also the composition of the main ignimbrite flows (Lower and Intermediate) recorded at 

Mondragone (Fig. 5.9). The smaller population of trachytic shards reported in this 

Ionian Sea Y-5 layer overlap with the compositions of the Upper flow. This unit is 

compositionally distinct from the other CI units, characterised by higher CaO, MgO, 

K2O and lower FeOt and Na2O (Fig. 5.9). 

The phonolitic component of the Y-5 Ionian Sea tephra is assessed in relation to the 

geochemically similar fall and flow deposits. Proximal glass compositions illustrate at a 

major element level there is very little compositional variability between the Plinian fall 

and main flow (Co-ignimbrite) components of the CI (Fig. 5.9). The exception is the fall 

recorded at Voscone that displays slightly more variability ranging to lower silica 

concentrations (Fig. 5.9). Statistical distance values in Table 5.4 indicate that the Y-5 

Ionian sea tephra are particularly similar to the early fall at Aquafidia and the main 

flows at Mondragone, given a less than 5% probability that they are different. Given the 

absence of less evolved compositions reported in the Voscone fall, the D
2
 values is 

higher (Table 5.4). 
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Locality Y-5 Ionian Sea Mondragone Voscone  Aquafidia (Fall) TM-18  TM-18  LC21  Kozarnika  

  (This Study) (Main Flow ) (Fall) (Fall) (Base) (Top) (Aegean) (Bulgaria) 

Y-5 Ionian Sea (This Study) 0.00               

Main Flow (Mondragone) 1.48 0.00       

  

  

Voscone (Fall) 4.98 4.94 0.00           

Aquafidia (Fall) 2.68 1.05 6.46 0.00         

TM-18 (Base) 1.33 1.33 7.20 2.04 0.00       

TM-18 (Top) 2.68 1.88 6.13 3.07 0.70 0.00     

LC21 (Aegean) 2.72 3.43 7.26 4.20 1.34 1.15 0.00   

Kozarnika (Bulgaria) 1.34 0.67 3.80 0.64 0.39 0.42 1.13 0.00 

(a) 

p (confidence limit) D
2
critical,  f =8                 

0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 < 5% probability that the two samples are compositionally different if D2 is less than 2.733 

0.050 

 

15.507 > 95% probability that the two samples are compositionally different if D2 is greater than 15.507 

0.010   20.090 > 99% probability that the two samples are compositionally different if D2 is greater than 20.090 

(b) 

Table 5.4: (a) Statistical distance values (D
2
) matrix based on major and minor element compositions of the Y-5 Phonolitic-trachytic tephra (Ionian Sea). 

Compared to proximal Campanian Ignimbrite (fall and Main flows; Tomlinson et al., 2012b) and distal layers attributed to the Campanian Ignimbrite (TM-18 

LGdM; Tomlinson et al., 2012b; Kozarnika, Lane et al., in prep; LC21, Satow et al., in prep). Shaded grey are values where less than 5% probability that the two 

samples are compositionally different. (b) The p (confidence limits) values and the D
2
critical values for the statistical distance, where f = 8 (Major and minor 

elements).  
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Locality Y-5 Ionian Sea Mondragone Voscone  Aquafidia (Fall) TM-18  TM-18  LC21  Kozarnika  

 f = 10 (This Study) (Main Flow ) (Fall) (Fall) (Base) (Top) (Aegean) (Bulgaria) 

Y-5 Ionian Sea (This Study) 0.00               

Main Flow (Mondragone) 5.14 0.00             

Voscone (Fall) 1.05 3.88 0.00           

Aquafidia (Fall) 0.32 8.44 1.01 0.00         

TM-18 (Base) 3.12 0.97 2.26 3.48 0.00       

TM-18 (Top) 2.78 1.07 2.89 4.66 1.88 0.00     

LC21 (Aegean) 0.48 5.10 1.75 0.44 2.97 2.55 0.00   

Kozarnika (Bulgaria) 0.03 9.37 1.39 0.74 4.15 4.75 0.91 0.00 

(a) 

p (confidence limit) D
2
critical, f =10                 

0.995 

 

2.156 < 0.5 % probability that the two samples are compositionally different if D2 is less than 2.155 

0.990 

 

2.558 < 1%  probability that the two samples are compositionally different if D2 is less than  2.558 

0.950 

 

3.940 < 5% probability that the two samples are compositionally different if D2 is less than 3.940 

0.050 

 

18.307 > 95% probability that the two samples are compositionally different if D2 is greater than 18.307 

0.010   23.209 > 99% probability that the two samples are compositionally different if D2 is greater than 23.209 

(b) 

Table 5.5: Statistical distance values (D
2
) based on trace element compositions of the Y-5 Phonolitic tephra shards (Ionian Sea). Compared to proximal 

Campanian Ignimbrite (Fall and Main flows; Tomlinson et al., 2012b) and distal layers attributed to the Campanian Ignimbrite (TM-18 LGdM, Tomlinson et 

al., 2012b; Kozarnika, Lane et al., in prep; LC21, Satow et al., in prep). Values shaded in grey and in bold represent where the probability of the two samples 

being different is less than 0.5%, (b) The p (confidence limits) and the D
2
critical values for the statistical distance test where f = 10 (trace elements).  
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Table 5.4 demonstrates the very strong major element correlation of Y-5 Ionian Sea 

glasses to other distally reported CI glasses elsewhere including LGdM (TM-18 base 

and top), Kozanrika Cave, Bulgaria (Lowe et al., 2012) and from LC21 a marine core in 

the Aegean (Lowe et al., 2012). All with D
2
 value indicating less than a 5% probability 

that they are different to the Y-5 Ionian Sea glasses.  

The trace element compositions of the phonolitic shards are largely homogenous; 

compositions lie firmly within the compositional field of the CI fall reported at 

Aquafidia and Voscone (Fig. 5.10). Two shards display enrichment beyond the range of 

any proximal glasses reported by Tomlinson et al. (2012b). The levels of trace 

enrichment observed in the Y-5 reported here are largely beyond the range observed in 

the flow units from Mondragone (Fig. 5.9). Flow deposits and associated Co-ignimbrite 

ash display compositions that are more restricted within the overall compositional field 

of the CI fall. Evidence suggests that the Y-5 reported here is the result of the First 

Plinian phase of the CI eruption rather than subsequent co-ignimbrite ash dispersals. Y-

5 Ionian Sea glass do overlap the TM-18 glasses from Lago Grande di Monticchio 

(LGdM), however resided at the more fractionated end of this range observed in this 

distal tephra (Fig. 5.7d). This evidence confirms distal-distal correlations and affirms 

the potential of the CI to synchronise environmental archives.  Figure 5.10 illustrates 

that the TM-18 glasses are more heterogeneous, but are more restricted in their levels of 

overall enrichment similar to the Mondragone lower and intermediate flows. 

Furthermore in an attempt to precisely correlate distal Y-5 phonolitic component to a 

specific eruptive phase, statistical distance values are presented based on the more 

sensitive trace element concentrations, D
2
 values are given in Table 5.5. D

2
 values in 

bold and grey represent where the probability of the two samples being different is less 

than 0.5%. Y-5 Ionian Sea glasses shows greater difference from the Mondragone flow 

compositions (D
2
 = 5.14) than Aquafidia fall (D

2
 = 0.32). Voscone fall remain 

statistically similar (D
2
 = 1.05) based on trace element concentrations, however 

combining both major, minor (Table 5.5) and trace element observations, Y-5 glasses 

here do not present a precise correlation, particularly in the absence of lower silica 

glasses in the distal tephras. Mondragone main flow glasses (lower and intermediate) 

and TM-18 glasses appear to correspond well, given their D
2
 values (Base; D

2
= 1.07; 

Top = D
2
=0.97).  
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Statistical treatment of the glass data available support observations seen in Figure 5.9, 

demonstrating that the Y-5 Ionian Sea tephra layer is more likely to have derived from 

the first Plinian column of the Campanian Ignimbrite eruption recorded at Aquafidia. 

The similarity between trace element glass population observed as those at Kozarnika 

(D
2

 = 0.03) and in LC21 (D
2 

= 0.48) in these ultra distal localities is staggering and 

provides further support that the major dispersal of CI ash is the result of the first 

Plinian column (Table 5.5). Whilst trace element concentrations recorded in the TM-18 

glasses (Tomlinson et al., 2012b) appears to contain a significant co-ignimbritic ash 

component associated with the highly buoyant pyroclastic density currents (Civetta et 

al., 1997) of the Mondragone flow units. This re-affirms the interpretation of Wulf et 

al., (2004), where the upper portion of TM-18 is attributed to the finer grain material 

associated with a co-ignimbrite ash. 

The minority population of trachytic shards (n=3) observed within the Y-5 Ionian Sea 

display trace element concentrations with low levels of enrichment (Fig. 5.7c, 5.10) that 

are consistent with the Upper flow recorded at Mondragone (Fig. 5.10). The presence of 

compositions exclusive to the Upper flow, a less energetic eruptive phase, of low 

volume and high viscosity magma (Civetta et al., 1997) over 450 km from source 

recorded in M25/4-12 is intriguing. It additionally supports the limited evidence 

presented by Tomlinson et al., (2012b) that this component is distally recognised at 

LGdM (a single shard). The trachytic magma associated with the upper flow is 

considered an isotopically distinct recharge of the CI chamber (Arienzo et al., 2011) 

perhaps the trigger of the CI eruption. Two possible implications can be drawn from the 

discovery of this melt composition distally in the Y-5 Ionian Sea tephra layer; (1) this 

eruptive phase was more energetic than previously interpreted with an associated co-

ignimbritic ash dispersal; or (2) highly efficient mixing processes facilitate small 

amounts of the trachytic composition to be erupted distally as part of the First Plinian 

phase of the CI recorded distally, whilst the majority of this component is erupted 

during the latter phase of the CI eruption.  

5.6 Conclusions 

1. Two explosive eruptions from the Aeolian Island eruptions (early Holocene to 40ka) 

are present in the core, indicating that there is potential to improve the chronology of the 
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Ionian archives using cryptotephra analysis. It does however seem unlikely that Ionian 

Sea archives will provide a detailed record of eruptive history in the Aeolian Islands. 

2. HKCA rhyolitic shards dispersed by the Gabellotto-Fiume bianco (GFB) eruption of 

Lipari are identified within the Sapropel 1 (28 cm b.s.f) in the early Holocene sediments 

of Ionian Sea core M25/4-12 providing a new age marker of 8730–8400 cal yrs BP  

(7770 ± 70 yrs BP uncalibrated). 

3. An older HKCA rhyolitic tephra layer with nearly identical compositions to GFB has 

been detected. This is the first reported distal occurrence of a significant pre-GFB and 

post Monte Guardia eruption from Lipari in the Ionian Sea.   

4. Trace element data here confirm the VRa eruption is not the proximal counterpart of 

the Y-3 tephra layer recorded in the Ionian Sea. Consequently proximal ages associated 

with the VRa should not be used for dating distal sequences. With currently no known 

proximal counterpart the Y-3 does not present a precise tephrochronological marker. 

5. The absence of a proximal equivalent for the Y-3 confirms that the post CI-pre-NYT 

Tufi Biancastri stratigraphy is not yet fully defined. 

6. Whilst the proximal source of the Y-3 tephra remains unresolved, the diagnostic 

geochemical characteristics reported from the type locality (M25/4-12) should be used 

as the preferred criteria for the assignment of Y-3 correlations. 

7. Where the diagnostic criteria of the Y-3 reported are satisfied, then this tephra can 

provide a precise stratigraphic marker across the central Mediterranean. 

8. Trace element data form distal Ionian Sea Y-3 tephra shards confirm correlation to 

the Lago Grande Monticchio tephra layer TM-15. 

9. The Y-5 layer Ionian Sea tephra layers correlation to the Campanian Ignimbrite 

(Kraml, 1997) has been validated using new proximal glass data from the multiple 

eruptive phases (Tomlinson et al., 2012b).  

10. Geochemical data reveal that southern dispersal of Campanian Ignimbrite ash from 

the CVZ to the Ionian Sea was part of the First Plinian phase (i.e., buoyant column, 

fall), given that the levels of trace element enrichment in the phonolitic glasses exceed 

those observed in the glasses from the ignimbrite deposits (i.e., collapsed column; flows 
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and fall). Correlations based on statistical distance indicate that ultra distal CI 

occurrences are all linked to the early most fractionated Plinian episode. 

11. A minor trachytic glass component representative of the chemically distinct viscous 

upper Flow is reported distally in the Y-5 Ionian Sea layer, supporting its distal 

occurrence in Lago Grande di Monticchio. 
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Chapter 6: External ash layers recorded in the volcanic stratigraphies of the 

Aeolian Islands: implications for Mediterranean Ash dispersals. 

Abstract 

External ash layers originating predominately from the Italian mainland are identified in 

the proximal stratigraphies of the Aeolian Islands. These primary fall deposits form 

important stratigraphic markers and where correlated with dated tephras, either 

proximally or distally, they provide useful chronological markers. In this chapter, three 

external tephra layers outcropping in the Aeolian Islands are geochemically 

characterised using major, minor and trace element grain-specific data in order to test 

whether a multi-elemental approach can confirm or refute published correlations and 

attribution of age to these layers. Furthermore this presents an opportunity to integrate 

these ash fall episodes within the known dispersal of equivalent marine, lacustrine and 

continental tephra layers recorded in archives throughout the central Mediterranean.  

The ‘Ischia layer’ or Y-7 recorded throughout the Aeolian Islands was sampled on 

Stromboli. Multi-elemental glass data reveal that this tephra is related to the MEGT 

caldera forming eruption of Ischia.  This eruption is geochemically distinguishable from 

other more homogeneous Ischia tephras. Geochemical data herein confirms links to a 

series of distal equivalents including TM-19 at Lago Grande di Monticchio (LGdM) and 

marine tephras (Y-7 Ionian Sea; PRAD 1870 cm central Adriatic; SA03-03-685 cm 

southern Adriatic) confirming this as a geochemical distinguishable, well dated, 

widespread central Mediterranean tephra marker.  

The remaining two external tephra layers are thought to have been deposited in MIS 5. 

A pink ash layer recorded on Panarea (Punta Falcone) remains unresolved. Previous 

correlations to the X-5 marine tephra are refuted based on geochemical data presented 

herein. Whilst examining links with the X-5 and other MIS 5 High alkali ratio tephras it 

became apparent that significant complexities exist regarding the use of these tephra as 

tephrostratigraphic markers owing to temporally distinct eruptions with overlapping 

major element chemistries. A low alkali ratio tephra recorded at Barone, Salina, 

represents the southern dispersal of the LGdM tephra TM-27 (108.3 ka BP), the 

geochemical bimodality of this tephra offers greater confidence in distal-distal 

correlations of these tephras. This ash dispersal is linked to numerous archives in the 

central Mediterranean presenting an important and widespread tephrostratigraphical 

marker. 
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6.1 Introduction 

Numerous external ash layers originating predominantly from the Italian mainland have 

been recognised in the proximal stratigraphies of the Aeolian Islands (Keller, 1980; 

Morche 1988; Kraml, 1997; Lucchi et al., 2008). These primary fall layers are important 

stratigraphic markers and where they can be correlated with dated proximal deposits 

they provide chronological markers. Salina has the most detailed record of major 

eruptions from the Campanian region (Keller 1980; Morche 1988; Lucchi et al. 2008). 

Ash dispersals recorded on the islands are continental equivalents of some of the most 

widespread marine tephra layers identified in the central Mediterranean region. 

Identification and correlation of these external ash layers is based on lithology, 

stratigraphy, glass chemistry and phenocryst assemblages.  

 

 

Figure 6.1: A map showing the location of distal archives and volcanic centres referred to in 

this chapter. CVZ = Campanian Volcanic zone; IS = Ischia; CF = Campi Flegrei; SV = Somma-

Vesuvius; S = Salina; P = Panarea; St = Stromboli.  
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Major, minor and trace element grain-specific glass data for three external ash layers 

outcropping in the Aeolian Islands are presented with two main aims; 

(1) To test whether trace element grain-specific glass data can confirm or refute 

published correlations and attributed age constraints. 

(2) To verify ash dispersal in the central Mediterranean integrating the Aeolian Island 

records and proposed equivalents in marine, lacustrine and continental archives found 

elsewhere (Fig. 6.1). 

The second aim is important in the context of Mediterranean tephrostratigraphy. These 

tephras represent explosive volcanic eruptions producing widespread dispersals of ash 

and it is these tephrostratigraphic markers that are used in order to assess the “lead 

and/or lags” in environmental change recorded in the archives across the central 

Mediterranean. Thus it is vital to characterise these tephras using all available 

information including new multi-elemental glass data. Furthermore where distal tephras 

are dated (i.e. 
40

Ar/
39

Ar), precise correlations enable age constraints to become imported 

from one distal archive to another.  

 

Figure 6.2: ‘Ischia tephra’ layer outcropping on Stromboli, samples were taken from the top 

and base of the layer.  
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6.2 ‘Ischia tephra’ layer   

The ‘Ischia tephra’ layer was first recognised on the Island of Salina (SAL VI; Keller 

1980; Morche 1988) and outcrops also occur on Filicudi, Lipari, Panarea and Stromboli 

(Morche 1988; Lucchi et al., 2008). Glass data are presented from the ‘Ischia tephra’, 

Stromboli (Fig. 6.2), where it forms a thick (17 cm) yellow ash deposit. It has been 

correlated to the Y-7 marine tephra marker (Morche, 1988; Kraml; 1997) in the Ionian 

Sea (Keller et al., 1978). The Y-7 has been attributed to the Unita Monte Sant’ Angelo 

(U.M.S.A), Ischia island (Wulf et al., 2008). Rosi et al. (1988) previously interpreted 

this proximal unit as the earliest phase of the Monte Epomeo Green Tuff (MEGT), 

Ischia.  

The MEGT is associated with caldera subsidence across all or part of the Island 

(Vezzoli 1988, Brown et al., 2008). It is recognised as the largest volcanic event to 

occur between ~75-50 ka, producing at least two intra-caldera ignimbrite flow units (55 

ka; Vezzoli 1988; Brown et al., 2008).  

Brown et al., (2008) revised the Ischia stratigraphy between ~ 75-50 ka and proposed 

some important reinterpretations. Unita Monte Sant’ Angelo (i.e. Sant’ Angelo tephra) 

is interpreted as a pre-MEGT deposits (Fig. 6.3). The identification of subsequent pre-

MEGT eruptive units and palaesols suggests that the Sant’ Angelo tephra records a 

temporally separate eruption prior to the caldera forming MEGT (Fig. 6.3). The Sant’ 

Angelo tephra, restricted to the south of the island, resides on a palaesol formed on top 

of a lava dome (100 ka; Gillot et al., 1982) which provides the only chronological 

constraint. Furthermore a post-MEGT stratigraphy is defined and significant portions of 

the extra-caldera MEGT stratigraphy (Vezzoli 1988; Rosi et al. 1988) are recognised as 

temporally separate eruptions, based on lithological differences and their intercalation 

with palaesols (Fig. 6.3; Brown et al., 2008). The upper portions of the extra-caldera 

deposits (Vezzoli, 1988; Rossi et al., 1988) are redefined as the Schiappone tephra (Fig. 

6.3; Brown et al., 2008). Radiometric ages for this redefined deposits clustered ~ 50 ka 

(Vezzoli 1988), in contrast to the stratigraphically lower intra-caldera MEGT deposits 

where ages are ~ 56 ka (Vezzoli 1988; Brown et al., 2008).   
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Figure 6.3: A composite succession of the volcanic deposits erupted between 100-50 ka on 

Ischia adapted from Brown et al., (2008). Gaps in the stratigraphy indicate uncertainties in the 

stratigraphic position due to incomplete exposure. Also shown are links with previously 

proposed stratigraphies (Vezzoli 1988; Rosi et al., 1988) and the previously determined 

proximal-distal correlations.  



225 
 

Tephra Depth 

(cm) 

Varve Age 

(yrs BP) 

40
Ar/

39
Ar 

Ka yrs BP 

Thickness 

(mm) 

Max grain 

size 

Colour Phenocrysts Lithics 

   
 

     

   
 

     
‘Ischia tephra' layer 

Stromboli 
- - 

- 
170 400 Beige 

Kf, bt, plg, cpx, 

ac,ti 
V

1
 

Y-7 Ionian Sea - - 
56 ± 4

(1)
 

- 300 Beige 
Kf, bt, plg, cpx, 

ac,ti 
V

1
 

   
 

     
Lago Grande di 

Monticchio   

 

     

TM-19 3831.0 60060 55 ± 2
(2)

 332 1100 Beige-green Kf, bt, cpx, plg V
2
 

   
 

     

TM-20 3923.8 61370 
- 

6 200 Beige 
Kf, bt, plg, cpx, 

ac, ti 
V

2
 

TM-20-1b 4067.6 64140 
- 

8 300 Beige 
Kf, bt, cpx, plg, 

ap 
V 

TM-20-1c 4104.7 64470 
- 

3 230 Grey-brown 
Kf, bt, cpx, ap, 

ac 
V 

   

 

     PRAD 1-2 (C. 

Adriatic) 1870 - 

- Diffuse over 

1000 - Clear - -
3
 

SA03-03 (S. Adriatic) 685 - 

- Diffuse over 

1500 - Clear - -
3
 

 

Table 6.1: Investigated Ischia tephras currently attributed to MEGT or Sant’ Angelo tephra (U.M.S.A) proximal tephras; included depth, age, thickness and 

physical parameters of these distal tephras. Kf =K-feldspar, bt = biotite, plg = plagioclase, cpx = clinopyroxene, ac = acmite, ti = ti-oxides. References; 
1
 Kraml 

(1997); 
2
 Wulf et al., (2004); 

3
 Bourne (2012). 
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The Y-7 has been dated distally in the Ionian Sea using sanidine pheonocrysts (56 ± 4 

ka; Kraml, 1997). The Y-7 is reported in Lago Grande di Monticchio (LGdM) as TM-

20 (Fig; 6.4; Wulf et al., 2004), TM-20-1b and TM-20-1c (Wulf 2012 pers comm.). 

These three LGdM tephra layers are temporally separated in the high resolution 

lacustrine record and varve ages are reported in Table 6.1. Overlying the ‘youngest’ 

TM-20 layers is the prominent 32.2 cm thick tephra TM-19 (Fig. 6.4). This tephra is 

attributed to the co-ignimbritic fall from the MEGT (~ 56 ka; Vezzoli, 1988) caldera 

forming eruption (Wulf et al., 2004). At LGdM TM-19 has been 
40

Ar/
39

Ar dated as 55 ± 

2 ka using single grain analysis of sanidine, whilst a varve age of 60,060 years BP is 

reported (Wulf et al., submitted). Distal marine tephras correlated to the MEGT eruption 

are reported in the Tyrrhenian Sea (C-16, C-17, C-18) (Paterne et al., 1988) and the 

Adriatic (PRAD 1870 cm) (Bourne et al., 2010). These tephras are of crucial importance 

given that distally they lie close to the transition between marine isotope stages 3 and 4 

(MIS 3/4).  

 

Figure 6.4: (a) Lago Grande di Monticchio tephrostratigraphy (Wulf et al, 2004) and pollen 

stratigraphy (after Brauer et al. 2007; adapted from Bourne 2012). (b) The pre- Campanian 

Ignimbrite (TM-18) tephrostratigraphy (Wulf et al., submitted). 
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In the Tyrrhenian and Adriatic Seas (Fig. 6.5) the distal MEGT equivalents lie 

stratigraphically above the marine isotope 3/4 transition. Y-7, attributed to the Unita 

Monte Sant’ Angelo (U.M.S.A) or Sant’ Angelo tephra (pre-MEGT) appears to reside 

slightly stratigraphically lower at the transitions (Keller et al., 1978). It is important to 

establish whether the potentially variable stratigraphic/environmental positions of these 

distal Ischia type tephras are indeed the result of different temporally distinct eruptions 

or alternatively whether they reflect a single major ash dispersal. With the latter 

implying a variable response of proxy records to climate forcing across the 

Mediterranean basins.  

Published major element glass compositions for the Y-7 tephra layer (Keller et al., 

1978) and distal MEGT equivalents (Paterne et al., 1988; Wulf et al., 2004; Bourne et 

al., 2010) appear indistinguishable particularly in the absence of grain specific glass 

data. Both the Ischia tephra layer and the Y-7 marine tephra display all the mineral 

phases typical of trachytic melts from Ischia (Table 6.1). In addition they include the 

accessory phases acmite and titanite which are not presently reported in MEGT distal 

layers (Table 6.1). Keller et al. (1978) termed the Y-7 the ‘acmite-trachyte’ whilst also 

recognising that this mineral phase is identified in the U.S.M.A/Sant’ Angelo tephra 

(Keller et al., 1978). The presence of acmite and titanite, in the Y-7 tephra and the pre-

MEGT Sant’ Angelo eruption, currently provides the most compelling evidence for this 

correlation, rather than with the younger MEGT caldera forming eruption.   

Complexities exist because resurgent activity on Ischia involves magmas with similar 

whole rock major element chemistries between ca. 100-55 ka (Poli et al 1987; Brown et 

al., 2008). Major and trace element geochemistry may be able to resolve different 

magma batches and thus refine proximal-distal correlations. Distal tephras are compared 

to proximal glasses according to the recently re-defined stratigraphy (Brown et al., 

2008).  

6.2.1 Samples 

Representative proximal deposits were sampled according to the recently revised 

stratigraphy (Fig. 6.3) of Brown et al. (2008). Pumice were taken as representative of 

juvenile material. Grain-specific major, minor and trace element glass data was 

generated for comparisons with distal tephras. The ‘Ischia tephra’ layer was sampled on 

Stromboli (Fig. 6.2) and the Y-7 tephra from the Ionian Sea (M25/4-11) type locality of 

Keller et al., (1978).  
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Figure 6.5: The tephrostratigraphy and isotope curves of Central Adriatic marine cores PRAD 

1-2 and SA03-03 (Bourne 2012). Highlighted in red are the tephras revisited in this study and 

their existing correlations within the Lago Grande Monticchio archive (Bourne 2012). Note: 

only confidently assigned tephra correlations were kept in this illustration for clarity (Adapted 

from Bourne, 2012). 
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Relevant Ischia tephras Lago Grande di Monticchio (TM-19, TM-20, TM-20-1b, TM-

20-1c) are investigated and chronological information is presented in Table 6.1. MIS 

3/4 last-glacial Ischia tephras layers were investigated from Adriatic marine cores; 

PRAD 1-2 and SA03-03 (Fig. 6.5). Individual shards from loose glass separates were 

hand-picked under a microscope and mounted in resin blocks, sectioned and polished. 

Details of all distal tephras investigated are given in Table 6.1; shards were typically 

stretched and highly vesicular with the exception of the more blocky TM-20 and TM-

20-1c layers at LGdM (Fig. 6.6).  

 

Figure 6.6: SEM images of investigated tephras. (A) Ischia tephra layer Stromboli; (B) Y7 

tephra Ionian Sea (M25/4-11); (C) LGM TM-19; (D) LGM TM-20; (E) LGM TM-20-1b; (F) 

LGM TM20-1c. White scale bar represents 200 µm. 
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Sant' Angelo Tephra Olummo Tephra Tisichiello Tephra Porticello Tephra 

 
Fall Flow Breccia Fall Fall Fall 

Unit ID OIS 0326 OIS 0330 OIS0332 OIS0302 OIS0315 OIS0316 OIS0320 

               Sample ID 2A 6A 19D 1A 2A 3A 
 

4A 6B 2A 8B 9B 4A 7B 
Material glass glass glass glass glass glass W/R glass glass glass glass glass glass glass 
SiO2 61.33 61.60 62.04 61.85 61.40 61.75 61.98 60.87 60.85 61.84 61.38 61.68 62.27 61.77 
TiO2 0.59 0.64 0.63 0.56 0.65 0.56 0.56 0.56 0.61 0.59 0.53 0.61 0.58 0.59 
Al2O3 18.71 18.74 18.79 18.45 18.61 18.44 18.60 18.57 18.77 18.74 18.37 18.37 18.58 18.63 
FeOt 2.69 2.59 2.47 2.72 2.50 2.68 3.51 2.82 2.80 2.74 2.53 3.01 2.55 2.71 
MnO 0.25 0.33 0.27 0.20 0.29 0.26 0.31 0.37 0.32 0.15 0.25 0.29 0.23 0.25 
MgO 0.34 0.35 0.36 0.35 0.30 0.36 0.35 0.27 0.28 0.31 0.34 0.35 0.29 0.31 
CaO 1.17 1.22 1.13 1.09 1.18 1.09 1.03 0.95 1.02 1.15 1.49 1.08 1.11 1.04 
Na2O 7.70 7.26 7.25 7.67 8.04 7.91 7.87 8.56 8.49 7.09 7.53 7.34 7.17 7.54 
K2O 6.56 6.55 6.43 6.39 6.26 6.16 6.52 6.15 6.00 6.64 6.54 6.41 6.44 6.40 
P2O5 0.09 0.07 0.04 0.02 0.05 0.09 0.03 0.06 0.09 0.07 0.35 0.04 0.09 0.07 
Cl 0.57 0.65 0.60 0.71 0.73 0.71 - 0.82 0.77 0.68 0.70 0.83 0.70 0.68 
Total 96.79 94.83 96.55 97.07 93.52 96.10 100.77 98.78 96.81 98.08 96.49 96.63 96.58 96.49 
K20+Na2O 14.3 13.8 13.7 14.1 14.3 14.1 14.4 14.7 14.5 13.7 14.1 13.7 13.6 13.9 
K20/Na2O 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.7 0.7 0.9 0.9 0.9 0.9 0.8 

               spot size (um) 25 25 25 25 25 25 - 20 20 20 20 20 20 20 
Rb (ppm) 472 492 462 527 542 532 553 589 602 450 463 468 407 466 
Sr 10.6 9.7 10.9 2.1 5.0 3.1 4.8 2.9 2.4 17.1 5.0 3.5 5.5 4.0 
Y 69 70 67 60 70 70 105 89 95 61 66 65 67 62 
Zr 872 900 807 660 762 762 1167 1081 1116 591 700 649 666 616 
Nb 127 130 128 113 122 125 157 162 167 102 114 105 112 105 
Ba 6.6 6.3 6.9 2.6 3.8 3.2 2.2 4.5 3.5 23.4 6.4 3.9 5.2 3.8 
La 163 166 162 138 157 156 216 205 212 133 140 138 142 133 
Ce 318 320 305 259 302 298 416 376 393 253 284 275 285 273 
Pr 31 33 29 26 32 30 40 37 40 27 28 29 29 28 
Nd 109 108 102 85 99 105 139 122 125 91 102 100 102 101 
Sm 15.5 16.9 16.9 15.7 18.8 17.4 22.0 19.3 20.9 16.7 21.5 18.2 19.0 18.9 
Eu 1.30 1.18 1.22 0.78 1.02 0.94 1.06 0.97 1.09 1.27 1.21 1.11 1.28 1.03 
Gd 13.8 13.1 12.3 9.9 13.6 12.2 17.7 13.9 15.2 11.8 13.9 13.8 14.3 13.3 
Dy 12.5 11.8 11.1 9.7 11.9 11.7 15.7 15.3 14.7 10.9 12.5 12.2 11.9 10.9 
Er 7.6 7.5 7.0 5.6 6.7 6.8 9.7 9.2 9.7 6.5 6.9 6.9 6.5 6.3 
Yb 7.7 7.0 7.2 6.4 8.0 7.3 10.7 9.3 10.9 6.8 6.8 6.9 7.0 6.2 
Lu 1.30 1.22 1.17 0.92 1.14 1.07 1.57 1.44 1.49 0.91 1.04 0.94 0.97 0.96 
Ta 6.0 6.2 5.7 5.0 6.0 5.5 7.5 6.6 6.9 5.2 5.5 5.3 5.4 5.0 
Th 62.7 63.0 60.2 44.3 52.2 52.1 84.8 78.9 82.6 40.9 46.4 43.0 46.4 43.1 
U 18.5 18.8 17.5 14.6 16.7 16.1 19.2 24.0 24.4 13.2 13.9 13.5 13.4 13.2 

Table 6.2: Representative major, minor and trace element glass data from the juvenile fall and flow deposits explosively erupted on Ischia between ca. 100-50 ka.  

Analyses given in Italics are whole rock data including new analyses of the Sant Angelo lag breccia, XRF data for the LMEGT is taken from Brown et al., (2008). 
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MEGT Schiappone 

 

Fall Fall Fall Fall Flow Fall Fall 

Unit ID OIS 0333 OIS 0321 OIS 0319 OIS 0325 LMEGT SC-03151 SC-03151 

      

Brown et al.2008) 

  Sample ID 1A 1A 2A 7 1 

 

1 2 

Material glass glass glass glass glass W/R glass glass 
SiO2 61.87 61.99 62.15 62.92 62.31 62.19 62.03 62.40 

TiO2 0.57 0.47 0.55 0.50 0.57 0.51 0.50 0.48 

Al2O3 18.68 18.56 18.45 18.20 18.40 18.55 18.42 18.51 

FeOt 2.74 2.71 2.45 2.39 2.72 2.65 2.40 2.20 

MnO 0.26 0.30 0.24 0.13 0.27 0.10 0.18 0.18 

MgO 0.26 0.22 0.25 0.48 0.29 0.36 0.30 0.31 

CaO 0.91 0.94 1.03 1.36 0.74 1.18 1.40 1.35 
Na2O 7.81 7.92 7.67 6.11 7.11 5.44 6.78 6.31 

K2O 6.08 6.16 6.38 7.58 7.03 7.90 7.39 7.68 

P2O5 0.03 0.00 0.03 0.05 0.07 0.08 0.07 0.04 

Cl 0.80 0.74 0.81 0.28 0.50 - 0.53 0.55 

Total 96.48 95.00 94.55 94.39 98.70 99.78 94.27 95.76 

K20+Na2O 13.9 14.1 14.0 13.7 14.1 13.3 14.2 14.0 

K20/Na2O 0.8 0.8 0.8 1.2 1.0 1.5 1.1 1.2 

         spot size (um) 25 25 25 25 - - 

  Rb (ppm) 352 513 538 279 

 

267 332 319 

Sr 4.4 1.5 1.8 23.5 
 

85.7 20.6 27.2 
Y 58 63 66 29 

 

41 37 34 

Zr 679 764 801 240 

 

376 368 326 

Nb 114 121 123 46 

 

51 60 53 

Ba 3.5 2.3 2.3 20.6 

 

54.0 10.3 21.8 

La 138 142 151 68 

 

88 79 74 

Ce 266 273 284 133 

 

175 157 142 

Pr 26 28 27 14 

 

- 17 15 

Nd 86 89 94 51 
 

69 58 55 
Sm 15.4 16.8 15.2 10.3 

 

12.3 9.9 9.6 

Eu 0.78 0.82 0.74 1.36 

 

1.33 1.41 1.42 

Gd 11.5 10.8 10.2 <LOD 

  

9.1 7.1 

Dy 10.3 10.7 11.9 5.8 

 

7.6 7.0 6.3 

Er 6.2 7.1 6.8 3.0 

  

3.9 3.5 

Yb 6.4 6.7 7.0 2.9 

 

3.8 4.2 3.3 

Lu 0.98 1.04 1.10 <LOD 

 

0.56 0.58 0.51 

Ta 5.3 5.1 5.6 2.2 
 

3.3 3.2 2.8 
Th 49.1 49.9 54.1 16.4 

 

22.4 22.6 21.4 

U 15.8 16.1 16.0 5.7 

 

16.7 7.8 6.6 

 Table 6.2: Continued. Full glass data sets are available in appendix eV. 
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6.2.2 Results 

6.2.2.1 Proximal Ischia  

Representative juvenile glasses (pumice) for the proximal deposits erupted between 

100-50 ka on Ischia are reported in Table 6.2 and full geochemical data are presented in 

Electronic Appendix V. Ischia glasses range from phonolitic to trachytic displaying 

more elevated total alkalis (i.e. ‘peralkalic’) than the other Neapolitan volcanic centres 

at overlapping SiO2 wt.% (Campi Flegrei and Somma-Vesuvius) (Fig. 6.7a). This is 

most obvious with the higher Na2O in the Ischia glasses (Fig.6.7b). The phonolitic end-

members on Ischia have Na2O > K2O in direct contrast to Campi Flegrei and Somma-

Vesuvius where K2O >> Na2O (Rosi and Sbrana, 1988). MEGT deposits and 

stratigraphic units above the MEGT sees the introduction of glasses with K2O > Na2O 

(Fig. 6.8) on Ischia (56-50 ka). In addition total alkalis in these glasses typically remain 

more elevated than the other Neapolitan centres (Fig. 6.7a) and CaO extend to lower 

values (Fig. 6.7c).  

Mantle normalised trace element signatures of all the Ischia proximal deposits are 

characterised by depletions in the HFSE element relative to the LILE, with a 

characteristic trough at Nb, Ta (Fig. 6.9b). Coupled with Ti depletions (Fig. 6.9b), these 

features reflect the subduction derived source feeding Ischia.  The glasses also display 

pronounced depletions in Ba, Sr and Eu in response to the fractionation of K-feldspar a 

dominant phase in the pumices sampled on the island. The MEGT glasses display the 

most significant variability of the proximal suite (Fig. 6.9b).   

6.2.2.2 ‘Ischia tephra’ layer, Stromboli 

Major element glass compositions display some significant compositional variability 

(61.4-62.93 wt.% SiO2; 1-1.5 wt.% CaO) and elevated alkalis defining a range from 

phonolitic to trachytic compositions (Fig. 6.9a). Glasses with Na2O > K2O and K2O ≥ 

Na2O are reported (Fig. 6.10a) and it is noteworthy that lower Na2O is typically 

restricted to the higher SiO2 glasses (Fig. 6.10c). Trace element concentrations indicate 

highly evolved melt compositions (Zr/Sr = 32-245) with significant LREE enrichment 

(La/Yb = 21 ± 1) (Fig. 6.9b). Glasses have heterogeneous trace element geochemistry 

(Fig. 6.10d-f).  
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‘Ischia Tephra' layer Stromboli Y7 TM-19 TM-20 

 
Base Top M25/4-11 Ionian Sea LGdM LGdM 

Shard I.D 2A 18B 23C 27C 21C 23C 28C 1A 14B 20B 19B 25B 3A 44D 48D 

SiO2 61.84 62.01 61.42 62.67 61.59 62.32 62.39 62.93 62.05 61.75 62.96 62.64 62.05 61.31 61.74 

TiO2 0.57 0.56 0.48 0.51 0.56 0.65 0.55 0.41 0.57 0.59 0.54 0.56 0.62 0.51 0.58 
Al2O3 18.19 18.47 18.46 18.42 18.80 18.33 18.78 18.68 18.48 18.44 18.46 18.26 18.62 18.30 18.64 

FeO 2.60 2.67 2.74 2.53 2.35 2.65 2.58 2.39 2.69 2.62 2.42 2.45 2.61 2.59 2.63 

MnO 0.32 0.23 0.30 0.22 0.26 0.21 0.20 0.13 0.22 0.23 0.16 0.21 0.28 0.27 0.28 
MgO 0.26 0.27 0.33 0.36 0.25 0.31 0.43 0.47 0.33 0.30 0.41 0.42 0.29 0.33 0.32 

CaO 1.05 1.00 1.03 1.15 0.94 1.09 1.32 1.46 1.12 1.12 1.26 1.30 1.08 1.00 1.05 

Na2O 8.38 7.94 8.22 6.57 8.37 7.19 6.73 5.60 7.57 7.86 6.90 6.84 7.37 7.69 7.59 
K2O 6.05 6.09 6.19 6.99 6.01 6.47 6.44 7.41 6.14 6.27 6.36 6.66 6.32 6.84 6.36 

P2O5 0.01 0.01 0.04 0.04 0.05 0.05 0.08 0.11 0.05 0.05 0.09 0.08 0.05 0.04 0.07 

Cl 0.74 0.76 0.81 0.54 0.82 0.72 0.49 0.41 0.78 0.75 0.45 0.57 0.71 1.12 0.75 
Total  98.14 95.21 97.54 95.11 96.69 95.08 95.99 99.09 96.14 98.08 97.09 95.97 94.89 96.20 99.39 

K2O+Na2O 14.43 14.02 14.41 13.56 14.37 13.66 13.17 13.01 13.71 14.13 13.27 13.51 13.69 14.53 13.95 

K2O/Na2O 0.7 0.8 0.8 1.1 0.7 0.9 1.0 1.3 0.8 0.8 0.9 1.0 0.9 0.9 0.8 

                Spot size 25 25 25 25 25 25 25 25 20 20 20 20 20 20 20 
ppm 

               Rb 503 466 534 335 512 453 334 261 489 424 368 287 477 310 479 

Sr 5.5 4.5 3.3 11.9 2.8 3.5 8.6 31.7 4.2 3.8 8.6 15.6 4.1 14.9 3.7 
Y 66 64 68 42 68 66 43 29 66 67 41 30 64 63 64 

Zr 723 633 806 380 803 646 376 227 766 645 378 258 655 654 675 

Nb 117 108 125 65 127 110 66 41 119 110 63 46 110 106 112 

Ba 6.1 5.8 4.6 13.4 3.7 4.3 7.4 24.8 11.7 11.0 8.2 10.8 4.8 25.9 3.5 

La 146 134 154 91 155 141 91 66 145 129 88 68 138 136 137 

Ce 284 272 293 169 293 278 180 124 282 258 180 136 266 261 271 
Pr 29 28 29 20 29 28 19 13 29 28 19 14 28 26 27 

Nd 97 101 102 67 96 104 75 48 99 102 70 55 99 94 100 

Sm 17.0 17.4 18.6 10.9 16.5 17.7 11.9 8.6 16.7 20.3 13.7 10.6 16.8 17.4 18.3 
Eu 1.04 0.94 0.85 1.03 0.75 1.14 1.23 1.48 0.91 0.94 1.36 1.31 1.03 1.10 1.02 

Gd 11.8 12.2 12.9 8.4 12.4 15.2 9.5 6.7 13.4 12.4 9.8 6.7 12.4 11.8 13.1 

Dy 11.9 11.7 12.0 7.5 11.4 12.5 8.5 6.2 12.1 11.8 7.3 6.4 12.2 10.7 11.8 
Er 6.7 6.7 6.9 3.9 7.0 6.8 4.0 2.9 6.6 6.2 4.2 3.2 6.8 6.6 7.4 

Yb 7.5 6.7 7.6 3.8 7.2 6.7 4.9 2.9 7.7 5.4 3.6 3.0 6.9 6.5 6.5 

Lu 1.01 1.00 1.17 0.57 1.14 0.96 0.60 0.44 1.00 0.93 0.46 0.42 1.05 1.01 1.01 
Ta 5.1 5.4 5.5 2.8 5.7 5.7 3.6 2.3 5.3 5.3 3.3 2.5 5.5 5.3 5.6 

Th 49 43 53 23 53 43 25 16 51 37 23 18 46 45 46 

U 15.2 13.4 15.8 7.0 16.2 13.5 7.8 4.9 15.4 11.6 7.2 5.4 14.1 13.6 14.5 

                 

 

Table 6.3: Representative major, minor 

and trace element glass analyses of shards 

from distal tephras layers including the 

‘Ischia tephra’ layer Stromboli, the Y-7 

tephra Ionian Sea, Lago Grande di 

Monticchio layers (LGdM); TM-19, TM-

20, TM-20-1b, TM-20-1c and Central 

Adriatic marine tephras PRAD 1-2 1870 

cm and SA0303- 685cm. Major element 

data for the Ischia type tephras in central 

Adriatic cores are presented in Bourne 

(2012). Full data sets are presented in 

appendix eV. 
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TM-20-1b TM-20-1c 1870 cm 865 cm 

 
LGdM LGdM PRAD 1-2 C. Adriatic SA03-03 C. Adriatic 

I.D 11B 27C 39D 8A 9A 19C 6 4 5 4 2 5 10 

SiO2 62.14 61.95 61.87 61.96 62.08 61.81 Bourne et al. (2010) Bourne (2012) 

TiO2 0.57 0.56 0.58 0.61 0.63 0.56 
       Al2O3 18.63 18.41 18.44 18.41 18.40 18.57 

       FeO 2.58 2.70 2.81 2.56 2.61 2.71 

       MnO 0.36 0.29 0.23 0.23 0.28 0.29 
       MgO 0.30 0.31 0.31 0.29 0.32 0.28 

       CaO 1.07 1.10 1.08 1.11 1.10 1.08 

       Na2O 7.26 7.48 7.39 7.55 7.58 7.54 
       K2O 6.37 6.38 6.53 6.59 6.29 6.46 

       P2O5 0.04 0.06 0.08 0.04 0.03 0.04 

       Cl 0.69 0.76 0.68 0.63 0.68 0.66 
       Total  99.28 99.21 99.22 99.83 99.19 98.32 

       K2O+Na2O 13.63 13.86 13.92 14.14 13.88 14.00 

       K2O/Na2O 0.9 0.9 0.9 0.9 0.8 0.9 
                     Spot size (µm) 20.0 20.0 20.0 20.0 20.0 20.0 
                     Rb (ppm) 458 450 468 456 542 446 432 416 376 272 530 479 373 

Sr 3.2 4.0 3.2 3.0 2.4 2.7 49.8 4.8 5.9 18.3 2.6 3.8 5.9 

Y 64 62 62 65 64 63 48 65 51 31 75 70 49 

Zr 623 623 635 610 604 634 604 576 434 247 824 715 415 
Nb 108 103 104 107 108 106 112 100 74 42 125 116 71 

Ba 3.8 4.5 4.0 3.7 3.3 3.6 5.2 5.0 5.0 12.9 3.7 3.5 5.4 

La 135 129 132 134 133 132 120 127 103 67 159 144 104 
Ce 274 259 269 271 268 264 228 268 215 133 302 293 202 

Pr 27 26 28 28 27 27 23 28 21 15 31 31 22 

Nd 102 92 101 96 96 99 80 107 85 55 111 114 80 
Sm 18.1 16.0 16.9 16.8 17.9 18.7 14.7 21.1 18.1 9.7 15.8 18.6 13.7 

Eu 1.19 1.03 1.08 1.16 1.05 1.07 1.86 1.29 1.27 1.40 0.98 1.14 1.23 

Gd 13.4 13.3 12.6 12.0 11.6 13.7 9.8 13.9 10.3 6.9 13.4 15.0 10.4 
Dy 11.8 10.7 11.9 11.7 11.9 11.8 9.0 12.9 9.9 6.4 12.4 13.2 9.2 

Er 6.8 6.2 6.3 6.5 6.3 6.6 4.8 6.6 4.9 3.0 7.3 7.1 4.6 

Yb 6.3 6.6 6.3 6.5 6.9 6.0 5.0 6.3 3.8 3.2 7.4 7.4 4.3 
Lu 0.94 0.87 0.99 0.98 0.92 0.96 0.73 0.95 0.76 0.41 1.11 1.09 0.80 

Ta 5.4 5.2 5.4 5.0 5.2 5.3 5.3 5.7 4.3 2.2 5.3 5.9 3.4 

Th 42 41 43 43 42 43 52 38 29 17 51 47 28 
U 13.2 13.0 14.1 12.7 12.9 13.4 16.3 11.5 9.1 5.0 16.2 14.5 8.1 

Table 6.3: Continued. 
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Figure 6.7: Major element bi-plots displaying the glass compositions of the ‘Ischia tephra’ 

layer Stromboli, Y-7 tephra, Ionian Sea (M25/4-11), Lago Grande di Monticchio tephras TM-

19, TM-20, TM-20-1b, TM-20-1c and the Adriatic tephras PRAD 1-2 1870cm and SA03-03 

685cm. Also shown are the glass compositional fields of Ischia Island (ca.100-50 ka; includes 
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the Sant’ Angelo , Olummo, Tisichiello, Porticello, MEGT and Schiappone tephras); Campi 

Flegrei (ca. 60-12 ka; Pre-Campanian Ignimbrite tephras, Campanian Ignimbrite, VRb, VRa, 

PRa, Neapolitan Yellow Tuff, Pomici Principale; Tomlinson et al., 2012b) and Somma-

Vesuvius (ca. 33-12 ka Codola, Pomici di Base, Verdoline; unpublished data). 

 

 

Figure 6.8: K2O/N2O through the Ischia stratigraphy between ca.100-50 ka. Stratigraphic units 

presented in italic are based on whole rock data. 
(1)

 Data from Brown et al., (2008).  

The glasses display significant depletions in Ba, Sr and Eu relative to other 

incompatible trace elements indicative of K-feldspar fractionation (4-23 ppm Ba, 3-14 

ppm Sr, Eu/Eu*N = 0.2) (Fig. 6.10b). HFSE ratios to Th are constant within the glasses 

(Nb/Th = 2.52 ± 0.14; Zr/Th = 15.1 ± 0.6; Ta/Th = 0.12 ± 0.01) (Fig. 6.10e).  

The remaining distal tephras have been separated into two compositional groups based 

on major and trace element geochemical similarities, the ‘Ischia tephra’ layer Stromboli 

compositionally falls within group 1. Full geochemical descriptions of the individual 

distal tephra are given in Appendix II.   

6.2.2.3 Group 1  

Group 1 comprises the ’Ischia tephra’ layer Stromboli, TM-19 in Lago Grande di 

Monticchio (LGdM) and the following marine tephras, Y-7 tephra, Ionian Sea (M25/4-
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11), PRAD 1870 cm and SA03-03 685 cm. These tephras display major element 

variability ranging from phonolitic to trachytic glass compositions (Fig. 6.9a), glasses 

display significant ranges in CaO and MgO (Fig. 6.10b). Glasses with both Na2O > K2O 

and K2O ≥ Na2O are reported in these tephra layers (Fig. 6.10a) and lower Na2O is 

observed in the higher SiO2 glasses (Fig. 6.10c). Trace element concentrations indicate 

highly evolved melts ranging from Zr/Sr = 7-385. These distal tephra layers display 

particularly heterogeneous trace element geochemistry (Fig. 6.10d-f; Table 6.3). 

Similarly to the ‘Ischia tephra’ layer these distal glasses show comparable LREE 

enrichment (La/Yb = 21.7 ± 1.9) and display significant depletions in Sr, Ba and Eu 

indicative of feldspar fractionation (Fig. 6.9b; Table 6.3). These tephras are all a 

characterised by constant and consistent HFSE/Th ratios (Table 6.3).  

6.2.2.3 Group 2 

Group 2 comprises three investigated tephra layer from LGdM; TM-20; TM-20-1b and 

TM-20-1c, these layers are grouped because they comprise exclusively of phonolitic to 

trachytic glasses (Fig. 6.9a) where Na2O > K2O and are more restricted (Fig. 6.10a). 

Major element glass compositions are far more homogeneous than the group 1 tephras, 

displaying more limited variation in CaO and MgO (Fig 6.10b). Trace element 

compositions are homogenous in contrast to group 1 tephras (Fig. 6.10d-f). Levels of 

evolution are more restricted in these tephras with Zr/Sr = 44-255. Glasses display 

significant LREE enrichment (La/Yb = 20.5 ± 1.1) and display tight ratios of HFSE 

elements to Th (Table 6.3). Observed concentrations of Ba (< 15 ppm), Sr (< 15 ppm) 

and Eu (< 1.2 ppm) are low relative to other incompatible trace elements (Table 6.3).   

6.2.3 Discussion 

6.2.3.1 Diagnostic glass geochemistry between 100-50 ka within the Ischia deposits 

In order to assess the provenance of distal tephras it is important to identify some of the 

key diagnostic features of the proximal succession erupted between 100-50 ka on the 

island of Ischia. Recognising such features is crucial to determining the precise 

provenance solutions for the distal tephras.  
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Figure 6.9: (a) TAS classification diagram displaying the ‘Ischia tephra’ Stromboli, whilst 

other distal tephras associated with explosive volcanism on Ischia between 75-55 ka. Including 

the four layers recorded at Lago Grande Monticchio, the Y-7 tephra from the Ionian Sea and 

PRAD 1870 cm Central Adriatic (Bourne 2012). Ischia compositional fields are given for the 

proximal glass deposits characterised following the stratigraphy of Brown et al. (2008). (b) 

Representative proximal glasses and the ‘Ischia tephra’ layer normalised to Primitive Mantle 

(Sun and McDonough, 1989).  
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Figure 6.10: Major and trace element bi-plots displaying the ‘Ischia tephra’, whilst other distal 

tephras attributed to explosive volcanism on the island of Ischia between 75-55 ka. Also given 

are the compositional fields of proximal glasses of Ischia. Errors for trace element plots (d-f) are 

smaller than data symbols presented. 
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(i) Pre-MEGT (100-56 ka) 

The pre-MEGT succession comprising the Sant’ Angelo, Olummo, Tisichiello and 

Porticello tephras (Brown et al., 2008) are all phono-trachytic glasses, where Na2O > 

K2O dominates (Fig. 6.8, 6.9a, 6.10a). Thus the exclusivity of Na2O > K2O is the 

diagnostic of these Pre-MEGT glasses with Na2O > 7 wt.%  (Fig. 6.10c). These glasses 

are very difficult to distinguish at a major element level (Fig. 6.9a; 6.10a-c). The 

Olummo tephra presents an exception, it can be distinguished from the other Pre-MEGT 

tephras given that these phonolitic glasses comprise of the lower SiO2 (Fig. 6.9a) and 

higher Na2O (> 8.wt.%; Fig.6.10a,c).  

Trace element concentrations in these pre-MEGT tephras enable some further 

distinctions. Again the Olummo tephra can be easily distinguished on the basis of 

significantly more elevated incompatible trace element concentrations (Fig. 6.10d-f). 

The Sant’ Angelo tephra presents the most significant variability of all the pre-MEGT 

eruptions (Fig. 6.10d-f).  

Sant’ Angelo fall is clearly distinguishable from the other Pre-MEGT tephras, with the 

exception of Olummo tephra, it displays most elevated incompatible trace element 

concentrations in the remaining pre-MEGT glasses (Fig. 6.9b; 6.10d-f). Yttrium in the 

Sant’ Angelo fall tephra is lower at overlapping Th concentrations with other pre-

MEGT tephra (Fig. 6.10d), whilst Rb extends to lower values with increasing Th (Fig. 

6.10f).  

The associated ignimbrite deposits of the Sant’ Angelo tephra displays lower 

incompatible trace element concentrations than the fall deposits (Fig. 6.9b; 6.10d-f). 

With the exception of a single analysis these Sant’ Angelo ignimbrite deposits show 

more elevated incompatible trace element compositions than the sub-Plinian pre-MEGT 

Tisichiello and Porticello tephras. In the Sant’ Angelo ignimbrite glasses Rb 

concentrations are more elevated at overlapping Th than those of the Tisichiello and 

Porticello tephras (Fig. 6.10f). These two sub-Plinian deposits display homogeneous 

and overlapping trace element compositions that are the least evolved of the pre-MEGT 

deposits (Fig. 6.10d-f).      

(ii) MEGT (ca. 56 ka; Vezzoli 1988) 

The MEGT eruption involves the most geochemically diverse magmas erupted on 

Ischia between 100-50 ka. The lowermost extra-caldera pumice fall (i.e. the opening 
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stages of the MEGT eruption; (Brown et al., (2008)), comprises phono-trachytic (Fig. 

6.8) pumiceous glasses with Na2O > K2O, consistent with the pre-MEGT deposits 

(OIS0333; OIS0321; Table 6.2). In contrast higher in the stratigraphy the extra-caldera 

pumices switch to exclusively trachytic (Fig. 6.8) glass compositions with K2O ≥ Na2O 

(OIS0325; OIS0319; Table 6.2). This feature is also observed within the Lower MEGT 

(LMEGT) intra-caldera co-ignimbrite ash deposits (Brown et al., 2008) (Table 6.2). 

Accordingly Na2O values are lower within the subtly higher SiO2 glasses of the upper 

extra-caldera MEGT deposits and the LMEGT intra-caldera glasses (Table 6.2). 

Consequently the glass compositions erupted during the entire MEGT suite displays the 

most variation in Na2O, extending to lower values than observed in any of the pre-

MEGT eruptions (Fig. 6.10c). Whilst changes in alkalis are a particularly useful 

indicator of MEGT, CaO and MgO also display significant and diagnostic variability 

when distinguishing MEGT deposits from pre-MEGT deposits (Fig. 6.10b). CaO and 

MgO extend to more elevated concentrations in MEGT glasses (Fig. 6.10b). Major 

element data indicate a switch in magma composition beneath Ischia prior to and during 

the MEGT eruption, where an injection of a new magma may have triggered the MEGT 

eruption. This major element variability is reflected in the trace element concentration 

of the MEGT glasses. The most evolved phono-trachytic glasses with Na2O > K2O 

show concentrations consistent with the older Sant’ Angelo ignimbrite deposits (Fig. 

6.10d-f), whilst glasses with K2O > Na2O display less elevated incompatible trace 

element concentrations (i.e. 15-20 ppm Th; Fig. 6.10d-f). The LMEGT bulk glass 

analyses presented by Brown et al., (2008) provides a further separate and distinct less 

evolved component (~ 22 ppm Th; Fig. 6.10d-f) adding to the MEGT trace element 

variability. 

(iii) Post-MEGT (55-50 ka) 

The MEGT deposits mark the introduction of magmas with K2O ≥ Na2O. This 

geochemical feature persists in the post-MEGT stratigraphy (Fig. 6.8) according to 

whole rock geochemical data from the overlying Capo Grosso and La Roia tephras 

(Brown et al., 2008) and glass data from the voluminous Schiappone tephra. Glass data 

support the stratigraphic separation of the Schiappone tephra from the MEGT deposits 

(Fig. 6.3; Brown et al. 2008), given that Schiappone glasses display significantly more 

elevated CaO at a similar MgO to the MEGT glasses (Fig. 6.10b). The proposed 

temporal gap of ~ 6 ka between the emplacement of MEGT and the Schiappone tephra 

(Brown et al., 20008) is marked by another compositionally discrete magma. The 
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Schiappone magma displays lower concentration of incompatible trace elements, 

consistent with the least enriched glasses introduced during the MEGT eruption (Fig. 

6.10d-f).  

In summary, whilst significant geochemical overlaps exists within the magmas 

explosively erupted between 100-50 ka on Ischia, the MEGT tephras can be 

distinguished from the pre-MEGT tephras on the basis of greater alkali variability (Fig. 

6.8), extension to higher CaO and MgO values (Fig. 6.10b) and a far greater range in 

incompatible trace element concentrations (Fig. 6.10d-f).  

6.2.3.1 Proximal-distal correlations: 

The origin of the distal ‘Ischia tephra’ layer on Stromboli is discussed in the context of 

this major, minor and trace element data. Since geochemically distinct sub-populations 

exist within the distal tephras, a statistical approach was considered meaningless as it 

assumes normally distributed populations. Thus either similarity coefficients or 

statistical distance tests would generate ‘averages’ which are unrepresentative of real 

glass/magma compositions present. 

The ‘Ischia tephra’ layer within group 1 is discussed separately as it formed the initial 

focus of this study. 

‘Ischia tephra’ layer Stromboli 

There can be little doubt that the ‘Ischia tephra’ layer derives from explosive activity on 

Ischia, because the glasses display lower CaO and higher Na2O at a similar SiO2 wt.%  

than the glasses produced at either Campi Flegrei and Vesuvius (Fig. 6.7). This is 

consistent with previous interpretations (Keller 1980; Morche 1988 and Lucchi et al. 

2008). These phonolitic to trachytic glasses overlap the fall and flow deposits of the pre-

MEGT eruptions (Sant’ Angelo; Tisichiello and Porticello tephras) and MEGT itself 

(Fig. 6.9a). They can be distinguished from the pre-MEGT Olummo tephra or the post- 

MEGT Schiappone tephra (Fig. 6.9a; 6.10a-c).  

The ‘Ischia tephra’ layer has major element variability that is important in linking it to 

precise proximal deposits on Ischia. Two major element components can be identified; 

(1) phono-trachytic glasses where Na2O > K2O (K2O/Na2O = 0.7-0.9) and; (2) trachytic 

glasses where K2O ≥ Na2O (K2O/Na2O = 0.95-1.11) (Fig. 6.9a; 6.10a).  
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The higher SiO2 trachytic glass components display significantly lower Na2O than the 

trachy-phonolitic glasses and extend to higher CaO and MgO values (Fig. 6.10b-c). The 

presence of both these components is consistent with the diagnostic features of the 

proximal MEGT glasses (Fig. 6.10b-c). Although the phono-trachytic component of this 

ash layer is consistent with the Sant’ Angelo tephra (Fall and Flow), the additional 

major element variability is not observed in the Sant’ Angelo tephras (Fig. 6.10a-c). 

Major element glass data indicate that the greater variability observed in the MEGT 

proximal sequence offers a more satisfactory proximal solution for the ‘Ischia tephra’ 

layer than the Sant’ Angelo tephra (Morche 1988; Lucchi et al., 2008),  

Trace element analyses from shards in the ‘Ischia tephra’ layer, Stromboli, reveal 

significant variability (i.e. 23-55 ppm Th) (Fig. 6.10d-f). Trace element concentrations 

observed in the ‘Ischia tephra’ shards broadly form separate clusters (Fig. 6.10d-f). The 

most enriched glasses (49-55 ppm Th) are associated with the phono-trachytic glasses, 

where Na2O > K2O. These glass compositions overlap the trace element compositions 

of the Sant’ Angelo flow deposits and the earliest extra-caldera Plinian pumice fall of 

the MEGT eruption.  

Only this cluster of trace element compositions overlap the field of the Sant’ Angelo 

tephra. The ‘Ischia tephra’ layer does not record shards with the greater levels of trace 

element enrichment that are observed within the acmite bearing basal Plinian fall 

pumices of the Sant’ Angelo tephra (Fig. 6.9b; 6.10d-f). Where Th concentrations in the 

distal tephra do overlap with the Sant’ Angelo fall pumices (a single analyses), the distal 

tephra observes more elevated Y and Rb consistent with the MEGT (Fig. 6.10d; f).  

The proximal data enable us to confidently rule out the Sant’ Angelo Plinian fall as the 

source of the ‘Ischia tephra’ layer on Stromboli (Fig. 6.10d; f). Whilst the trace element 

geochemistry indicates that the ‘Ischia tephra’ partially overlaps the ignimbritic 

component of the Sant’ Angelo tephra (Fig. 6.10d-f), significant compositional 

variability exists in this distal ash layer that is not present within the Sant’ Angelo 

tephra. The only other stratigraphic component of the Sant’ Angelo tephra to be 

considered is the monomict lag breccias that cap the fall and flow deposits (Fig. 6.3). 

These deposits display even more elevated incompatible trace element concentrations 

(Table 6.2) than in the underlying pumices and do not present a comparable 

geochemical variability comparable to the distal tephra. This breccia is interpreted as a 

localised block and ash flow resulting from dome collapse, that may have mark the end 

of the Sant’ Angelo eruption (Brown et al., 2008).  
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A second cluster of less enriched glasses (33-43 ppm Th) are identified within the 

‘Ischia tephra’ layer (Fig. 6.10d-f). They overlap with the compositions of the sub-

Plinian phono-trachytic Porticello and Tisichiello tephras (Fig. 6.10d-f). Neither the 

investigated Sant’ Angelo or MEGT tephras have these trace element concentrations. 

Finally the least evolved glasses (23-25 ppm Th) observed in the ‘Ischia tephra’ layer 

appear to correspond to a bulk ash sample of the LMEGT intra-caldera ignimbritic 

deposits (Fig. 6.9d; Brown et al., 2008). These distal shards are characterised by K2O ≥ 

Na2O and are derived from the upper sample of the ‘Ischia tephra’ layer.  

The trace element variability in the glass geochemistry of the ‘Ischia tephra’ layer 

Stromboli indicates either; 

(1) Composite ash fall recording multiple explosive eruptions from the Ischia (pre-

MEGT/MEGT composite); or 

(2) Ash fall from a single eruption, a eruption that taps the discrete and differentiated 

magmas residing beneath Ischia. Consequently encompassing much of the variability in 

melt compositions observed at Ischia during this period of explosive volcanism.  

The former is unlikely, because on Ischia palaesols are interbedded within the pre-

MEGT deposits (Brown et al., 2008), whilst there is no evidence of temporal gaps in the 

deposition of the ‘Ischia tephra’ layer on Stromboli (Fig. 6.2). The latter seems more 

plausible, trace element variability in the glasses produced within the pre-MEGT 

succession (i.e., Sant’ Angelo, Olummo, Tisichiello and Porticello tephras) indicates the 

presence of subtly discrete melt compositions beneath Ischia (Fig. 6.10d-f). Whilst the 

MEGT eruption appears to encompass much of this variability and more, including the 

introduction of new melt compositions where K2O ≥ Na2O, CaO and MgO extend to 

higher values and incompatible trace element concentrations are lower.  

Given the major and trace element glass variability observed in the ‘Ischia tephra’ 

layer, Stromboli, it would seem the MEGT proximal variability offers the most 

compelling correlation. However the presence of acmite in the distal layer and its 

absence in the MEGT deposits remains an unresolved issue. The distal ‘Ischia tephra’ 

contains some shards with compositions that are not currently represented in the MEGT 

glass data, but this could be a sampling bias. Sampling of MEGT deposits focused on 

extra-caldera juvenile pumices, yet much of the intra-caldera deposits are characterised 

by altered ash (Brown et al. 2008). Whilst bulk glass analyses broadly correspond with 
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a trace element cluster within the Ischia tephra layer (~ 22 ppm Th), the full trace 

element variability of these deposits remains uncharacterised at a grain-specific level. 

Overall the geochemical diversity that is currently presented for the MEGT is far greater 

than that of any single pre-MEGT eruptions. This variability is possibly related to 

caldera formation (Vezzoli, 1988; Rossi et al., 1988), with the partial destruction of the 

magma chamber (Brown et al., (2008) enabling the tapping of discrete melts.  

6.2.3.2 Further proximal-distal tephrocorrelations and implications     

Group 1 

The remaining distal tephra layers, Group 1, are also correlated with the MEGT 

eruption based on their major and trace element glass geochemistry. Consequently TM-

19 (Lago Grande di Monticchio) and marine tephras the Y-7 (Ionian Sea), PRAD 

1870cm and SA03-03 685cm (Adriatic) are all considered the distal equivalent of the 

caldera forming MEGT eruption. They all display the diagnostic features unique to the 

MEGT eruption on Ischia (~ 56 ka; Vezzoli). These include wider ranging phono-

trachytic compositions (Fig. 6.9a) where alkali ratios are more variable, with both Na2O 

> K2O and K2O ≥ Na2O glasses (Fig. 6.10a), reflecting a negative relationship between 

increasing SiO2 and Na2O (Fig. 6.10c). Furthermore all these tephras display glasses 

extending to higher CaO and MgO values (Fig. 6.10b). These distal tephra layers show 

wider ranges in incompatible trace element concentrations than any of the other pre-

MEGT deposits and are more consistent with the range observed in the MEGT (Fig. 

6.10d-f). TM-19, Y-7 and PRAD 1870 display the most significant range in 

incompatible trace elements concentrations of all the distal tephra layers investigated, 

glasses with lower Na2O display the least evolved glass compositions consistent with 

the MEGT suite (Fig. 6.10d-f; Table 6.3).     

Major and trace element glass data presented herein (Fig. 6.9; 6.10) reinforce the 

previously proposed distal link between the ‘Ischia tephra’ layer on Stromboli and the 

Y-7 marine tephra (Morche 1988; Gillot and Keller, 1993; Kraml 1997; Lucchi et al. 

2008). This confirms that they represent a contemporaneous southern ash dispersal from 

Ischia. Previously both were related to the Sant’ Angelo tephra, a correlation strongly 

influenced by the presence of acmite in both the distal tephra deposits (Table 6.1), a 

phase only recognised in the Sant’ Angelo tephra. Comparing the two distal tephras to 

proximal glass data sets presents a different interpretation to their proximal counterpart. 

Sant’ Angelo glasses do not display the compositional variability observed in the distal 
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tephras particularly noticeable is the absence of the higher CaO and MgO values 

observed in the two distal tephra deposits. At a trace element level only the ignimbritic 

components of the Sant’ Angelo tephra offers any form of correlative, yet this only 

satisfies a single component of the Y-7 glasses. A significant portion of the Y-7 glasses 

remain unrepresented by the Sant’ Angelo tephra. Indeed the Y-7 tephra does not 

display the elevated incompatible trace element concentrations observed in the thick 

Sant’ Angelo fall tephra or the monomict lag breccia (Table 6.2). Furthermore the distal 

tephra does not display diagnostic Y and Rb concentrations of the Sant’ Angelo Plinian 

fall (Fig. 6.10d, f).  

In summary proximal glasses with less enriched trace element compositions are not 

observed in the Sant’ Angelo stratigraphy, including the Plinian fall, flow and 

subsequent dome collapse (Fig. 6.10d-f; Table 6.2). Therefore the Sant’ Angelo tephra 

is unlikely to be the proximal equivalent of the Y-7 marine tephra based on glass data 

presented. As discussed above, MEGT offers a better glass correlation to the Ischia 

layer and by extension the Y-7. 

Mid-distal tephras from Lago Grande di Monticchio (LGdM) were investigated in an 

attempt to refine the provenance solutions of the distal Ischia tephras produced between 

ca. 55-65 ka (
40

Ar/
39

Ar and varve chronology). All the distal tephras investigated at 

LGdM originated from Ischia (Fig. 6.4) (see Wulf et al., 2004). Given its attribution to 

group 1, TM-19 is confirmed as a distal correlative of the MEGT caldera forming 

eruption. Major and trace element glass data confirm the previous correlation of TM-19 

to the MEGT eruption (Wulf et al., 2004). Wulf et al., (2004) had correlated TM-19 to 

the MEGT (ca. 56 ka; Vezzoli 1988) based on its Ischia type major element glass 

chemistry, its prominent thickness in the (32 cm), mineral assemblage and a comparable 

age determinations for TM-19 (55 ± 2 ka; 
40

Ar/
39

Ar). The precise major and trace 

element glass correlations between MEGT and TM-19 glasses nicely complement these 

other parameters. The 
40

Ar/
39

Ar age constraints of this distal tephra correspond well 

with the cluster of proximal age determinations for the intra-caldera MEGT deposits ca. 

56 ka (Vezzoli 1988; Brown et al. 2008). The MEGT represents the largest volcanic 

event recorded on Ischia (Vezzoli 1988, Rosi et al. 1988; Brown et al. 2008) and this is 

consistent with TM-19 representing the thickest Ischia tephra at LGdM. Interestingly 

TM-19 does not contain acmite (Wulf et al., 2004) yet its glass chemistry is identical to 

the distal layers that do, Y-7 and the ‘Ischia tephra’ layer Stromboli.  
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Further east from Ischia, in the Adriatic, Bourne (2012) attributed PRAD 1870 cm and 

SA03-03 685 cm tephra layers (Fig. 6.5) to either TM-19 or TM-20 layers solely on the 

basis of the major element chemistry of the glasses. Multivariate statistical analysis of 

major element glass compositions was used to constrain correlations with the LGdM 

layers. However, this approach was unable to distinguish between TM-19 or TM-20 

correlatives (Bourne 2012). This is of course problematic if you want to precisely 

synchronise these archives. New proximal glass compositions allow the correlation of 

PRAD 1-2 1870 cm and SA03-03 685cm to MEGT (Fig. 6.10a-c). Trace element data 

from PRAD 1-2 mirrors precisely the wide trace element variability of the Y-7 and TM-

19 tephras (Fig. 6.10d-f), reinforcing these strong distal-distal links. 

Group 2 

This group comprises of the three phono-trachytic LGdM (TM-20; TM-20-1b and TM-

20-1c) that are derived from Ischia (Fig. 6.9a; 6.10). These tephras are recorded 

stratigraphically below TM-19/MEGT at LGdM. TM-20 is 1310 varve years older than 

TM-19 (55 ± 2 ka) in LGdM, whilst TM20-1b is 2770 varve years older than TM-20 

and TM-20-1c is 330 varve years older than TM-20-1b (Table 6.1). The high resolution 

LGdM record indicates that these thinner tephras represent temporally separate pre-

MEGT eruptions (Table 6.1). These tephras display more homogeneous glass 

compositions than the Group 1 tephras at both a major and trace element level (Fig. 

6.10). They comprise exclusively of glasses where Na2O > K2O (K2O/Na2O = 0.86-

0.94; Fig. 6.10a, c), whilst CaO and MgO do not extend to the elevated values of the 

group 1 tephras (Fig. 6.10b). These features are consistent with the pre-MEGT glasses 

outlined above. The more homogenous trace element concentrations observed in these 

glasses lie firmly within the compositional fields of the inter-Plinian Tisichiello and 

Porticello tephras (Fig. 6.10d-f). 

TM-20 was previously attributed to the Y-7 tephra (56 ± 4 ka; Kraml, 1997) and the 

proximal Sant’ Angelo tephra (Wulf et al., 2004), although Y-7 is here reinterpreted as 

MEGT/TM-19. Links to the Sant’ Angelo eruption are problematic. Whilst major 

elements compositions are similar, at a trace element level the TM-20 glasses only 

overlap with the very least evolved glasses of the Sant’ Angelo ignimbritic deposits 

(Fig. 6.10d-f). They do not display any of the more dominant elevated compositions 

seen in this flow component of the Sant’ Angelo tephra, or the underlying fall deposits 

(Fig. 6.10d-f). If this tephra were to relate to the Sant’ Angelo tephra it is hard to 
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envisage why only such a very restricted geochemical overlap would occur, given the 

overall variability of Sant’ Angelo tephra.  

Given the confirmed correlation of TM-19 to MEGT, these tephras are stratigraphically 

and chronologically constrained to older activity. As highlighted above the phono-

trachytic group 2 tephras (TM-20; TM-20-1b and TM-20-1c) which display exclusively 

phono-trachytic glasses with Na2O >> K2O appear to fall exclusively within the more 

restricted trace element compositional ranges of the inter-Plinian eruptions recorded as 

the Tisichiello and Porticello tephras (Fig. 6.10d-f). Given that the TM-20 layers only 

represent thin tephra layers (Table 6.1) it seems plausible that these tephra layers 

recorded in LGdM provide a distal record of the sub-Plinian activities on Ischia prior to 

the caldera forming MEGT eruption (Porticello, Tisichiello).  

A 20-25 cm palaeosol exists between the MEGT caldera forming deposits and the 

underlying Porticello formation (Brown et al., 2008). Proximal-distal correlations 

tentatively suggested that this is representative of 1310 varve years (i.e. between TM-19 

and TM-20 in LGdM). Other palaeosols exist between the stratigraphically lower inter-

Plinian eruptions and might correspond to temporal gaps recorded between the older 

TM-20, TM-20-1b and TM-20-1c layers in LGdM (Table 6.1).  

Other distal correlatives: 

South-west of Ischia in the Tyrrhenian Sea the story is more complex, Paterne et al., 

(1988) attribute multiple layers (C-16, C-17, C-18) to the ‘Green Tuff Series’ or MEGT 

spanning 50-60 ka. Average glass data are not directly comparable, due to different 

operating parameters. However, the ash layers are considered ‘peralkaline’ in 

composition, where predominantly Na2O ≥ K2O (Paterne et al., 1988) and this is 

consistent with the Ischia tephra data presented herein.  Based on new proximal data 

presented here there is potential to try and refine and validate the distal tephras from 

Ischia recorded in the Tyrrhenian Sea. 

6.2.3.3 Tephrochronological implications 

Grain-specific major, minor and trace element proximal and distal glass data might 

require revisions of some existing proximal-distal correlations associated with explosive 

volcanism on Ischia between 100-50 ka. The diagnostic feature of the MEGT eruption 

is its heterogeneity with both of the following glass compositions present (Fig. 6.8); 
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(1) Pre-MEGT: Phono-trachytic glasses where Na2O > K2O and with elevated 

concentration of incompatible trace elements are consistent with Pre-MEGT activities 

(Sant’ Angelo flow, Tisichiello and Porticello tephras);  

(2) Trachytic glasses with lower Na2O (K2O ≥ Na2O), whilst extending to higher CaO 

and MgO values. Trace element concentrations in these glasses are less elevated and 

more consistent with the Post-MEGT glasses (i.e. Schiappone). 

Consequently distal tephra layers that contain both components can be confidently 

attributed to the MEGT eruption dated to ca. 56 ka (Vezzoli, 1988) or the medial-distal 

TM-19 (
40

Ar/
39

Ar; 55 ± 2 ka yrs BP) at LGdM. Consequently the more precise age of 

55 ± 2 ka can be imported into the stratigraphy of Stromboli. Glass data herein show 

that the Y-7 is geochemically identical to TM-19, Y-7 is dated to 56 ± 4 ka yrs BP 

(Kraml, 1997), these two ages lie firmly within analytical error and support the 

geochemical links between the two distal tephras.  

Beyond the range of radiocarbon dating, these 
40

Ar/
39

Ar ages present an important 

chronological marker in the central Mediterranean archives. By refining proximal-distal 

links between the MEGT glass compositions and the ‘Ischia tephra’ layer Stromboli 

and the Y-7 tephra Ionian Sea it might be possible to extend the known dispersal of this 

eruption further south, making it one of the most widespread Central Mediterranean 

tephras (Fig. 6.11) during the last 100 ka. Furthermore this would increase the known 

dispersal of the MEGT eruption to over 600 km from source.  

TM-20 Ischia tephra layers recorded at LGdM are more homogeneous at a major and 

trace element level than the other distal tephras reported and are consistent with the pre-

MEGT inter-Plinian eruptions; their thicknesses at LGdM might suggest less 

widespread dispersals. Correlating distal tephras to these older sub-Plinian eruptions is 

more challenging, given that their more restrict compositions fall within the 

compositional range of the MEGT. Whilst the presence of additional MEGT variability 

might enable correlations, the absence of this variability does not preclude correlation to 

the MEGT. These inter-Plinian tephras demonstrate the problems of repeat 

geochemistries being produced from a single volcanic centre. In these instances where 

only the more restrict compositions are identified distally then it might be suggested that 

the distal tephra offers only an approximate time bracket associated with this Pre-

MEGT/MEGT activities (ca. 53-60 ka). However within some archives, particularly 
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archaeological sites such a time bracket might offer the most reliable age constraint 

achievable.  

 

 

 

Figure 6.11: A map showing the proposed distribution of distal tephras attributed to the MEGT eruption 

of Ischia or the medial-distal TM-19 within the central Mediterranean region.   

Sant’ Angelo tephra 

Major and trace element links between these TM-20 layers and the inter-Plinian 

proximal deposits (Tisichiello and Porticello tephras) on Ischia indicate that the Sant’ 

Angelo tephra may represent even an older explosive event. The only age constraint for 

this eruption is the 100 ka Sant’ Angelo lava dome (Gillot et al. 1982) on which the 

Sant’ Angelo tephra rests, separated by a palaeosol (Brown et al. 2008). At LGdM 

Ischia type tephras occur between ca. 71-69 ka varve years and display Na2O > K2O 
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phono-trachytic compositions consistent with the pre-MEGT glasses including the Sant’ 

Angelo tephra (Wulf  2012 pers comm.). As demonstrated above, the Sant’ Angelo fall 

displays a unique and diagnostic trace element signature (section pre-MEGT 100-56 ka; 

Fig. 6.10d-f). A trace element investigation of these older LGdM Ischia type tephras 

may enable a precise correlation and provide a more robust chronological constraints for 

the Sant’ Angelo tephra.  

Correlating the Y-7 marine tephra to the MEGT eruption and TM-19, means that the 

Sant’ Angelo eruption might not represent as widespread a distal marker as previously 

thought. Brown et al., (2008) tentatively suggested that the absence of Sant’ Angelo 

elsewhere on the island, might indicate that it was erupted from a small volcanic centre 

resulting in a minor amount of localised explosive activity. Only through proximal 

dating of the pyroclastic deposits on Ischia or correlations with LGdM may further light 

be shed onto the timing of this eruption. 

Crucially where the full diagnostic variability of the MEGT eruption is identified in 

distal tephra layers, it then becomes a powerful tool for the synchronisation of archives 

across the central Mediterranean region. Precise links between LGdM TM-19 and 

central Adriatic PRAD 1870 cm can facilitate precise assessment of marine-continental 

responses to environmental change during the onset of MIS 3. Links between the Ionian 

Sea Y-7 and the central Adriatic PRAD core can enable further assessment of leads and 

lags between the different Mediterranean marine basins during this important 

environmental transition that lies beyond the range of radiocarbon dating.   

6.2.4 Summary 

1. Major and trace element glass data indicate that the ‘Ischia tephra’ layer Stromboli, 

the Y-7, PRAD 1870, SA03-03 685 and TM-19 are all distal equivalents of the MEGT 

caldera forming eruption, Ischia.  

2. Limited overall major element variability exists within proximal tephra produced 

prior to the MEGT (100-56 ka).  

3. Phono-trachytic glasses with Na2O > K2O dominate the Pre-MEGT explosive 

eruptions (Fig. 6.8).  

4. MEGT tephras display more major, minor and trace element variability than any of 

the Pre-MEGT explosive eruptions on Ischia (Fig. 6.8; 6.9a; 6.10) due to the 

introduction of new magma compositions.  
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5. Whilst comprising partly of Pre-MEGT compositions, the MEGT erupted deposits 

display an additional component of trachytic glasses with lower Na2O (Fig. 6.10c) and 

higher CaO and MgO (Fig. 6.10c). 

6. MEGT glasses display significant trace element heterogeneity in accordance with the 

major element variability observed (Fig. 6.9b, 6.10d-f).  

7. Identification of MEGT geochemical variability in distal tephra layers provides the 

potential to synchronise distal archives across the central Mediterranean basin (Fig. 

6.11).   
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6.3 MIS 5 external tephras outcropping in the Aeolian Islands: 

It is often difficult to assign precise provenance to tephras produced prior to MIS 3/4 

due to poorly preserved proximal volcanostratigraphy (Di Vito et al., 2008). This is 

particularly relevant at volcanic centres such as Campi Flegrei, where large caldera 

collapses (i.e. Campanian Ignimbrite and Neapolitan Yellow Tuff) produced thick 

pyroclastic successions at source which have buried the older volcanic deposits (Orsi et 

al. 1996).  The best preserved exposures of these older large volume eruptions are in 

medial-distal localities within colluvial or alluvial deposits (Di Vito et al. 1998; 

Zanchetta et al., 2004; Di Vito et al., 2008).  

Age constraints for these older eruptions can be derived from medial-distal localities, 

but age can only be exported to other archives if precise correlations are established 

(i.e., stratigraphy, mineralogy and glass chemistry). Older tephras believed to have 

originated from the Campanian volcanic zone are best preserved and hence dated, in 

marine and lacustrine successions (Keller et al., 1978; Paterne et al., 1988; 2008; Kraml 

1997; Wulf et al., 2004; 2008; submitted). Approaches include 
40

Ar/
39

Ar dating of K-

rich phenocrysts (Kraml 1997) and varve counting of annually laminated lake sediments 

(i.e. Lago Grande di Monticchio; Wulf et al., 2004; Wulf et al., submitted). Thus in the 

absence of proximal equivalents it becomes imperative that distal tephras are correlated 

to well characterised distal tephrostratigraphies with well constrained ages (i.e. deep sea 

archives; varved lakes). 

Two external ash layers on the Aeolian Islands, represent major ash dispersals and have 

been correlated to the prominent MIS 5 marine tephra layers, the X-5 and X-6 (Morche 

1988; Lucchi et al., 2008). These marine tephras were first recognised by Keller et al., 

(1978) in their type locality, within the Ionian Sea. Based on stratigraphic correlations 

on the respective Aeolian Islands, both tephras are interpreted as occurring between the 

high sea level, palaeoshorelines I (MIS 5e) and II (MIS 5c) (Lucchi et al., 2008). This is 

consistent with the stratigraphic positions of the marine tephras in sediments from MIS 

5. Sanidines phenocrysts within the X-5 marine tephra were 
40

Ar/
39

Ar dated at 105 ± 2 

ka (Kraml 1997); whilst X-6 has an interpolated age of ca. 108-110 ka (Keller et al., 

1978; Kraml, 1997; Keller and Kraml 2004; Wulf et al. Submitted). 
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Tephra GPS Depth (cm) Stratigraphic context Varve Age  
(yrs BP) 

Thickness (mm) Colour Phenocrysts Lithics Ref 

Aeolian Islands          

Panarea Pink Ash 38° 38.271'N 
15° 4.216'E 

- Between MIS 5e and MIS  5c 
shorelines 

 100 pink Kf, plg, cpx  - 1,2 

Barone tephra/Salina I 38° 34.320'N 
14° 52.260'E 

- Between MIS 5e and MIS  5c 
shorelines 

 300 grey Kf, cpx, bt, amp V 2,3 

          

LGdM          

TM-24a  6929.7 Within Early St Germain 101,800 70 Pink-brown plg, cpx,bt, Kf V 4,5,6 

TM-24b  7019.8 Within Early St Germain 102,800 97 Pale brown plg, kf, cpx, bt V 4,5,6 

TM-25  7411 Within Early St Germain 105, 480 113 clear-light brown Kf, plg, bt, amp, cpx, ol V 4,5,6 

TM-27  7885 Within Melisey I (MIS-5.4?) 108, 330 2000 clear-light brown Kf, bt, plag. Cpx, amp V 4,5,6 

          

Palinuro (Cilento)          

LeS1 (319) 40° 3.660'N 15° 
16.893'E 

- Stratigraphic level Post MIS 5e  - 500 clear Kf, cpx, plg, bt V 7,8 

LeS2 (293-294) 40° 3.341'N 15° 
17.011'E 

- Stratigraphic level Post MIS 5e - 1000 light brown Kf, cpx, bt, amp V 7,8 

          

Crati Valley          

Tarsia 39, 36.819'N - Stratigraphic level Post MIS 5e - 800 clear-light brown Kf, cpx, bt, amp V 9 

 16° 16.493'E         

C. Adriatic          

PRAD 1-2  2525 Between MIS 5.4 and MIS 5.2 - 100 clear - - 10 

PRAD 1-2 (C. Adriatic)  2605 Between MIS 5.4 and MIS 5.3 - 150 diffuse  clear - - 11 

PRAD 1-2 (C. Adriatic)  2812 Within MIS 5.4 - 500 clear - - 11 

          

S. Adriatic          

SA03-03  925 MIS 5 - 150 diffuse  clear - - 11 

Table 6.4: Details of ‘External’ MIS 5 tephra layer investigated in the Aeolian Island. Also shown are prominent tephras investigated for comparative purposes; 

these include visible tephra layers from Lago Grande di Monticchio (LGdM), pyroclastic deposits outcropping at Le Saline, Palinuro and at Tarsia in the Crati 

Valley (Calabria). Finally thick visible tephras layers from two Adriatic marine cores were investigated. For localities see Figure 6.1. Kf = K-feldspar; plg = 

plagioclase; cpx = clinopyroxene; bt = biotite; amp = amphibole; ol = olivine. This data build upon the previous investigations of;  (1) Lucchi et al. (2007); (2) 

Lucchi et al. (2008); (3) Keller et al. (1980); (4) Wulf et al. (2004); (5) Brauer et al. (2007); (6) Wulf et al. (submitted); (7) Lirer et al. (1967); (8) Marciano et al. 

(2008); (9) Carobene et al. (2006); (10) Bourne et al. (2010); (11) Bourne (2012).         
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‘X-5’ is indentified in the accumulation profiles of Salina (Morche 1988; Kraml 1997 

and Lucchi et al., 2008) and Panarea (Lucchi et al., 2007; Lucchi et al., 2008). On 

Panarea the same tephra deposit, a 10-15 cm thick layer of pink ash outcropping at 

Punta Falcone (Fig. 6.12), has also been correlated by De Rita et al. (2008) to 

significantly younger activity on Somma-Vesuvius and more specifically to Pomici di 

Base eruption (ca. 22 cal yrs BP; Santacroce et al., 2008). At Barone, north-east Salina, 

Keller (1980) first recognised an alkali-trachytic tephra layer interbedded within palaeo-

alluvial deposits (Fig. 6.13). Keller (1980) correlated it to the ‘Palinuro layer’, Salerno, 

on the basis of similarities in composition and mineralogy with the pyroclastic 

succession reported by Lirer et al. (1967) (Fig. 6.13; Table 6.4). Both the Palinuro and 

Barone tephras were interpreted as trachytic Campanian activity (Lirer et al., 1967; 

Keller 1980). More recent investigations of the Palinuro tephra have interpreted it as the 

continental equivalent of the X-6 marine tephra (Marciano et al., 2008). 

These two external tephras on Panarea and Salina are investigated using a grain-specific 

multi-element approach to assess previously proposed correlations. Without detailed 

geochemical data for the X-5 and X-6, comparisons here are restricted to major 

elements. In addition prominent tephra deposits recorded in MIS 5 depositional settings 

from a series of archives in the central Mediterranean are also considered (Fig. 6.1).    

6.3.1 Samples: 

The Panarea Pink Ash (PPA) layer from Punta Falcone, Panarea (Fig. 6.12) and the 

Barone tephra, Salina (Fig. 6.13) were sampled, washed and sieved. Shards were 

analysed for major, minor and trace element compositions (Table 6.5). Other prominent 

tephras erupted during MIS 5 that are investigated are shown in Table 6.4 with localities 

shown in Figure 6.1. Thick pyroclastic deposits recorded in colluvial sediments at two 

localities near Le Saline, Palinuro (Cilento) on the Italian mainland were sampled. A 

further continental deposit at Tarsia, within the Crati Valley was investigated (Northern 

Calabria; Fig. 6.13). All three of these deposits are interpreted as stratigraphically 

outcropping above the MIS 5e terrace (Carobene et al., 2006; Marciano et al., 2008). 

Visible MIS 5 marine tephras from the central (PRAD1-2) and southern (SA03-03) 

Adriatic marine cores were also analysed for trace element concentrations to 

complement existing major element analysis (Bourne et al., 2010; Bourne 2012).  
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Figure 6.12: Top right insert, the 10-15cm thick, Panarea Pink ash (PPA) and it stratigraphic 

position within the Punta Falcone stratigraphy.  
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Figure 6.13: Investigated continental outcrops where MIS 5 tephras were sampled; (a) Barone 

tephra (Salina Island); (b) Le Saline Palinuro (Cilento) and (c) Tarsia, Crati Valley (Northern 

Calabria). 
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Panarea - Pink Ash (PPA) Barone tephra/ Salina I Palinuro (Cilento) Palinuro (Cilento) Tarsia (Crati Valley, Calabria) 

 
Base Top 

   
LeS1 LeS2 Base Top 

Shard I.D 6A 17B 19B 31C 10B 16C 11C 11B (319) 15B (319) 36D (319) 26D (293) 24D (293) 13B (294) 1A 9A 1A 7A 
SiO2 59.75 60.19 53.95 57.37 63.21 62.88 62.42 61.12 61.54 61.50 61.82 61.35 61.72 62.19 62.24 62.17 62.07 
TiO2 0.43 0.48 0.99 0.72 0.40 0.53 0.48 0.40 0.45 0.35 0.49 0.55 0.50 0.52 0.54 0.51 0.53 
Al2O3 19.69 19.43 18.92 19.11 19.14 18.53 18.60 18.80 18.71 18.88 18.51 18.60 18.57 18.09 18.57 18.71 18.38 
FeO 2.90 3.04 6.64 4.48 3.02 3.02 3.33 3.28 3.15 3.07 3.16 3.00 3.07 3.33 3.03 2.99 2.94 
MnO 0.18 0.17 0.16 0.18 0.22 0.35 0.32 0.13 0.16 0.17 0.38 0.40 0.33 0.28 0.29 0.40 0.37 
MgO 0.36 0.36 2.36 1.30 0.53 0.28 0.29 0.63 0.60 0.54 0.26 0.30 0.32 0.24 0.30 0.30 0.27 
CaO 2.09 2.07 6.44 4.05 1.90 1.69 1.74 2.34 2.41 2.47 1.68 1.72 1.76 1.65 1.72 1.65 1.63 
Na2O 6.13 5.29 3.65 4.54 5.13 7.01 7.20 4.12 3.79 4.00 7.18 7.65 7.02 7.37 6.77 6.72 7.12 
K2O 8.48 8.98 6.89 8.24 8.51 6.75 6.93 9.18 9.19 9.02 6.53 6.43 6.71 6.32 6.54 6.55 6.70 
Analytical Total 94.75 97.45 96.74 94.27 94.90 93.93 94.18 95.15 96.01 95.96 96.99 96.37 93.41 96.33 93.19 94.09 95.59 
K2O + Na2O 14.61 14.26 10.54 12.78 13.64 13.76 14.13 13.31 12.98 13.02 13.71 14.08 13.73 13.69 13.31 13.28 13.82 
K2O/Na2O 1.38 1.70 1.89 1.81 1.66 0.96 0.96 2.23 2.42 2.26 0.91 0.84 0.96 0.86 0.97 0.97 0.94 

                  ppm 25µm 25µm 25µm 25µm 34µm 34µm 34µm 34µm 34µm 25µm 34µm 34µm 34µm 20µm 20µm 20µm 20µm 
Rb 337 358 203 246 307 537 544 286 288 287 551 460 525 554 523 519 522 
Sr 312 122 1218 1100 56 2 12 564 640 716 2.6 11.2 2.7 3.2 3.6 2.6 6.1 
Y 33 46 33 34 41 106 110 28 30 30 106 90 103 115 103 102 98 
Zr 414 572 278 319 382 1226 1211 276 287 284 1232 1057 1130 1245 1100 1147 1099 
Nb 80 107 51 60 68 207 208 49 48 48 210 187 198 225.0 198 194 184 
Ba 431 13.7 1553 1246 6.7 3.6 23.1 703 851 949 3 16 3 2.8 2.5 3.0 28.6 
La 104 148 84 98 109 261 266 72.1 75.2 81.7 272 230 264 290 256 264 239 
Ce 201 273 171 201 208 508 541 139.0 142.0 150.9 537.1 460.3 510.1 559 504 506 471 
Pr 21 29 19 22 22 53 51 14.5 14.7 15.1 54.4 45.0 51.3 55 49 50 47 
Nd 75 95 71 71 79 170 174 52 53 61 174 155 176 193 174 179 171 
Sm 11.0 15.1 14.1 15.2 14.1 27.3 32.5 8.7 9.5 9.0 29.0 25.6 29.9 33.4 34.3 27.8 24.5 
Eu 1.7 2.5 3.2 3.4 2.3 1.6 1.5 2.1 2.3 2.4 1.6 1.5 1.8 1.8 1.78 1.91 1.64 
Gd 7.7 12.2 10.8 12.0 9.6 21.7 22.2 7.4 6.3 6.6 20.6 19.3 21.4 23 21.8 19.9 20.4 
Dy 6.5 9.6 7.1 7.8 8.2 18.6 19.0 5.4 5.8 5.6 19.0 16.7 18.5 21.1 19 19 17 
Er 3.9 4.5 3.1 3.3 4.1 10.8 10.5 3 3 3 10.7 9.7 10.2 12.0 10.5 10.0 9.2 
Yb 3.2 4.6 2.4 3.0 3.7 10.3 10.6 2.6 2.9 3.2 11 10 11 12.3 10.4 10.8 9.8 
Lu 0.50 0.68 0.36 0.41 0.54 1.59 1.56 0.35 0.42 0.44 1.52 1.27 1.62 1.58 1.45 1.60 1.46 
Ta 3.5 4.7 2.2 2.9 3.1 8.9 9.0 2.3 2.3 2.6 9.9 8.2 9.1 10.0 9.2 9.0 8.6 
Th 36 55 22 31 32 99 99 21 23 22 102 87 97 113 98 96 89 
U 11.2 17.4 6.8 8.8 9.6 31 31 6.6 6.6 7.4 32 28 29 35 29 29 29 
Nb/Th 2.2 1.9 2.3 2.0 2.1 2.1 2.1 2.3 2.1 2.2 2.1 2.2 2.0 2.0 2.0 2.0 2.1 
Zr/Th 11.5 10.4 12.4 10.4 12.0 12.4 12.3 12.9 12.7 12.9 12.1 12.2 11.7 11.0 11.2 12.0 12.3 
Ta/Th 0.10 0.09 0.10 0.10 0.10 0.09 0.09 0.11 0.10 0.12 0.10 0.09 0.09 0.09 0.09 0.09 0.10 
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Table 6.5: Previous page: Representative major, minor and trace element analyses for glasses 

from the ‘External’ tephra recorded in the Aeolian Islands; the Panarea Pink Ash (PPA) and the 

Barone tephra, Salina. Also presented are analyses from colluvial sequences on the Italian 

mainland at both Le Saline, Palinuro and Tarsia in the Crati Valley (Calabria). Full data given in 

appendix eV. 

6.3.2 Results 

Representative glass analyses of the investigated tephra layers are given in Table 6.5 

and 6.6 and full geochemical data for the investigated tephras are presented in Appendix 

eV. 

6.3.2.1 Panarea Pink Ash (PPA), Punta Falcone  

The Panarea pink ash (PPA) deposit outcropping at Punta Falcone (Fig. 6.12) forms a 

particularly heterogeneous tephra layer (54-60 wt.% SiO2;, 0.2-3.6 wt.% MgO and 1.9-

7.0 wt.% CaO; Table 6.5). Using increasing SiO2 as a fractionation index, TiO2, FeO 

(Fig. 6.16), MgO, CaO (Fig. 6.16) all decrease, whilst Al2O3 increases. Na2O remains 

constant up to 58 wt.% SiO2 and then increases sharply in the higher SiO2 glasses (58-

60 wt.%) (Fig. 6.15b). K2O increases to its most elevated concentrations at 59.3 wt.% 

SiO2, where there is an inflection to lower values at 60 wt.% SiO2. Given the SiO2 

variation and the high alkalis concentrations these glasses range from tephri-phonolite 

to phonolitic compositions (Fig. 6.14). Glasses display variable alkali ratios with 1.1-2.8 

(K2O/Na2O) (Fig. 6.15a). The least evolved glasses occur at the top of the ash layer 

(Table 6.5). Significant incompatible trace element heterogeneity exists in this tephra 

population (Fig. 6.17; Table 6.5). The glasses range from moderately evolved (tephri-

phonolites) to highly evolved (phonolites) with Zr/Sr = 0.3-6.0 and have LREE 

enrichment relative to the HREE (La/Yb = 31-37). Sr (101-1218 ppm) and Ba (10-1553 

ppm) behave compatibly decreasing to their lowest concentrations in the most evolved 

glasses (Fig. 6.17d). Incompatible trace element ratios are constant within these glasses 

(Nb/Th = 2.1 ± 0.2; Zr/Th = 11 ± 1 (Fig. 6.17a); Ta/Th = 0.09 ± 0.01).  

6.3.2.2 Barone tephra layer (Salina I), Salina 

The Barone glasses are variable (61.5-63.2 wt.% SiO2) with the most variation in the 

alkalis (Na2O = 5.1-7.4 wt.% and K2O = 6.5-8.5 wt.%). Consequently, the glasses range 

from phonolite to trachyte in composition (Fig. 6.14). This variability is reflected in 

alkali ratios, 0.9-1.7 (K2O/Na2O) (Fig. 6.15a). The glasses have a major element bi-
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modality; the dominant population have Na2O ≥ K2O. Whilst a smaller population has 

glasses displaying K2O > Na2O these are associated with higher MgO concentrations (> 

0.4 wt. %) (Fig. 6.18). Incompatible trace element concentrations in the glasses are also 

bi-modal (Fig.6.19a-d; Table 6.5). This variation between the end-members is reflected 

in the range of evolution observed (Zr/Sr = 3.5 to 554). The glasses display LREE 

enrichment relative to the HREE (La/Yb = 25 ± 2) and Ba and Sr are depleted in these 

glasses due to K-feldspar removal. Incompatible trace element ratios are constant 

between the two end-members of the Barone tephra (Nb/Th = 2.1 ± 0.1; Zr/Th = 12.1 ± 

0.3; Fig. 18a,d).     

 

Figure 6.14: TAS diagram showing the Panarea pink ash (PPA) and the Barone tephra (Salina). 

Also shown are glass data from other MIS 5 tephras recorded at Le Saline, (Palinuro) and 

Tarsia, Crati valley (Calabria) on the Italian mainland. Compositional field are based of glass 

data from Tomlinson et al., 2012b; Tomlinson et al., unpublished. (TAS classification; Le Bas et 

al., 1986).  
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Figure 6.15: Major element bi-plot showing the Panarea pink ash (PPA) and the Barone 

tephra/Salina I (Salina). Also shown are glass data from other MIS 5 tephra recorded at Le 

Saline (Palinuro) and Tarsia, Crati Valley (Northern Calabria) on the Italian mainland. 

Additionaly given are the compositional fields of promient MIS 5 tephras Lago Grande di 

Monticchio (Wulf et al. Submitted) Also shown are the compositional fields of proximal glasses 

from the Neapolitian volcanic centres (Tomlinson et al., 2012b; Tomlinson in prep). (1) Bourne 

et al. (2010); (2) Bourne (2012); (3) Keller et al. (1978); (4) Paterne et al. (2008). 
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6.3.2.3 Italian Mainland 

Le Saline 1, Palinuro (319):  

The Le Saline Locality 1 (LeS1) glasses (sample 319) are homogeneous (61.3 ± 0.3 

SiO2 wt.%; 2.5 ± 0.2 CaO wt.%). These K-trachytic glasses show K2O >> Na2O 

(K2O/Na2O = 2.0-2.8) (Fig. 6.15) and display moderate levels of enrichment of 

incompatible trace elements (Zr/Sr = 0.5 ± 0.1). Overall these glasses are homogeneous 

(Fig. 6.17; Table 6.5) and have significant LREE enrichment relative to the HREE 

(La/Yb = 26 ± 3). Sr and Ba behave compatibly (Fig. 6.17d), but concentrations are 

high for such evolved trachytic compositions (Sr = 523-715ppm; Ba = 532-1428 ppm). 

Incompatible trace element ratios are consistent within the LeS1 glass population 

(Nb/Th = 2.2 ± 0.2; Zr/Th = 12.7 ± 0.5).  

Le Saline 2, Palinuro (293-294): 

At the Le Saline locality 2 (LeS2) glasses (samples 293 and 294) show limited variation 

in most major elements (61.2-62.3 wt.% SiO2, 1.53-1.88 wt.% CaO), whilst the most 

significant variation is observed in the alkalis (K2O = 6.4-8.2 wt.% and Na2O = 4.0-7.7 

wt.%). These glasses straddle the phono-trachyte boundary (Fig. 6.14). Glass data 

indicate that discrete glass populations are present within the tephra deposit. This is best 

illustrated by the alkali ratios and MgO, which clearly demonstrate two distinct 

populations, a lower alkali ratio, low MgO group and a higher alkali ratio, high MgO 

group (Fig. 6.18). Incompatible trace element concentrations within these glasses 

display significant heterogeneity forming bi-modal populations (Fig. 6.19). This is 

reflected in the range of evolution observed in these glasses (Zr/Sr = 10 to 472). Glasses 

display LREE enrichment relative to the HREE (La/Yb = 27 ± 3) and consistent 

HFSE/Th ratios (Nb/Th = 2.1 ± 0.1; Zr/Th = 11.91 ± 0.5).   

Tarsia, Crati Valley (Northern Calabria) 

The Tarsia tephra have homogeneous glass compositions with 62.0 ± 0.2 wt.% SiO2; 1.7 

± 0.1 wt.% CaO. Glasses have elevated alkali contents (Na2O= 7.2 ± 0.3 wt.%; K2O = 

6.5 ± 0.1 wt.%) with Na2O > K2O (Fig. 6.15a; Table 6.5). These glasses range from 

phonolitic to trachytic compositions (Fig. 6.14). Trace element concentrations in these 

phono-trachytic glasses are highly evolved (Zr/Sr = 96-438) and homogeneous (i.e., Th 

= 97 ± 7 ppm; Zr = 1131 ± 68 ppm) whilst also displaying LREE enrichment relative to 

the HREE (La/Yb = 25 ± 1). Concentrations of Sr and Ba are consistently low in these 
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glasses (Sr = 5.2 ± 3ppm; 3.5 ± 1) indicative of K-feldspar fractionation, a phase present 

in these deposits. HFSE/Th ratios in these glasses are constant (Nb/Th = 2.05 ± 0.03; 

Zr/Th = 11.6 ± 0.5).  

6.3.2.4 Central Adriatic: PRAD 1-2 

PRAD 2525 cm and 2605 cm; Major element data for the two tephra layer, PRAD 

2525 cm and 2605 cm (Fig. 6.5) are presented in Bourne (2012). Glasses from these two 

layers form two homogenous and overlapping phono-trachytic glass populations (Fig. 

6.14), where K2O/Na2O = 1.5-2.0 (Fig. 6.15a). Compositional fields are presented in 

Figure 6.16. These phono-trachytic glasses display moderate levels of enrichment (Zr/Sr 

= 0.5 ± 0.1). Trace element data are presented here for PRAD 2525 and 2605cm (Table 

6.6). Both tephras display overlapping homogenous glass populations (Fig. 6.17). Sr 

and Ba concentration remain elevated within these glasses (Sr = 652 ± 56 and Ba = 

1131 ± 92). HFSE/Th ratios are constant (Nb/Th = 1.9 ± 0.1; Zr/Th = 10.7 ± 0.3).   

PRAD 2812cm;  Major element glass data for PRAD 2812cm (Fig. 6.5) is presented in 

Bourne (2012). These glasses are classified as trachytes (Fig. 6.14) and show a bimodal 

population where both Na2O>K2O and K2O>Na2O shards are present (Fig. 6.18). Trace 

element glass data for this tephra layer confirms a bi-modal population (Fig. 6.19; Table 

6.6). Consequently, the glasses display wide ranging levels of evolution (Zr/Sr = 11-

454). The HFSE/Th ratios between the two end-members are constant (Nb/Th = 2.1 ± 

0.1; Zr/Th = 12.0 ± 0.3). 

6.3.2.5 SA03-03 Southern Adriatic  

SA03-03 925cm: Major element data for SA03-03 925 cm (Fig. 6.5) is presented in 

Bourne (2012), glasses from this tephra extend from phonolite to trachyte, where 

K2O/Na2O = 1.7-2.1 (Fig. 6.15a). Compositional fields are presented in Figure 6.16. 

Trace element data for this SA03-03 925 cm tephra are presented in Table 6.6. These 

glasses display moderate levels of trace element enrichment (Zr/Sr = 0.5 ± 0.1) and 

display some trace element variability (Fig. 6.17). Ba (Fig. 6.17d) and Sr display the 

most significant variation due to their compatibility (114-1373 ppm Ba and 268-857 

ppm Sr). HFSE/Th are constant within these glasses (Nb/Th = 2.1 ± 0.1; Zr/Th = 11.7 ± 

0.3).  
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Core PRAD 1-2 (Central Adriatic) SA03-03 (Southern Adriatic) 

Depth 2525 cm  2605 cm 2812 cm 925 cm 

  Base  Top               

Sample RH0078 RH0078 RH0078 RH0075 RH0075 RH0075 RH0122 RH0122 RH0122 RH0074 RH0074 RH0074 RH0617 RH0617 RH0617 

Shard ID 1 6 13 1 2 7 1 2 3 3 4 5 2 3 4 

Rb (ppm) 318 323 338 316 313 311 336 322 312 373 373 553 283 292 298 

Sr 712 617 615 611 653 669 602 693 692 19.1 23.9 2.6 723 749 720 

Y 28 30 30 27 27 29 30 29 30 54 52 103 29 30 30 

Zr 332 342 336 322 312 326 329 329 335 546 506 1162 301 298 314 

Nb 60 59 60 58 55 59 59 60 60 96 91 198 57 52 54 

Ba 1213 1007 1100 1067 1128 1169 1031 1203 1189 3.0 3.8 2.5 1110 1075 1073 

La 82 82 81 78 76 77 78 80 81 140 132 255 79 77 81 

Ce 152 154 151 143 137 146 146 149 149 270 257 502 152 148 155 

Pr 14.7 15.2 15.2 14.6 13.9 14.5 14.3 15.3 14.4 28.4 26.8 49.5 14.9 15.2 15.2 

Nd 50 53 52 52 50 53 52 53 55 101 92 167 56 53 58 

Sm 9.8 9.8 10.2 7.6 8.0 10.3 8.5 9.0 10.3 16.7 14.4 29.1 8.4 8.0 9.8 

Eu 1.9 1.9 1.9 1.8 1.9 1.8 2.0 2.0 2.0 2.2 2.2 1.7 2.0 2.2 2.1 

Gd 6.7 6.5 6.6 7.0 6.3 7.2 6.2 6.5 6.8 13.5 10.7 22.1 6.5 7.1 6.8 

Dy 5.6 5.8 5.5 5.8 4.9 5.6 5.5 5.7 5.8 9.5 9.4 18.7 5.5 5.6 5.6 

Er 2.9 2.9 2.7 3.1 2.6 3.1 2.9 2.9 3.0 5.4 5.2 11.0 2.9 2.8 3.2 

Yb 3.1 2.9 2.9 2.9 2.9 3.1 2.7 2.9 3.0 4.9 4.8 10.7 2.5 2.6 3.0 

Lu 0.44 0.46 0.41 0.46 0.45 0.43 0.41 0.47 0.43 0.81 0.72 1.54 0.41 0.43 0.47 

Ta 2.7 3.0 3.0 3.1 2.7 2.6 2.7 2.8 2.8 4.4 4.2 8.7 2.7 2.5 2.3 

Th 31 32 31 30 29 31 31 31 32 46 43 94 26 24 27 

U 10.2 10.4 10.2 10.0 9.4 9.9 10.1 9.6 10.6 14.6 13.1 30.2 8.4 7.8 8.2 

Nb/Th 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 2.1 2.1 2.1 2.2 2.1 2.0 

Zr/Th 10.8 10.7 10.8 10.6 10.9 10.4 10.7 10.6 10.6 11.8 11.9 12.3 11.5 12.2 11.7 

Ta/Th 0.09 0.10 0.09 0.10 0.09 0.08 0.09 0.09 0.09 0.10 0.10 0.09 0.10 0.10 0.09 

 

 
Table 6.6: Representative trace element glass analyses from MIS 5 tephra layers recorded in PRAD 1-2 (central Adriatic) and SA03-03 (southern Adriatic). 
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  TM-24a TM-24b TM-25 TM-27 

  Wulf et al., (submitted), This study Wulf et al., (submitted), This study Wulf et al., (submitted) Wulf et al., (Submitted), This Study 
  

              

  

 

O352 O352 O352 O353 O353 O353 O354 O354 O354 O354 

    

O355 O355 O355 O355 O355 

1 13 22 19 21 1 31 40 55 51 
    

18 3 1 23 29 
SiO2 58.76 58.36 62.09 60.02 60.31 60.99 57.60 61.03 61.24 61.55 60.43 61.15 61.83 62.40 62.21 62.74 61.97 61.91 61.86 

TiO2 0.52 0.52 0.37 0.47 0.40 0.38 0.54 0.41 0.36 0.33 0.49 0.51 0.40 0.38 0.39 0.43 0.47 0.49 0.56 

Al2O3 18.05 18.70 18.06 18.65 18.44 18.90 18.57 18.75 18.43 18.73 18.53 18.40 18.66 18.95 18.03 17.60 18.09 17.53 18.21 
FeO 4.94 4.69 2.95 3.83 3.67 3.14 5.44 3.29 3.50 3.10 3.98 3.73 3.35 2.88 3.01 3.04 3.32 3.40 3.12 

MnO 0.15 0.14 0.20 0.15 0.16 0.26 0.12 0.15 0.10 0.10 0.13 0.15 0.09 0.13 0.21 0.23 0.38 0.34 0.42 

MgO 1.41 1.27 0.56 0.80 0.70 0.58 1.73 0.66 0.75 0.55 0.82 0.81 0.56 0.44 0.45 0.42 0.28 0.22 0.25 
CaO 4.23 4.01 2.51 3.09 2.73 2.79 4.61 2.54 2.77 2.49 3.03 2.96 2.44 2.17 1.94 1.80 1.67 1.72 1.71 

Na2O 4.11 4.11 4.37 4.03 4.60 4.02 3.80 4.46 4.38 4.36 3.87 3.73 3.98 4.10 6.15 5.99 7.55 7.96 7.47 

K2O 7.85 8.21 8.89 8.96 8.98 8.94 7.59 8.72 8.48 8.80 8.71 8.55 8.69 8.56 7.61 7.76 6.27 6.44 6.41 
Total 96.41 95.78 94.75 93.80 98.18 96.20 97.23 97.26 94.20 95.32 97.37 94.01 95.77 95.46 97.02 94.92 95.24 93.12 97.70 

K2O + Na2O 11.95 12.31 13.26 12.99 13.58 12.96 11.39 13.18 12.86 13.16 12.58 12.29 12.67 12.65 13.76 13.75 13.82 14.40 13.88 

K2O/Na2O 1.91 2.00 2.03 2.22 1.95 2.22 2.00 1.95 1.94 2.02 2.25 2.29 2.18 2.09 1.24 1.30 0.83 0.81 0.86 
  

                  

  

Rb (ppm) 270 283 297 307 319 298 262 308 315 290 

    

321 352 539 522 507 

Sr 903 836 708 751 737 871 971 725 781 748 
    

37.5 24.1 2.0 2.3 2.7 
Y 31 31 30 33 31 31 28 30 30 31 

    

44 51 105 103 100 

Zr 286 298 314 326 342 335 248 317 322 340 

    

413 507 1210 1143 1103 

Nb 47 53 56 55 59 60 43 54 53 55 
    

72 88 208 199 190 
Ba 1162 1250 1100 1302 1306 1458 1757 1111 1124 1107 

    

4.3 3.7 4.8 3.6 3.5 

La 80 79 82 79 83 84 72 82 81 86 

    

114 135 270 256 247 

Ce 152 151 153 151 156 157 137 154 153 158 
    

221 259 525 490 489 
Pr 15.3 15.6 16.2 15.3 16.0 15.4 14.7 15.9 16.2 15.8 

    

22.9 26.1 53.0 50.8 48.0 

Nd 56 53 56 58 54 56 53 54 56 58 

    

79 93 179 165 164 

Sm 10.3 9.5 9.5 10.1 8.5 10.2 9.9 9.7 10.3 10.3 
    

13.3 16.2 30.2 28.3 28.1 
Eu 2.4 2.2 2.1 2.2 2.1 2.2 2.5 2.2 2.0 2.3 

    

2.1 2.3 1.6 1.6 1.7 

Gd 8.7 7.2 6.8 8.1 7.3 6.7 7.4 7.0 6.9 8.3 

    

10.0 11.1 22.4 19.5 20.0 

Dy 6.2 5.8 5.7 6.3 5.6 6.2 5.5 5.9 5.5 6.1 
    

8.5 10.0 19.1 18.0 18.0 
Er 3.0 3.0 3.0 3.2 3.1 3.1 2.7 3.0 2.8 3.1 

    

4.2 5.1 10.6 9.8 9.9 

Yb 2.9 2.9 3.2 3.0 3.1 3.2 2.7 2.9 2.6 3.2 

    

4.4 5.2 11.0 10.0 9.7 

Lu 0.42 0.42 0.40 0.45 0.47 0.46 0.37 0.43 0.41 0.39 
    

0.63 0.74 1.59 1.47 1.46 
Ta 2.5 2.5 2.4 2.4 2.5 2.5 1.9 2.5 2.4 2.4 

    

3.4 4.0 9.3 8.4 8.3 

Th 24 27 27 27 29 29 20 26 25 27 

    

34 42 99 93 90 

U 7.8 8.7 8.7 8.8 9.6 9.3 6.0 8.5 8.1 8.9 

    

10.5 13.0 31 29 28 

Nb/Th 1.9 2.0 2.1 2.0 2.0 2.1 2.2 2.1 2.1 2.0 

    

2.1 2.1 2.1 2.2 2.1 

Zr/Th 11.7 11.2 11.6 11.9 11.6 11.6 12.7 12.2 12.7 12.5 

    

12.0 12.1 12.2 12.3 12.3 

Ta/Th 0.10 0.09 0.09 0.09 0.09 0.08 0.10 0.10 0.10 0.09         0.10 0.10 0.09 0.09 0.09 
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Table 6.7: Representative major, minor and trace element glass analyses from prominent MIS 5 

tephras recorded at Lago Grande di Monticchio. Representative data is given for TM-24a; TM-24b, 

TM-25 and TM-27 tephras (Wulf et al., submitted; C. Satow pers comm.).                                            

6.3.3 Discussion 

Stratigraphically the Panarea Pink Ash (PPA) and the Barone tephra are believed to be 

constrained to MIS 5 (Lucchi et al., 2008). These external tephras recorded in the Aeolian 

Islands are considered within the context of other prominent MIS 5 distal tephra either 

reported here or previously published in the literature. Figure 6.15a demonstrates that all the 

prominent MIS 5 tephras considered as potential correlatives for these two external tephra 

layers outcropping in the Aeolian Islands can be categorised based on their alkali ratios 

(Table 6.8). This diagnostic characteristic has also been previously recognised and utilised by 

Paterne et al. (2008) for distinguishing trachytic tephras recorded in the central 

Mediterranean region. Tephras with alkalis ratios >1.5 are classified as High Alkali Ratio 

(HAR) glasses and those dominated by < 1.5 are Low Alkali Ratio (LAR) glasses (Table 

6.8).  

 

Alkali 

Ratio 

Investigated samples (This study) Referenced tephras 

HAR Le Saline 1 (LeS1),  X-5
1
, TM-25

2
, C-27

3
 TM-24b

2
, TM-

24a
2
, SA-03-03-925cm

4
;         PRAD 

2605cm
4
; PRAD 2525cm

5
; OT0702-8

6
 

LAR Le Saline 2 (LeS2), Tarsia Crati Valley X-6
1
; TM-27

2
; PRAD 2812cm

2
; 

OT0702-9
6
 

 

Table 6.8: Alkali ratio grouping of prominent MIS 5 tephras investigated herein and those previously 

referenced in the central Mediterranean region. Groupings are based on alkalis ratio, with  > 1.5 = High Alkali 

Ratio tephras and < 1.5 = Low Alkali ratios. For tephra localities see Figure 6.1. References: 
1
 Keller et al. 

(1978); 
2
 Wulf et al. (submitted); 

3
 Paterne et al. (2008); 

4
 Bourne (2012); 

5
 Bourne et al. (2010); 

6 
Vogel et al. 

(2008). 
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(i) Panarea Pink Ash (PPA), Punta Falcone 

Owing to their transitional alkali ratios, the tephri-phonolitic to phonolite PPA glasses cannot 

be categorised as either a HAR or LAR tephra. This tephra has previously been correlated to 

the X-5 marine tephra (Lucchi et al. 2008), which is classified within the HAR tephra group, 

therefore comparisons are made between the PPA and the prominent MIS 5 HAR tephras 

using major, minor and trace element data to fully assess this correlation (Table 6.8). Further 

to discrepancies in the alkali ratio, such a correlation is problematic for the following reasons;  

(1) The PPA is dominated by a phonolitic end-member, which has significantly more 

elevated total alkalis (Fig. 6.14).   

(2) At overlapping SiO2, the PPA glasses have lower FeO (Fig. 6.16b), MgO, CaO (Fig. 

6.16a) and more elevated Na2O (Fig. 6.15b). 

(3) Incompatible trace elements are significantly more elevated (Fig.6.17) in the PPA glasses. 

(4) Ba and Sr extend to significantly lower concentrations in the evolved end-members (Fig. 

6.17d). 

The correlation between this PPA and the X-5 marine tephra is rejected based on multi-

element data. As such, the X-5 age of 105 ± 2 ka (Kraml, 1997) cannot be imported into the 

Punta Falcone stratigraphy, Panarea. None of the other prominent MIS 5 tephras investigated 

(Table 6.4) offer a strong correlative for the tephri-phonolite to phonolite tephra recorded on 

Panarea (Fig. 6.14-6.16).  

With the PPA unrelated to the prominent MIS 5 tephras presented above, an alternative 

scenario proposed by Di Rita et al. (2008) suggests that this tephra is significantly younger 

and related the Pomici di Base eruption of Somma-Vesuvius. Although the PPA is dominated 

by phonolitic glass compositions (Fig. 6.14) characteristic of Somma-Vesuvius (Santacroce et 

al., 2008), these distal glasses have lower CaO (at a given MgO) than the glasses from the 

Verdoline, Pomici di Base and Codola eruptions of Somma-Vesuvius (Fig. 6.15c). 

Consequently, Somma-Vesuvius can be confidently ruled out as the provenance solution for 

this distal tephra. The CaO/MgO bi-plot (Fig. 6.15c) suggests that the compositions are more 

consistent with magmas from Campi Flegrei, while the age of the tephra remains unresolved. 

Only as more distal central Mediterranean tephras become characterised will there be a 

greater opportunity to identify and chronologically constrain the PPA. 
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Figure 6.16: Major element bi-plots showing the Panarea pink ash (PPA). Also given are the glass 

compositions from prominent HAR ratio MIS 5 tephra layers (See Table 6.8).  
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Figure 6.17 Trace element bi-plots showing glasses from the Panarea Pink ash (PPA) deposit. Also 

given are the glass compositions from prominent HAR ratio MIS 5 tephra layers (See Table 6.8). Also 

included is a single analysis of the X-5 marine tephra is based on a bulk glass analyses (Wulf et al., 

2004).  
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(ii) MIS 5 HAR tephras  

While considering the potential correlation of the PPA to the MIS 5 HAR tephras, new trace 

element data offers an opportunity to assess some of the previously correlated tephras within 

the group. Many of the prominent MIS 5 tephras within the HAR group have been associated 

with the X-5 marine tephra due to their shared stratigraphic context within MIS 5 and their 

high alkali affinity (Table 6.8). These include temporally similar tephras recorded at Lago 

Grande di Monticchio (LGdM). Representative data for these tephras are presented in Table 

6.7.  At LGdM Wulf et al., (submitted) correlate TM-25 (105.5 ka BP) to the X-5 and C-27 

marine tephras, all three tephras are characterised by homogeneous K-trachytic glasses (Fig. 

6.14). However, initially the X-5 was assigned to two overlying and temporally distinct 

tephras, TM-24a (101.8 ka BP) and TM-24b (102.8 ka BP) in the LGdM record (Wulf et al., 

2004) (Fig. 6.4). These two tephras are far more heterogeneous than the TM-25/X-5/C-27 

tephras (Fig. 6.14), whilst the latter do fall within the wider compositional fields of TM-

24a/TM-24b (Fig. 6.14-6.15). Chronologically, TM-25 (105. 5 ka) is more consistent with the 

age of the X-5 marine tephra (105 ± 2 ka; Kraml 1997). This period in the LGdM record 

presents evidence of three separate large magnitude eruptions (Fig, 6.4), with overlapping 

major element chemistries (Fig. 6.14) spanning ca. 5 ka period. This highlights the difficulty 

of synchronising distal archives using these HAR tephras during MIS 5.   

At Le Saline (LeS), Palinuro, south of the Campanian volcanic zone, volcaniclastic deposits 

sourcing from the Campanian region were identified by Lirer et al., (1967). Morche (1988) 

linked the Palinuro tephra, interbedded within colluvial sediments, to the X-6 marine tephra. 

Grams (1999) identified two pyroclastic levels at Palinuro, suggesting both X-5 and X-6 were 

present. More recently, Marciano et al. (2008) interpreted these deposited as post MIS 5e and 

suggested links with the X-6 marine tephra. Alkali ratios confirm that the two outcrops 

investigated in this study contain ash deposits from different eruptions (Fig. 6.15a; Table 

6.8). LeS1 glasses display a HAR affinity, whilst the LeS2 glasses display a LAR affinity and 

are discussed below.  

Le Saline 1 

The HAR LeS1 glasses present an opportunity to try and correlate this deposit, which 

constitutes a large volcanic eruption emplaced within MIS 5, with other prominent HAR MIS 

5 tephras. The LeS1 homogeneous K-trachytic glasses are consistent with the major element 

compositions of TM-25, the X-5 and C-27 marine tephras (Fig. 6.14-6.16). Consequently, 
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LeS1 glasses also overlap the trachytic end-members of TM-24a and TM-24b, but do not 

present their extended geochemical range (Fig. 6.14-6.16).  

Trace element analyses confirm that the LeS1 glasses broadly fall within the compositional 

range of the two indistinguishable TM-24 layers (Fig. 6.17). However, their incompatible 

trace element concentrations do not correspond with the dominant component, concentrations 

are lower than those in the most evolved end-members of the TM-24 layers (Fig. 6.17). 

Indeed, the LeS1 glasses can be separated from the TM-24 layers, where Ba and Sr are offset 

on separate evolutionary trends extending to lower concentrations (Fig. 6.17d). Currently 

based on a bulk glass analysis it is difficult to determine whether the X-5 trace element 

composition is associated with the LeS1 glasses or the TM-24 layers (Fig. 6.17d). Grain-

specific trace element analyses of the TM-25/X-5 tephras are essential to determine whether 

they too are geochemically distinct from the TM-24 layers and more comparable with the 

LeS1 tephra. This would make TM-25/X-5 a geochemically distinct marker imperative to 

synchronise distal archives with greater confidence. Failure to distinguish TM-25/X-5 from 

the TM-24 layers at trace element level would further compound the difficulties of using 

these tephra layers for the synchronisation of distal archives.  

A precise correlative of the LeS1 tephra cannot be determined at a trace element level, 

however, excluding correlation with the TM-24 layers does leave the TM-25 layer at LGdM 

as the most likely candidate, given that both these distal HAR tephra deposits represent large 

magnitude eruptions in MIS 5 with corresponding major element compositions. 

As mentioned above, prior to re-interpretation at LGdM record (Wulf et al., submitted), TM-

24a and TM-24b were considered the equivalents of the X-5 (Wulf et al., 2004). As such 

these geochemically heterogeneous tephras at LGdM were used as a basis for distal-distal 

tephra correlations. Correlations with the TM-24 layers meant subsequent links to the X-5 

marine marker were determined by association, contributing to seemingly erroneous X-5 

correlations (i.e., Bourne et al., 2010; Vogel et al., 2010). Indeed, the homogenous phonolitic 

tephras PRAD 2525 cm and OT0702-8 were attributed to the X-5 marine tephra on the basis 

that their compositions fall firmly within the compositional range of the two TM-24 layers 

(Bourne et al., 2010; Vogel et al., 2010).  
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Adriatic marine archives 

PRAD1-2 (2525cm and 2605cm) 

Bourne et al. (2010) correlated the Adriatic MIS 5 visible tephra PRAD 2525 cm (Fig. 6.5) to 

TM-24a/TM-24b and (by extension , c.f. Wulf et al., 2004) to the X-5 tephra, importing the 

105 ± 2 ka X-5 age (Kraml, 1997).  

Major element data (Bourne, 2012) presented for this layer and the underlying non-visible 

PRAD 2605 cm layer have phonolitic glass chemistries that are indistinguishable from one 

another (Fig. 6.14-6.16). These homogeneous glass populations fall within the compositional 

fields of TM-24a/TM-24b, thus supporting previous correlations (Fig. 6.14-6.16). Trace 

element analyses reveal that concentrations in these two PRAD1-2 tephras are homogeneous 

and indistinguishable (Fig. 6.17). However, they are offset from the more heterogeneous TM-

24a and TM-24b LGdM layers to more elevated incompatible trace element concentrations 

(Fig. 6.17), Zr/Th ratios are significantly lower in the PRAD 2525 and 2605cm layers than 

the LGdM TM-24 layers (Fig.16a-b; Table 6.6; 6.7). Trace element data presented herein 

suggest neither of the PRAD layers are correlatives of the LGdM TM-24 layers.  

Major element compositions in the PRAD tephras do not appear to overlap the TM-25/X-5 

tephras (Fig. 6.14-6.15). Incompatible trace element concentrations observed in these two 

PRAD layers are far more elevated than those observed in the bulk glass analyses of the X-5 

marine tephra (Fig. 6.17a-c) (Wulf et al., 2004). Consequently, the X-5 age (105 ± 2 ka) 

should not be imported to PRAD 2525 cm. This is further supported by stratigraphic 

inconsistencies, in the Ionian Sea cores; X-5 appears to reside at the base of Sapropel 4 

(Keller et al., 1978), whilst PRAD 2525 and 2605 layers are significantly higher in the MIS 5 

sediments (Fig. 6.5) (Bourne 2012). It seems PRAD 2525 cm and 2605 cm might represent 

younger MIS 5 explosive events.  

Broad similarities in glass chemistry might indicate that these two distal MIS 5 PRAD 

tephras derive from the same volcanic source that produced the TM24/25 tephras at LGdM 

(Wulf et al., submitted). However, differences in trace element glass chemistry might present 

evidence of further temporally separate, unrecognised explosive events. 
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SA03-03 925 cm  

The southern Adriatic visible MIS 5 tephra SA03-03 925 cm was attributed by Bourne (2012) 

to the TM-24a/TM24-b tephras and by association, to the X-5 marine tephra. The age of the 

X-5 tephra was imported into the SA03-03 stratigraphy. Major element variability in this 

tephra layer is consistent with the TM-24a/TM-24b tephras (Fig. 6.14-6.16) and this is 

substantiated by corresponding incompatible trace element concentrations (Fig. 6.17). SA03-

03 925 cm glasses have trace element concentrations that are significantly more elevated than 

the X-5 bulk glass analysis (Fig. 6.17). The previous correlation with TM-24a and TM-24b is 

confirmed by trace element analyses. However, since the link between TM-24a/TM-24b and 

X-5 is no longer considered valid (Wulf et al., submitted), the X-5 age should not be 

imported to this tephra. Instead, a varve age bracketing the two indistinguishable TM-24a and 

TM-24b layers is preferable (ca 101.8-102.8 ka BP; Table 6.4) (Wulf et al., submitted) for 

this tephra.   

OT0702-8 Lake Ohrid (Vogel et al., 2010) 

This phonolitic tephra in Lake Ohrid is significantly different from the homogeneous K-

trachytic LeS1, TM-25 and X-5 tephras (Fig. 6.14). Therefore X-5 age constraints should not 

be imported to this layer. The tephra does fall within the compositional range of the TM-24 

layers at LGdM, further trace element analysis might help resolve its association with these 

TM-24 layers or to other HAR MIS 5 tephras. 

In summary data presented from the HAR group illustrates the complexity of precisely 

correlating these tephras erupted during MIS 5 owing to the following factors; (1) multiple 

large magnitude events; (2) with overlapping major element glass chemistries; (3) and 

incomplete trace element data sets mean that the potential to fully decipher some of these 

eruptions cannot be fully recognised.  

 (iii) MIS 5 LAR tephras 

Wulf et al., (submitted) correlate the LAR tephra TM-27 to the X-6 (Keller et al., 1978) and 

C-31 (Paterne et al., 2008) marine tephras based on major element analyses; additionally, 

Bourne (2012) links PRAD 2812 cm to TM-27. TM-27 is the thickest tephra in the LGdM 

record (Table 6.4; Fig. 6.4), it is located within the terrestrial Melisey II cold interval, which 

is importantly associated with stadial conditions (MIS 5d) (Brauer et al. 2007). Indeed, 

Paterne et al. (2008) and Bourne (2010) identify the C-31 and PRAD 2812cm respectively in 
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MIS 5d stadial conditions, highlighting them as important tephrostratigraphic markers (Fig. 

6.5). X-6 has been more recently recognised in the lacustrine deposits of Lake Ohrid (Caron 

et al., 2010; Vogel et al., 2010) and within colluvial deposits at Le Saline, Palinuro (Morche 

1988; Marciano et al., 2008). TM-27 is an important stratigraphic marker at LGdM due to its 

thickness and because it is geochemically distinguishable from the overlying HAR tephras 

(TM-24/25) (Fig. 6.15a) (Wulf et al., submitted). In the absence of detailed available data for 

the X-6 LAR tephras presented herein are compared to TM-27 at LGdM.

 

Figure 6.18: Alkali ratios versus MgO showing the Barone tephra/Salina I and other prominent LAR 

tephras recorded during MIS 5. 
(1)

 TM-27 from Lago Grande di Monticchio (Wulf et al., submitted); 

LeS2 Palinuro (Cilento); Tarsia Crati valley (Northern Calabria); 
(2)

 PRAD 2812 cm (Bourne, 2012) 

and 
(3)

 OT0702-9, Lake Ohrid (Vogel et al., 2010).  
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The 30 cm thick Barone tephra/Salina I, Salina Island, and Le Saline (LeS2) from the second 

volcaniclastic deposit sampled near Palinuro, straddle the phonolitic to trachytic classification 

boundary (Fig. 6.14). Both tephras have major and trace element bimodality that is also 

displayed in PRAD 2812 cm marine tephra and is consistent with the LGdM tephra TM-27.  

 

Figure 6.19: Trace element bi-plots showing concentrations observed in the Barone tephra. Also 

shown are prominent LAR tephras identified in MIS 5 (See Table 6.8). Compositional field for Campi 

Flegrei based on Tomlinson et al., (2012b) and Ischia (unpublished data/Chapter 6.2). 
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All these tephras deposits have indistinguishable major, minor and trace element glass 

compositions, including incompatible trace element ratios (Fig. 6.18; 6.19; Tables 6.5, 6.6, 

6.7). This link enables age from LGdM to be exported to these distal stratigraphies (108.3 ka 

BP; Wulf et al., submitted), but importantly builds upon the known dispersal of this tephra. 

The X-6 clearly has a shared LAR affinity, its visible thickness in the Ionian Sea marine 

record constitutes an equally large magnitude eruption, but without grain-specific major, 

minor and trace element data it is not yet possible to confirm the diagnostic bi-modality 

present in the other LAR tephras. The X-6 identified at Lake Ohrid (Vogel et al., 2012) 

displays the same major element variability as the LAR tephras presented above (Fig. 6.18). 

This, despite a lack of trace elements confirmation, would indicate that lake Ohrid tephra is 

related to the TM-27 tephra at LGdM. 

At Tarsia, within the Crati Valley 200 km south-east of the Campanian volcanic zone, an 80 

cm thick phono-trachytic tephra deposit is characterised. Whilst the glasses do not have the 

same major and trace element bi-modality as TM-27, the glasses clearly correspond to the 

dominant component of TM-27 (Fig. 6.14) where Na2O > K2O (Fig.6.15a; 6.18). Trace 

element concentrations are also consistent with the more evolved end-member of TM-27. 

Previous interpretations that this pyroclastic deposit represents younger explosive activity 

(42-25 ka; Carobene et al. 2006) from the Campanian region thus appear unlikely. Trace 

element concentrations in these glasses are more elevated than any tephras proximally 

characterised in the Neapolitan region in the proposed time frame (Fig. 6.19). Further to 

similarities in major and trace element glass data, the Tarsia deposit contains amphibole 

which is largely unique to these LAR tephras (Table 6.4). Given the thickness of the deposits, 

the geochemical data and the mineral assemblage, it is proposed that the Tarsia tephra relates 

to TM-27. 

In summary glass data presented here from Barone (Salina), LeS2 (Palinuro), Tarsia (Crati 

Valley, Calabria), PRAD 1-2 Adriatic (Bourne 2012) and published data from Lake Ohrid 

(Vogel et al. 2010) clearly demonstrate the potential to confidently link archives to TM-27 at 

LGdM (Fig. 6.20). Major and trace element bi-modality provides an important diagnostic 

feature of this tephra and presents greater confidence in determining distal-distal correlations 

(Fig.6.18; 6.19).   
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Provenance 

According to the TAS classification (Fig. 6.14) the LAR tephras all fall within the 

compositional field of glasses produced at Ischia (14-100 ka; Tomlinson et al., in prep) with 

the exception of the LAR X-6 due to overall lower total alkalis, possibly related to different 

analytical conditions. Alkalis concentrations are consistent with a derivation from Ischia, 

where glasses are dominated by Na2O > K2O, whilst also displaying some glasses with K2O > 

Na2O (Fig. 6.15a-b). Finally the Ischia deposits produced between 55-100 ka have more 

elevated incompatible trace element concentrations than the Campanian deposits (12-59 ka) 

(Fig. 6.19). The even higher concentrations observed in the Barone/TM-27 glasses might be 

more consistent with older, uncharacterised Ischia activity. However, in the absence of 

proximal evidence these interpretations remain tentative.   

 

Figure 6.20: Stars marked in red are the localities of the tephras precisely correlated to TM-27 at 

LGdM using diagnostic major, minor and trace element bi-modality in the glass compositions. This 

eruption is likely to include X-6 (M25/4-12) and OT0702-9 (Lake Ohrid) tephra layers, however these 

require confirmation at a multi-elemental level.   
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6.3.4 Summary: 

 The Panarea Pink ash recorded at Punta Falcone, Panarea, ranges from tephri-

phonolite to phonolite and does not compositionally correspond to either of the 

previously proposed correlatives, the X-5 marine tephra (Lucchi et al., 2008) or the 

Pomici di Base, Vesuvius (De Rita et al., 2008). Its provenance/age remains 

unresolved.  

 The HAR trachytic pyroclastic deposits sampled at Le Saline 1 (LeS1), Palinuro, 

cannot be precisely linked to any of the HAR tephras at a multi-element level. Trace 

element analyses do enable its distinction as a compositionally separate tephra to the 

TM-24 layers, the PRAD1-2 tephras (2525 cm/2605 cm) and SA03-03-925cm layer. 

Whilst detailed trace element data for the remaining prominent markers in the HAR 

group X-5, TM-25 and C-27 are not available, they do present more restricted K-

trachytic major element compositions consistent with the Le Saline 1 glasses leaving a 

potential correlation open.  

 The HAR MIS 5 tephras recorded in the Adriatic core PRAD 1-2 previously 

correlated to TM-24 and X-5 (Bourne et al., 2010) display significantly more elevated 

trace element compositions and are instead considered to record geochemically 

distinct volcanic events. 

 The heterogeneous MIS 5 HAR tephra reported in the southern Adriatic core SA03-

03-925cm has trace element concentrations that confirm previously established 

correlations with the TM-24 layers at LGdM (Bourne, 2012).   

 Due to a high frequency of HAR tephras reported in the central Mediterranean 

archives during MIS 5, best illustrated by the thick TM-24a TM-24b and TM-25 

layers at LGdM (Fig. 6.4), multi-element data is beginning to illuminate some 

erroneous distal-distal tephra correlations incorporating these compositionally similar 

tephras.  

 All the tephra recognised as LAR within MIS 5 settings, including the Barone tephra, 

Salina, were correlated to the 2m thick TM-27. Major and trace element bimodality 

within the glass compositions is defined as an important diagnostic feature of this 

tephra.  

 Multi-element data reinforce the previous correlation of Keller (1980) and Morche 

(1988) linking the Barone tephra/Salina I layer to tephra recorded at Palinuro (i.e., 

LeS2). 
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 TM-27 appears to present an important tephrochronological marker, which can be 

confidently linked over wide geographical distances (Fig.6.20), owing to its unique 

LAR composition and distinctive trace element geochemistry. Furthermore it 

dramatically differs geochemically from other prominent tephras produced in MIS 5 

period and is constrained to an important period of climatic cooling. 

 The Palinuro pyroclastic levels demonstrate the complexities of using tephras 

recorded in colluvial deposits as stratigraphic markers. Stratigraphically it appeared 

that the two localities represented the same volcaniclastic level. However 

geochemical data presented herein indicates the two deposits represent temporally 

separate eruptive events; LeS1 is a HAR tephra probably related to TM-25/X-5 (105 ± 

2 ka; Kraml 1997) and LeS2 is LAR tephra related to TM-27 (ca. 108.3 ka BP; Wulf 

et al., submitted).  
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6.4 Conclusions  

Three prominent external tephras outcropping in the Aeolian Islands have been 

geochemically characterised using major, minor and trace element glass analyses. This has 

been used to test provenance solutions or in the absence of well constrained proximal 

deposits, assessment of distal-distal links.  

1) The ‘Ischia tephra’ layer on Stromboli is assigned to the MEGT caldera forming eruption 

of Ischia. MEGT is one of the most widespread late Quaternary tephra layers recorded in 

central Mediterranean archives, enabling the synchronisation of distal archives. MEGT is 

seemingly responsible for key central Mediterranean markers TM-19 and the Y-7. 
40

Ar/
39

Ar 

dating from both distal TM-19 and Y-7 layers means this tephra is a particularly powerful 

chronological tool beyond the limits of more conventional dating (
14

C).  

2) The Panarea Pink Ash (PPA) remains unresolved. Links to both younger Somma-Vesuvian 

activity and the older X-5 marine tephra are refuted based on glass data presented herein.  

3) Combined major and trace element data confirm that the LeS1 HAR tephra recorded at 

Palinuro is not the equivalent of either of the TM-24 tephras reported at LGdM. Major 

element data might suggest that TM-25 is a potential correlative but this requires 

confirmation at a trace element level. 

4) Owing to the closely spaced, geochemically overlapping eruptions recorded at LGdM 

(TM-24/25), problematic correlations associated with these LGdM tephras and the X-5 exist 

in the literature. Trace element data presented herein might indicate that there is potential to 

provide diagnostic features for some of these tephras. Whilst in other instances data indicates 

some temporally separate MIS 5 HAR tephras have indistinguishable major and trace element 

geochemistries (i.e. The TM-24 layers and PRAD2525/2605cm) (Fig. 6.17). This 

demonstrating a problem of repeatedly produced glass geochemistries. 

5) In the absence of detail proximal stratigraphies it seems imperative to utilise LGdM as a 

reference tephrostratigraphy, given that it presents probably the most detail record of Italian 

explosive eruptions between 60-130 ka (Wulf et al., submitted). Furthermore it offers an 

independent chronology so that when precise correlations are established age can be 

exported.  
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6) The LAR Barone tephra layer, Salina, represents a southern equivalent of the LGdM TM-

27 tephra, reinforcing it widespread dispersal in which it can be linked to other archives in 

the central Mediterranean region. This eruption presents a more unique and diagnostic glass 

chemistry than the younger TM-24/25 tephras at LGdM. This eruption can be used to 

precisely correlate distal archives (Fig. 6.20). This tephra presents a particularly widespread 

and important stratigraphic marker, dispersed within the central Mediterranean, enabling the 

synchronisation of archives over hundreds of kilometres.  
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Chapter 7: Biancavilla, Mount Etna 

Abstract  

Biancavilla ignimbrites represent an explosive episode in the dominantly effusive 

volcanic history of Mount Etna (Italy) and are responsible for widespread ash dispersal 

throughout the central Mediterranean region. Distal tephras recorded within marine and 

lacustrine archives spanning termination 1 are attributed to this explosive activity on 

Etna (Y-1/Et-1). However, no major, minor and trace element data exists for the 

juvenile component of proximal deposits, which are fundamental to precise proximal-

distal correlations. Here, geochemical data (EPMA and LA-ICP-MS) are presented for 

juvenile glasses in clasts from (a) fall (Acireale & Giarre) and flow deposits 

(Biancavilla) outcropping around Mount Etna and (b) distal tephras recorded at Lago 

Grande di Monticchio (LGdM) & Lago di Mezzano (LMZ), Italy, a Ionian Sea marine 

core  and a cave site in Libya, North Africa.  

Matching proximal and distal chemistries precisely, allow us to revise the extent of 

volcanic ash footprints and to better determine eruptive histories. At least two 

widespread ash dispersal events are confirmed from Mount Etna during this period of 

explosive activity. The older is associated with the lower Acireale Plinian Fall and the 

Biancavilla ignimbrites (D1b/BF) and it correlates to TM12-1 (LGdM), Y-1 (Ionian 

Sea) and distal ash at Haua Fteah, Libya. Whilst a younger Plinian phase is tentatively 

linked to Acireale D2b Plinian fall, this second Plinian dispersal corresponds distally to 

TM-11 (LGdM), Y-1 (Lago di Mezzano; the Central Adriatic and the Bannock basin). 

Identification of Acireale D1b Plinian fall and Biancavilla flow tephra 

compositions/morphologies in distal layers illustrates that both eruptive mechanisms 

were responsible for the first major ash dispersal. Links between the second Plinian fall 

(D2b) episode and the upper most Biancavilla flow deposits cannot be ruled out. 

Careful assessment of distal Etnean tephras means that the Biancavilla explosive 

episodes present two important distal tephrostratigraphical markers during Termination 

1.  
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7.1 Introduction:  

Mount Etna is the largest active volcano in Europe and is well renowned for its quasi 

persistent effusive activity (Coltelli et al., 2000). Historical activity has been dominated 

by lava flows from the summit crater or monogenetic vents on the flanks of the volcano, 

whilst violent Strombolian eruptions are also common, all are dominated by basaltic 

compositions. However, over the last 100 ka Coltelli et al. (2000) identified numerous 

explosive tephras recorded in stratigraphies surrounding the volcano. Identification of 

these varying explosive deposits within the predominantly effusive history of the 

volcano have been used to infer changing eruptive mechanisms operating through time 

(Duncan, 1976, Kieffer, 1979 Chester et al.,1987, De Rita et al., 1991 and Coltelli et al., 

2000). Coltelli et al. (2000) subdivided the explosive activity of the last 100 ka into the 

following erupted units; (a) ~100 ka Strombolian to sub-Plinian activity; (b) 100-80 ka 

Plinian activity; (c) 80-16 ka Strombolian to sub-Plinian; (d) 15.5 to 15 ka Plinian 

activity; and (e) 15 ka to present Strombolian to sub-Plinian. During the last 100 ka, 

erupted magma compositions included basalts, hawaiite, mugearite and benmoreite 

(Coltelli et al., 2000).  

The focus of this investigation is the most recent Plinian episode, unit D of Coltelli et 

al., (2000). Coltelli et al. (2000) proposed a link between the Plinian deposits and the 

Biancavilla ignimbrites, a succession of four “block and ash” flow deposits recorded to 

the south-west of Etna (De Rita et al., 1991). The onset of explosive activity is 

constrained at 18, 289 ± 270 cal. yrs. B.P (Coltelli et al., 2000) by a 
14

C date from 

beneath the lowermost proximal fall deposits at Giarre. A radiocarbon age from the base 

of the Biancavilla flow is reported as 17, 363 ± 554 cal. yrs. BP (14, 180 ± 260 uncal 

yrs B.P; Delibrias, 1972).  

Herein, the focus is principally the juvenile glass geochemistry of this Plinian activity 

on Mount Etna (Unit D) and the Biancavilla Ignimbrites to confirm links between the 

eruptive successions. Previously published chemical data on the proximal deposits were 

derived from bulk rock analyses, potentially masking some compositional variability 

(Coltelli et al., 2000). The significance of the switch from effusive to explosive 

volcanism associated with the Biancavilla eruptive phase is considered by interpreting 

the geochemical signature of this particularly unique phase in the eruptive history of 

Mount Etna.  
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Figure 7.1: (a) Location of Mount Etna on Sicily; (b) Map of Etna; black dots represent 

sampled localities. (c) Stratigraphic logs represent the stratigraphies from which juvenile glasses 

were sampled. Sampled units are marked by †. (see Table 7.1). 
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Given the chronological constraints of the Unit D/Biancavilla Ignimbrite explosive 

episode it holds significant importance to distal tephrochronological studies. This 

explosive activity occurs during a period of important environmental change and the 

onset of the last glacial interglacial transition (LGIT) or termination 1. The first 

recognised occurrences of distal Etnean tephra within this stratigraphic context was 

reported in the type locality for the Y-1 in the Ionian Sea (Keller et al., 1978). Keller et 

al. (1978) correlated the Y-1 to the Biancavilla Ignimbrites based on its unique Na-

alkali composition. Subsequently Etnean ash has been reported across the Central 

Mediterranean and is either termed as (1) the Y-1 consistent with the Ionian Sea or (2) 

Et-1 in the case of the Tyrrhenian Sea (Paterne et al., 1988; Vezzoli 1991; Calanchi et 

al. 1996, Calanchi et al., 1998; Ramrath et al.1999; Siani et al., 2004; Wulf et al., 2004; 

Wulf et al., 2008).  

New proximal geochemical glass data will be used to evaluate distal correlations in the 

context of Unit D/Biancavilla ignimbrite, incorporating new distal trace element glass 

data from the Y-1 Ionian Sea (M25/4-11), Lago di Mezzano (LMZ) in the Roman co-

magmatic province (central Italy) & Haua Fteah, Libya. Two distal ashes in Lago 

Grande di Monticchio, TM-11 ‘Biancavilla Ignimbrite’ & TM-12-1 ‘Ante-Biancavilla’ 

are re-investigated. The relationships between the distal ash dispersals and the different 

phase of explosive volcanism on Mount Etna are assessed, evaluating their potential to 

precisely synchronise distal archives.  

7.2 Geological Setting  

Mount Etna is a 3340 m high stratovolcano, which extends over 1250 km
2
 (Viccaro et 

al., 2010). Located along the eastern coast of Sicily, Mount Etna is positioned at the 

intersection of two major faults trending NNW-SSE (Tindari-Letojanni-Malta NNE-

SSW (Messina-Giardini) (Viccaro et al., 2010). Etna volcanic activity began ~ 500 ka 

BP (Gilliot et al., 1994) and around 200 ka BP erupted products began to display the 

Na-alkalic compositions so characteristic of Mount Etna. The construction of a central-

conduit stratovolcano started about 130 ka BP. Effusive activity was prevalent but 

interrupted by explosive episodes associated with caldera collapse.  
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7.3 Volcanostratigraphy and sampling: 

Proximal field sampling on Mt Etna focussed on juvenile clasts in stratigraphically 

coherent units. Outcrops to the east and south-west of Mount Etna were targeted 

including block and ash flows and pumice fall deposits. Samples were selected from 

flow units at Vallone di Licodia and Lower Contrada Monaci near Biancavilla (Table 

7.1; Fig. 7.1). Fall units were targeted in the medial-proximal localities of Acireale and 

Giarre to the east of Mt Etna along the Ionian Sea coast (Fig. 7.1). Details of all the 

pumices sampled and their stratigraphic context are summarised in Table 7.1.  

7.3.1 Biancavilla Area 

Proximal sampling of the ignimbrite deposits concentrated on the region of Vallone di 

Licodia and Contrada Monaci, near Biancavilla on the lower SW flank of Etna (Fig. 7.1, 

Fig. 7.4a). The pyroclastic deposits rest on an autoclastic lava dome related to ‘ancient 

Mongibello’, which are in turn covered by the lavas of the ‘recent Mongibello’. The 

Biancavilla ignimbrite is subdivided into four major flow units (Table 7.1) and each unit 

is characterised by a fine grained basal deposit (Sparks et al., 1973; De Rita et al., 

1991). The lower flow deposits were sampled at Vallone di Licodia and the upper flow 

deposits were sampled at Contrada Monaci, with details of the stratigraphy outlined by 

Di Rita et al. (1991) in Table 7.1.  

7.3.2 Eastern flank, Etna: 

Coltelli et al. (2000) recognise four pumice lapilli beds on the eastern flank of Mount 

Etna (Fig. 7.3). Due to their widespread dispersal these fall units are adopted as regional 

stratigraphic markers used to correlate Mount Etna volcanic stratigraphies. These 

pumice beds form two couplets, outcropping in different areas of the eastern flank of the 

volcano, at Acireale and Giarre (Fig. 7.1). At Acireale sampling of these pumice lapilli 

beds concentrated on the volcano-stratigraphy of Coltelli et al., (2000) (Fig. 7.3). The 

stratigraphy comprises two fall successions, the lower D1b and the upper D2b (Fig. 

7.3). The deposits are separated by a volcaniclastic deposit. Details of the sampled 

stratigraphy are summarised in Table 7.1. D2b phenocryst and microcrystal assemblage 

differs from the D1b (Table 7.1), amphibole is absent from D2b pumices (Coltelli et al., 

2000).  
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Table 7.1: Stratigraphic information of proximally investigated samples from the Biancavilla flow deposits and the Unit D fall deposits of Coltelli et al. (2000).

Region 

Sample 

Locality 

Sub-

units Thickness Description Phenocrysts Micro- Sampled GPS Interpretation Dispersal Proximal Age Reference 

      (meters)   

 

cryst             

B
ia

n
ca

v
il

la
 

Contrada 

Monaci, 

Biancavilla 

4 0.5 

Poorly sorted, matrix 

supported (coarse ash) lapilli 
tuff. Heavily eroded from 

above 

plag, cpx -   

N 37 39 402           
E014 55 256 

Four Flows- 

block and ash 

Ignimbrite 
deposits   

SW 

  

D
e R

ita
 et a

l. (1
9
9

1
) 

3 6 

Poorly sorted, matrix 

supported (coarse ash) lapilli 
tuff. Lava fragments. 

Structureless except for a 

10cm thick scoria/pumice rich 
clast supported horizon the 

boundary between units 3 and 

4 

plag, cpx - † 

Vallone 

Licodia, 
Biancavilla 

2 3 

Poorly sorted, matrix 
supported (Coarse ash), 

Scoriaceous lapilli unstratified 

tuff. Lithic rich at the base. 
De-gassing pipes. Coarse 

grained ash tuff at the base. 

plag, cpx - † 

N 3739 320    

E014 54870 

1 6 

Poorly sorted, matrix 

supported, scoriaceous lapilli 
tuff, subdivided into inversely 

graded tuffs (a) lithic rich 

capped by a pumice top (b) 
scoria lapilli tuff with fewer 

lithics, again capped by 

pumice rich upper portion 

plag, cpx - 
 

Tree stub in the 

base of the flow 

17,363  ± 554 yrs 
BP cal. 

(uncalibrated: 

14,180 ± 260) 
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Sample 

Locality 

Outcrop 

Thickness 

(m) 

Sub-

units 

Thickness Description Pheno-

crysts 

Micro-

crysts 

Sampled 

† 

GPS Interpretation Dispersal Proximal Age 

 

E
a

st
er

n
 E

tn
a
 

Acireale 3 

D2b  0.6 

Comprises of; (a) grey ash 

massive (b) clast supported 

fine pumice lapilli (dark-grey); 

(c) alternating ash and clast 

supported, well sorted pumice 

lapilli (d)  clast supported 

coarse light grey banded 

pumice deposits; (e) ash matrix 

supported pumice lapilli bed 

plag, 
cpx 

ol, Ti-

mag, 
plag, 

cpx 

Inaccessible 
 

Plinian Fall SE - 

C
o

ltelli e
t a

l. (2
0
0
0

) 

  
0.6 

Volcanogenic 

sedimentary deposit 
     

                  

D1b  1 

Comprises of (a) grey ash and 

accretionary lapilli; (b) clast 

supported, well sorted coarse 

pumice lapilli bed of banded 

grey pumice; (c) four 

alternations of ash and well 

sorted millimetric pumice 

lapilli (grey); (d) clast 

supported, well sorted pumices 

(dark) 

plag, 

cpx 

amp, 
plag, 

cpx, ol, 

Ti-mag 

† b, c, d 

N37 35 
847           

E015 07 

616 

Plinian Fall SE - 

Undefined stratigraphic relationship 

Giarre 0.8 

D2a  0.5 

Bedded and comprises of (a) 

grey vesiculated tuff and 

accretionary lapilli; (b) clast 

supported, well sorted, grey 

pumice lapilli; (c) alternating, 

well sorted ash and dark grey 

pumices within ash matrix (d) 

clast supported, well sorted, 

coarse light grey pumice 

lapilli; (e) Poorly sorted ash 

and light grey pumice bed 

 

amp, 

plag, 
cpx, ol, 

Ti-mag 

† 

N 37 35 

847    
E015 07 

616 

Plinian Fall E 

 

- 

  
0.1 

Volcanogenic 

sedimentary deposit 
          

 

18,289 ± 270 yrs BP cal 

(uncal 15,050 yrs BP) 

                
 

 

D1a 0..05 
Thin layer of clast supported, 

well sorted, light grey banded 

pumice lapilli 

 

amp, 
plag, 

cpx, ol, 

Ti-mag 

† 

N 37 35 
847    

E015 07 

616 

? ? 
18,675 ±285 yrs B.P cal  

(uncal; 15,420±60 yrs BP)  

Table 7.1: continued.
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At Giarre the second couplet of tephra fall identified by Coltelli et al., (2000) was 

sampled from the following stratigraphy (Fig. 7.1). The lowermost deposit D1a 

comprises banded pumices, these light grey pumices only form a thin layer often only a 

few cm thick. D2a comprises a thicker fall bed and details of both are given in Table 7.1 

and shown in Figure 7.1. The Giarre pumices (Fig. 7.2c) display greater vesicularity and 

crystalinity than the Acireale fall deposits (Fig. 7.2b) and both contain micro-crysts of 

amphibole and magnetite in addition to the main phenocryst assemblage (Table 7.1).    

 

Figure 7.2: SEM and light microscope images of Etnean tephras. (a) Contrada Monaci flow 

scoriaceous lapilli; (b) Acireale D1b pumices; (c) Giarre D1a highly vesicular pumices; (d) Y-1 

Ionian Sea (M25/4-11); (e) Y-1 Lago di Mezzano (LMZ); (f) Glass shards identified with The 

Haua Fteah cave (Barker et al., in prep).  

7.3.3 Stratigraphic interpretations: 
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From the grain-size distribution, areal dispersal and lithofacies outlined in Coltelli et al., 

(2000) at least three of the fall units identified on the eastern flank of Etna are 

interpreted as Plinian fall (D2a, D1b, D2b). Consequently, they have been associated 

with the same eruptive events that produced the flow deposits at Biancavilla (De Rita et 

al., 1991). Due to the presence of four flow units at Biancavilla it may be tempting to 

assume direct correspondence with the four fall units. However, due to the limited 

thickness of unit D1a, it is considered a smaller, perhaps sub-Plinian eruption, with a 

less sustained eruptive column. This would suggest a more complex proximal fall-flow 

relationship. 

 

7.4 Results and discussion 

7.4.1 Proximal glass chemistry  

Representative proximal glasses are given in Table 7.2 full geochemical data sets are 

presented in appendix 5 and whole rock analysis in Table 7.3. Glasses from clasts found 

in both fall and flow deposits have compositions ranging from trachy-andesitic to 

trachyte and are also termed benmorite (Fig. 7.3). Major and minor element chemistries 

are heterogeneous with 59.4-64.5 wt.% SiO2, 4.0-6.6 wt.% FeO 1.4-5.5 wt.% CaO 

(Table 7.2). These deposits are characterised by particularly high concentrations of 

Na2O (5.1-6.8 wt.%), where Na2O > K2O (2.8-4.4 wt.%). A TAS diagram (Fig. 7.3a) 

reveals that the investigated Biancavilla flow and Unit D fall are significantly more 

evolved than the explosively produced FL tephra, which represents the most widespread 

tephra produced at Mount Etna during the Holocene (Wagner et al., 2008).  
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Locality Vallone di Licodia    Contrada Monaci   Acireale   

Unit (Flow unit 2)     (Flow 3)     D1b-(003) 

Sample 2A 5A 13C 2A 3A 14C 2A 6B 

Material Scoria  Scoria Scoria Scoria Scoria Scoria Pumice Pumice 

Major elements 

        
SiO2 63.79 63.89 62.82 61.75 62.58 62.96 62.17 61.41 

TiO2 1.24 1.21 1.29 1.60 1.20 1.35 1.14 1.32 

Al2O3 17.24 17.02 17.51 16.90 16.93 17.15 17.27 16.87 

FeOt 4.91 4.61 4.56 5.80 5.11 4.35 4.70 5.32 

MnO 0.17 0.27 0.16 0.18 0.18 0.19 0.20 0.22 

MgO 1.75 1.43 1.13 1.53 1.68 1.68 1.49 1.79 

CaO 1.41 2.02 3.08 3.23 3.36 3.18 3.15 3.64 

Na2O 5.73 5.57 6.26 5.77 5.59 5.93 6.10 6.08 

K2O 3.76 3.97 3.18 3.25 3.36 3.23 3.78 3.35 

Analytical Total 95.92 95.36 94.29 97.64 98.05 94.82 98.50 98.97 

K2O/Na2O 9.49 9.54 9.44 9.01 8.96 9.15 9.88 9.42 

Trace elements  

        
Spot size (µm) 34 34 34 34 34 34 25 20 

Rb 82.3 95.1 70.2 76.7 89.6 76.2 88.9 80.9 

Sr 685 399 812 714 708 719 755 750 

Y 34.4 36.1 36.4 35.3 35.2 37.3 35.8 35.9 

Zr 433 419 415 414 423 434 435 420 

Nb 114 120 111 111 115 115 119 117 

Ba 1419 1349 1446 1307 1329 1391 1490 1371 

La 121 124 120 118 123 127 128 119 

Ce 226 234 224 222 231 236 230 224 

Pr 22.6 22.8 23.2 22.36 23.3 24.0 23.3 22.6 

Nd 86.1 89.0 84.5 80.4 86.2 92.3 87.6 83.6 

Sm 13.6 14.4 13.6 14.2 14.9 16.0 12.2 13.0 

Eu 3.4 3.3 3.4 3.2 3.3 3.5 3.4 3.3 

Gd 8.9 10.3 9.8 10.0 10.8 10.2 9.9 10.4 

Dy 7.2 7.6 7.5 7.04 7.4 7.6 7.4 7.5 

Er 3.6 3.9 3.9 3.4 3.7 3.7 3.6 3.5 

Yb 3.1 3.4 3.3 3.4 3.3 3.6 3.1 3.4 

Lu 0.44 0.52 0.48 0.47 0.46 0.53 0.47 0.51 

Ta 5.4 5.3 5.4 5.2 5.1 5.4 5.0 5.1 

Pb 19.8 20.9 17.2 19.1 21.8 19.0 27.0 20.9 

Th 21.6 22.1 22.1 22.1 22.3 22.4 23.8 22.4 

U 6.5 6.8 6.3 6.4 6.5 6.5 7.0 6.8 

 

Table 7.2: Representative major, minor and trace element data from proximal scoriaceous flow 

deposits in the Biancavilla area and Unit D fall deposits from Acireale and Giarre. Full data is 

available in appendix eVI. 
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Locality Acireale 

  

Acireale 

  

Giarre 

  

Giarre 

  

Unit D1b-(004) 

D1b 

(005)   

D1a 

(006)   

D2a 

(007)   

Sample 3A 2A 18D 8B 11C 2A 6B 12C 

Material Pumice Pumice Pumice Pumice Pumice Pumice Pumice Pumice 

Major 

elements 

        
SiO2 61.87 62.17 62.32 62.09 59.97 60.99 61.33 61.45 

TiO2 1.31 1.29 1.12 1.21 0.88 0.82 0.82 0.84 

Al2O3 17.03 16.92 17.17 16.65 17.91 17.86 16.97 17.90 

FeOt 5.16 5.09 5.06 5.00 5.77 5.15 6.00 5.62 

MnO 0.12 0.17 0.17 0.13 0.19 0.15 0.24 0.12 

MgO 1.84 1.64 1.66 1.76 1.89 1.42 1.56 1.25 

CaO 3.49 3.24 3.78 3.66 4.54 3.90 3.86 3.32 

Na2O 5.84 6.05 6.13 6.08 6.07 6.56 5.77 6.13 

K2O 3.34 3.43 2.60 3.43 2.79 3.13 3.45 3.37 

Analytical 

Total 98.67 99.13 98.28 95.40 98.19 97.98 97.78 95.32 

K2O/Na2O 9.18 9.48 8.72 9.51 8.85 9.70 9.22 9.50 

Trace 

elements  

        
Spot size (µm) 25 20 25 25 20 20 20 20 

Rb 84.0 79.1 82.1 82.1 82.5 82.3 85.3 94.4 

Sr 751 713 771 692 860 675 788 436 

Y 37.7 37.5 34.7 34.0 25.3 26.5 22.9 27.9 

Zr 454 438 427 421 319 360 337 397 

Nb 115 119 115 113 102 108 99 117 

Ba 1381 1409 1478 1365 977 1003 969 1011 

La 127 123 120 119 98 103 98 108 

Ce 233 230 229 215 174 185 161 189 

Pr 24.4 25.6 22.4 21.1 17.4 18.9 15.9 18.7 

Nd 92.3 88.7 78.0 74.6 60.8 64.9 56.0 64.9 

Sm 14.3 14.1 12.6 15.2 10.3 9.9 8.4 11.2 

Eu 3.7 3.1 3.4 3.3 2.5 2.3 2.4 2.4 

Gd 10.9 11.0 11.0 9.5 6.4 6.6 6.4 9.8 

Dy 8.3 7.1 7.4 7.1 5.4 5.5 4.6 5.4 

Er 3.9 3.7 3.5 3.6 2.6 2.7 2.3 3.0 

Yb 3.6 3.9 3.6 3.1 2.6 2.8 2.2 < LOD 

Lu 0.51 0.52 0.46 0.51 0.36 0.41 0.38 <LOD 

Ta 5.6 5.2 5.7 4.7 4.4 4.9 5.0 5.6 

Pb 17.9 18.9 21.4 18.0 15.6 16.5 18.0 14.7 

Th 22.8 21.9 20.4 22.0 19.7 21.0 18.9 21.7 

U 7.0 7.0 6.6 6.9 6.0 6.1 5.9 6.1 

 

Table 7.2: Continued.
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Mantle normalised trace element patterns (Fig. 7.4) for proximal glasses in both fall and 

flow deposits show enrichments in the large ion lithophile elements (LIL) relative to 

high field strength elements (HFSE). Consequently, the glasses display a slight trough 

at Nb and Ta (Fig. 7.4). Glasses also show strong depletions in Ti. Overall, all proximal 

glasses display a similar trace element signature and are up to more than 300 times more 

enriched than primitive mantle (Fig.7.4). Glasses show LREE enrichment relative to the 

HREE (La/Yb = 31-45; Fig. 7.4). Sr shows a range in compositions from 860-398 ppm 

and the depletion is attributed to high level fractionation associated with Ca rich phases 

like plagioclase and clinopyroxene. Vallone Licodia glasses are some of the most 

fractionated glasses associated with low CaO wt. % (Fig. 7.3c) and a marked Sr 

anomalies (Sr/PrN = 0.34 ± 0.09; Fig. 7.4). Given that Al2O3, K2O and Na2O do not 

show a marked decrease with increasing SiO2 it is more likely that clinopyroxene was 

the dominant fractionating phase effecting the glass compositions (Fig. 7.3). 

Geochemical data indicate that the glasses/magmas linked to explosive activity on 

Mount Etna are in marked contrast to the mafic compositions that feed effusive activity 

(i.e., hawaiites/basanites). Glasses in the Unit D/Biancavilla deposits show depletions in 

Nb, Ta, and Ti (Fig. 7.4) which imply a subduction influence. Indeed, it has been 

suggested that this is linked to slab detachment or roll back triggering a switch from 

intra-plate mantle sources (Schiano et al., 2001; Tonarini et al., 2001; De Astis et al., 

2003). 

7.4.1.1 Biancavilla Flow Deposits 

Glasses from within the flow units at Biancavilla are trachytic (Fig. 7.3). The lowermost 

ignimbrite scoriaceous deposits at Vallone Licodia (Flow unit 2) display the most 

fractionated glass compositions with 62.4-64.5 wt.% SiO2, 4.3-1.4 wt.% CaO. The 

Monaci Contrada (Flow unit 3) overlaps with the less evolved component of flow unit 2 

at a major element level with 61.7-63.4 wt.% SiO2, 3.0-3.7 wt.% CaO and 4.1-5.8 wt.% 

FeO. Scoriaceous deposits within both flow units respond to increasing fractionation 

with decreasing FeO and CaO, whilst the remaining major and minor element 

concentrations remain relatively consistent (Fig. 7.3). Trace element concentrations 

within the Vallone Licodia glasses show some variation with 34-39 ppm Y; 415-455 

ppm Zr; 111-119 ppm Nb; 1446-1338 ppm Ba.  
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Figure 7.3: Major element bi-plots for the proximal glasses from the Biancavilla flow 

deposits and the unit D fall. Also shown for comparison are the whole rock analyses of 

the same deposits. Errors given are 2 x standard deviation of analyses of the StHs6/80G 

secondary standard. 
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Figure 7.4: Mantle normalised diagram displaying representative proximal glasses of the 

Biancavilla flow deposits and the Unit D fall deposits (Sun and McDonough, 1989). Also given 

are representative Etnean glasses reported distally from Y-1 tephras recorded in the Ionian Sea 

(M25/4-11), Lago di Mezzano, Italy and finally an ash deposit recorded in the Haua Fteah cave 

site, Libya (Barker et al., in prep).  
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The most variability is in Sr as outlined above (Fig.7.5). In addition the trace element 

concentrations within the Monaci Contrada flow (unit 3) glasses are homogeneous with 

36 ± 1 ppm Y; 423 ± 16 ppm Zr; 114 ± 3 ppm Nb; 1358 ± 69 ppm Ba and consistent 

with the least fractionated component of the lower Vallone Licodia flow deposits (Fig. 

7.5). They do not display the lower Sr (658-833 ppm) values seen in the Vallone 

Licodia deposits. HFSE ratios to Th are consistent between the flow units (Table 7.4).   

7.4.1.2 Unit D Fall Deposits 

Acireale Fall  

The varicoloured glasses in the lower fall deposits of Acireale D1b have a slight 

compositional variation defining a bi-modal population. Compositions range from 61.1-

63.0 wt.% SiO2, 4.3-5.4 wt.% FeO and 3.1-4.2 wt.% CaO. All D1b glasses are trachytes 

(Fig. 7.3). The light coloured low SiO2 pumices of sub-unit b and c are in contrast with 

the darker higher SiO2 glasses (Table 7.2). The latter also display lower CaO, FeO and 

MgO (Fig. 7.3).  

The glasses in the D1b fall unit display some trace element variation (Fig. 7.5) with 33-

41 ppm Y; 390-487 ppm Zr; 105-126 ppm Nb; 1278-1499 ppm Ba; 211-254 ppm Ce. 

They show LREE enrichment relative to the HREE (La/Yb = 33-43). HFSE/Th ratios 

are constant within the D1b glasses (Table 7.4). There is no systematic relationship 

between trace element concentrations and SiO2 variation.   

Giarre Fall  

D1a the lowermost fall deposit outcropping in the Giarre area comprise the least 

fractionated glass compositions with 59.4-61.7 wt.% SiO2, 4.7-6.6 wt.% FeO and 3.0-

5.5 wt.% CaO. Glasses range from trachy-andesites to trachytes (5.9-6.6 wt.% Na2O 

and 2.4-3.6 wt.% K2O Fig. 7.3). Although these glasses display some scatter probably 

related to their high micro-cryst content, the data are believed to be representative of the 

magma compositions related to this eruptive phase. Trace element concentrations in the 

glasses display limited variation but were restricted to only two successful analyses due 

to high micro-cryst concentrations in the glass. The D1a glasses display the least 

incompatible trace element enrichment (Fig. 7.4).  
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Figure 7.5: Trace element bi-plots for the proximal glasses of the Biancavilla flow deposits and 

the Unit D fall. Errors given are 2 x standard deviation on repeat analyses of the StHs/6-80-G 

standard glass. 

Concentrations are consistently lower in these two glasses than the other unit D tephras 

(Fig. 7.5; Table 7.2). Sr behaves compatibly within these glasses (Fig. 7.5d). HFSE/Th 

ratios remain constant within the D1a glasses (Table 7.4). 
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The upper pumice fall unit D2a in the Giarre region display glasses relatively 

homogeneous compositions with 60.6-61.5 wt.% SiO2, 4.6-6.1 wt.% FeO and 3.3-4.2 

wt.% CaO. Alkalis element concentrations range from 5.8-6.7 wt.% Na2O and 2.9-3.4 

wt.% K2O and are classified as trachytes (Fig. 7.3). D2a shows more variability in the 

trace element concentrations than the underlying D1a (Fig. 7.5a-e). Strontium behaves 

compatibly within the D2a glasses (Fig. 7.5d). HFSE element ratios to Th remain fairly 

constant within these glasses (Table 7.4).  

7.4.1.3 Proximal relationships and diagnostic features for distal identification: 

Proximal relationships are assessed in the following section and diagnostic geochemical 

features of the proximal units are identified. Proximal relationships are verified using 

statistical distance tests (Perkins et al., 1995). 

Vallone Licodia - Contrada Monaci - Acireale D1b  

There is significant overlap in the composition of the glasses from the Vallone Licodia 

and Contrada Monaci flows sampled in the Biancavilla region. The lower most 

scoriaceous deposits extend to more elevated SiO2 and K2O but most noticeably lower 

CaO (Fig. 7.3). Statistical distance tests on the glasses from the two flow units indicates 

they are indistinguishable at a major and minor level (D
2
= 1.08; Table 7.5) given their 

overlapping geochemistries. Stratigraphically, these flow deposits have been correlated 

by Coltelli et al. (2000) to the unit D Plinian fall deposits recorded in the composite 

Etna stratigraphy (Table 7.1). Glasses from the D1b lower Plinian fall deposits overlap 

with the less evolved components of the Vallone Licodia (D
2
 = 2.48) flow deposits and 

match the Contrada Monaci flow deposits (D
2
 = 1.62). D1b tephras are 

indistinguishable from the Contrada Monaci and Vallone Licodia glasses at a 95% 

confidence limit (Table 7.5). The darker glasses recorded in the D1b Plinian fall (sub-

unit d) represent particularly similar compositions to the flow deposits at Contrada 

Monaci (D
2
 = 1.3), therefore both components are represented.  

Trace element concentrations in the glasses reinforce the geochemical link between D1b 

Plinian fall and the flow deposits of the Biancavilla region (Fig. 7.5). The most 

noticeable variation is that the D1b Plinian fall glasses do not display the lower Sr 

contents observed within the Vallone Licodia population. D1b glasses are 

indistinguishable from the Contrada Monaci (D
2
 = 0.97) and Vallone Licodia (D

2
 = 

2.77) flow glasses at a 95% confidence limit (Table 7.5). They share similar levels of 
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incompatible trace element enrichment and LREE enrichment relative to HREE (Fig. 

7.4). Furthermore, concentrations appear to follow similar evolutionary paths (Fig. 7.5) 

and this is reflected in consistent incompatible trace element ratios (Table 7.4).  

The geochemical data presented here confirms that the magma involved in the D1b 

Plinian phase (Acireale) is indistinguishable from that of the Biancavilla block and ash 

flows (units 2 and 3). This is consistent with the suggestion of Coltelli et al. (2000) that 

the Plinian activity (Unit D) and the flow deposits in the Biancavilla area are linked in 

time and space. They propose (1) an initial Plinian phase, (2) waning eruptive intensity 

with formation of a spatter rampart and (3) over steepening of the hot spatter rampart 

with resultant collapse to form block and ash flows (i.e. Biancavilla Ignimbrites).  

Giarre D1a and D2a 

Coltelli et al., (2000) recognised uncertainties associated with the intensity of explosive 

activity producing the lower fall at Giarre D1a. The Giarre pumices have greater 

vesicularity and micro-cryst contents so can be distinguished from those found at 

Acireale (Fig.7.2). Greater vesicularity makes glass analysis more problematic, hence 

the lower number of analytical points and the greater scatter in the D1a analyses. D1a 

glass compositions are easily distinguished from those of the Acireale D1b Plinian fall 

and Biancavilla flow deposits. D1a fall glasses extend from lower SiO2 and K2O, whilst 

higher CaO and FeO than the Acireale/Biancavilla glasses (Fig.7.3). Giarre D1a glasses 

consistently display lower TiO2, even at overlapping SiO2 concentrations (Fig. 7.3b). 

These major element variations are insufficient to enable statistical difference to be 

determined between the Giarre D1a and Acireale D1b glasses (D
2
 = 4.76), probably 

related to the scatter increasing the standard deviation of the glass population, although 

this elevated D
2
 value is greater than those between D1b and Biancavilla flow deposits, 

it highlights the differences seen in D1a glasses (Table 7.5). Furthermore, D1a glasses 

differ more significantly from these scoriaceous flow deposits of Vallone Licodia (D
2
 = 

9.36) and Contrada Monaci (D
2
 = 9.74). 
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  Biancavilla Acireale Giarre 

  

Vallone 

Licodia 

Contrada 

Monaci 

D1b D1b D1b D1b D1b D1b D1a D2a 

  

Flow unit 

2 Flow unit 3 sub-unit b sub-unit b Sub-unit c  Sub-unit c  Sub-unit c  Sub-unit d  D1a D2a 

  

Scoria scoria pumice 

(light) 

pumice 

(light) 

pumice 

(light) 

pumice 

(dark) 

pumice 

(dark) 

pumice 

(dark) 

pumice 

(light) 

pumice 

(light) 

SiO2 61.0 61.1 60.9 61.1 60.6 60.5 61.4 61.7 58.7 60.0 

Al2O3 16.5 16.7 16.9 16.8 17.0 16.9 16.8 17.1 20.3 19.5 

FeOt 5.9 6.0 6.1 5.9 6.3 6.3 5.8 5.8 6.9 6.0 

MgO 1.8 1.9 1.7 1.6 1.9 1.8 1.7 1.6 1.5 1.4 

CaO 3.2 3.8 3.6 3.3 3.8 3.7 3.4 3.5 5.9 4.8 

Na2O 6.5 6.0 5.9 6.2 5.6 5.9 5.9 5.6 4.2 5.2 

K2O 3.3 3.1 3.3 3.5 3.1 3.3 3.5 3.3 1.4 2.2 

TiO2 1.4 1.3 1.4 1.3 1.4 1.5 1.4 1.3 0.9 0.8 

MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

  

         

  

Total 101.4 99.5 98.4 98.9 97.3 98.4 97.4 96.3 94.3 95.2 

K2O + Na2O 9.8 9.1 9.2 9.7 8.8 9.2 9.4 8.8 5.6 7.4 

Table 7.3: ICP-AES whole rock analysis of the Biancavilla flow deposits and the unit D fall deposits from Acireale and Giarre.  
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The upper D2a Giarre trachytic Plinian fall is characterised by glasses that overlap with 

the least evolved glasses of the Acireale D1b Plinian fall. Consequently, they are 

indistinguishable at a 95% confidence limit (Table 7.5). However, again important 

compositional differences are observed and not fully translated in statistical separation 

of glass populations. Indeed, as with the D1a glasses, the D2a glasses display 

significantly lower TiO2 than the Acireale D1b fall at a given SiO2 wt.%. Therefore both 

Giarre fall episodes can be distinguished from the Acireale fall D1b and the Biancavilla 

flow deposits based on their lower TiO2 (Fig. 7.3; Table 7.4). These differences in glass 

data are confirmed in whole rock analyses (Table 7.3) where TiO2 is again lower (Fig. 

7.3). Lower TiO2 concentrations cannot be attributed to the late stage formation of 

magnetite microlites given that these microlites would be incorporated in the whole 

rock compositions.  

Trace element concentrations observed in the Giarre D1a and D2a fall deposits have 

lower levels of incompatible trace element enrichment (Fig. 7.4) and consequently 

lower concentrations than those observed in Acireale and Biancavilla glasses (Fig. 7.4). 

Rb, Th and U concentrations in the Giarre glasses are consistent with the Acireale 

fall/Biancavilla flow glasses (Table 7.2). However, other elements Ba (Fig. 7.5e; Table 

7.4), the LREE (Fig. 7.5c), Y (Fig.7.5b) and HREE (Fig. 7.4) display significantly 

lower concentrations in the Giarre fall deposits. Furthermore, some incompatible trace 

element ratios indicate subtle differences between the Giarre glasses and the Acireale 

D1b fall – Biancavilla flows (Table 7.4) These ratios include Nb/Zr, Ce/Th, La/Th and 

Y/Th (Table 7.4).  

Statistically the Giarre D1a glasses are different to glasses in the Acireale D1b Plinian 

fall at a 99 % confidence limit (D
2
 = 30.05). Also the D1a glasses are significantly 

different to both the Vallone Licodia flow glasses (D
2
 = 17.99) and the Contrada 

Monaci flow glasses (D
2
 = 24.77) at a 95 % confidence limit (Table 7.5). As the 

diagnostic features of the Giarre D1a and D2a glasses are similar (Table 7.4), these two 

units are indistinguishable at a major and trace element level (Table 7.5), this might 

indicate tephra deposits derive from a similar magma batch.  
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Locality Biancavilla  Acireale  Giarre Ionian Sea Haua Fteah Ash Lago di Mezzano Lago Grande di  Monticchio 

Sample Licodia Vallone Contrada Monaci D1b D1a D2a Y-1 (M25/4-11) HF  Y-1 LMZ TM-12-1 TM-11 

Deposit Flow Flow Fall Fall Fall Fall Fall Fall Fall Fall 

Classification Tra Tra Tra T.A-Tra Tra Tra Tra T.A-Tra Tra T.A-Tra 

TiO2 wt.% >1 wt.% >1 wt.% >1 wt.% < 1wt.% < 1wt.% >1 wt.% >1wt.% >1wt.% >1wt.% >1wt.% 

           
Ba (ppm) 1395 ± 48 1359 ± 69 1412 ± 65 990 ± 18 990 ± 29 1336 ± 40 1357 ± 33 1300 ± 37 - - 

           
Nb/Th 5.1 ± 0.2 5.2 ± 0.1 5.2 ± 0.2 5.2 ± 0.03 5.3 ± 0.1 5.2 ± 0.2 5.2 ± 0.10 5.1 ± 0.3 - - 

Zr/Th 19.3 ± 0.6 19.2 ± 0.3 19.2 ± 0.6 16.7 ± 0.7 17.8-18.3 17.0-19.5 19.5 ± 0.4 18.4 ± 0.7 - - 

Ta/Th 0.24 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 0.23 ± 0.01 0.26 ± 0.1 0.24 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 - - 

           
Y/Th 1.62 ± 0.02 1.64 ± 0.03 1.61 ± 0.07 1.28 ± 0.01 1.25 ± 0.05 1.61 ± 0.06 1.67 ± 0.04 1.74 ± 0.10 - - 

La/Th 5.5 ± 0.1 5.6 ± 0.1 5.5 ± 0.2 5.0 ± 0.1 5.1 ± 0.2 5.4 ± 0.1 5.5 ± 0.1 5.8 ± 0.3 - - 

Ce/Th 10.3 ± 0.3 10.4 ± 0.42 10.0 ± 0.3 8.8 ± 0.01 8.6 ± 0.1 10 ± 0.4 10.3 ± 0.2 10.7 ± 0.6 - - 

Nb/Zr 0.27 ± 0.1 0.27 ± 0.005 0.27  ± 0.01 0.31 ± 0.02 0.29 0.28 ± 0.1 0.27 ± 0.003 0.28 ± 0.1 - - 

 

Table 7.4: Incompatible trace element ratios and other diagnostic features of the Etnean tephras analysed. Tra = trachytic; T.A-Tra = trachy-andesitic to trachytic.
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Combined major and trace element data demonstrate that the Giarre glasses are 

geochemically distinct from the Acireale D1b and Biancavilla flow deposits. They 

indicate subtly different evolutionary trends and incompatible trace element ratios 

(Table 7.4). 

Calibrated radiocarbon ages beneath the D1a (18,675 ± 285 cal yrs B.P; Table 7.1) and 

D2a (18,289 ± 270 cal yrs BP) are significantly older than a calibrated age from a 

carbonised tree at the base of the Biancavilla flow (17,363 ± 554 cal yrs BP; Table 7.1). 

Proximal age determinations confirm that the Giarre fall was erupted prior to the 

emplacement of the Biancavilla ignimbrites. Differences between the Giarre glasses and 

the Acireale and Biancavilla glasses might be link to the temporal gap between the 

eruptions. Possible mechanisms might include longer residency of magmas in high level 

sub-volcanic chambers or replenishment with new magma. 

Andronico et al. (2001) report evidence of an 18.7 ka flank eruption on the eastern 

slopes of Etna just to the north of the Giarre area. The age of this explosive activity is in 

better accordance with the Giarre ages (Table 7.1). However, stratigraphic links 

between fall recorded at Giarre and fall recorded in the summit region of Etna might 

make such a link to the flank eruption problematic. That said, links between Giarre and 

the summit region are highly speculative, due to (1) a lack of intermediate sections; (2) 

complex and repetitive pyroclastic successions; (3) homogeneous mineral assemblages 

and whole rock major element chemistries (Coltelli 2012 pers comm.). Indeed, 

correlations are based largely on physical parameters of the pumices (vesicularity, 

crystalinity; Coltelli et al., 2000). Currently, links between the glass geochemistry of the 

pumices at Giarre and in the summit region remain untested and do not conclusively 

preclude links between the Giarre fall and the flank eruption reported by Andronico et 

al. (2001).  

Acireale D2b 

The stratigraphy at Acireale indicates the presence of a temporal gap between D1b and 

the second Plinian fall D2b (Coltelli et al., 2000). Unfortunately, D2b samples were 

unavailable due to a loss of exposure reported in Coltelli et al., (2000). Consequently, 

glass compositions for this upper Plinian fall episode are uncharacterised. However, the 
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Sample D1b D2a D1a Contrada  Vallone  

    

Monaci Licodia 

 
Trace element (f=10) 

D1b 0.00 11.18 30.05 0.97 1.91 

D2a 2.55 0.00 1.20 9.04 7.54 

D1a 4.76 1.43 0.00 24.77 17.99 

Contrada Monaci 1.62 7.89 9.74 0.00 2.77 

Vallone Licodia 2.48 6.71 9.36 1.08 0.00 

 
Major elements (f=8) 

(a) 

p (confidence limit) D2critical,  f =8 

        0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 < 5% probability that the two samples are compositionally different if D2 is less than 2.733 

0.050 

 

15.507 > 95% probability that the two samples are compositionally different if D2 is greater than 15.507 

0.010 

 

20.090 > 99% probability that the two samples are compositionally different if D2 is greater than 20.090 

p (confidence limit) D2critical, f =10 

        0.995 

 

2.156 <  0.5 % probability that the two samples are compositionally different if D2 is less than 2.155 

0.990 

 

2.558 < 1%  probability that the two samples are compositionally different if D2 is less than  2.558 

0.950 

 

3.940 < 5% probability that the two samples are compositionally different if D2 is less than 3.940 

0.050 

 

18.307 > 95% probability that the two samples are compositionally different if D2 is greater than 18.307 

0.010 

 

23.209 > 99% probability that the two samples are compositionally different if D2 is greater than 23.209 

(b) 

Table 7.5: Statistical distance values (D
2
) matrix based on major and minor element compositions of the  Biancavilla flow deposits and the unit D fall recorded from Acireale and 

Giarre; (b) The p (confidence limits) values and the D
2
critical values for the statistical distance, where f = 8 (Major and minor elements).  
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Acireale D2b whole rock (WR) analysis (Coltelli et al., 2000) are compared to new 

whole rock and glass data from the remaining units and this enables some observations 

to be made. WR analyses of pumice and scoria display systematic offsets to lower SiO2 

than the glass compositions of the same sample (Fig. 3). D2b WR pumice analyses 

display lower SiO2, K2O and Na2O whilst higher MgO, FeO, CaO than those of WR 

D1b pumices (Fig. 3). Given the systematic offset between glass and WR pairs observed 

it is suggested that D2b glasses might be less evolved than the lower D1b glasses. This 

remains to be tested as WR analyses may vary largely based on phenocryst proportions 

in the pumices. Importantly WR D2b pumices display TiO2 contents similar to the 

Acireale and Biancavilla WR deposits rather than the lower values observed in the 

Giarre deposits (Fig. 3b). In the absence of glass data for Acireale D2b, WR data 

provides evidence to support geochemical links with the lower Acireale fall and 

Biancavilla flows magma rather than the Giarre fall.    

Summary: 

(1) Acireale lower D1b Plinian fall is geochemically indistinguishable from the 

Biancavilla flow deposits, suggesting they were fed by the same magma and are co-

genetic. 

(2) Glasses from the Giarre D1a fall and D2a Plinian fall are geochemically 

distinguishable from the Acireale D1b fall and Biancavilla flow deposits on the basis of 

significantly lower TiO2 and incompatible trace element concentrations. 

 (3) Given the geochemical links between the Biancavilla flows and D1b Plinian fall it 

is proposed that the D1b fall post-dates the Giarre fall (D1a, D2a). 

 (4) In the absence of glass analyses, higher TiO2 in WR pumice analyses (Coltelli et al. 

2000) reveals that the upper D2b Plinian fall is likely to have been derived from a 

similar magma to the D1b fall and Biancavilla flows rather than the Giarre fall. Thus 

D2b second Plinian and Biancavilla flows may be co-genetic. 

Redefined below is the nomenclature of Coltelli et al. (2000) Unit D stratigraphy to 

incorporate the Biancavilla ignimbrites (Table 7.6); 
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D2b Acireale D2b/ Biancavilla flow (?)  

D1b/BF Acireale D1b/ Biancavilla flows 

D2a Giarre D2a 

D1a Giarre D1a 

Table 7.6: Revised nomenclature, integrating the proximal Unit D and Biancavilla flow deposits.   

7.4.2 Distal Etnean tephra deposits: 

7.4.2.1 Results 

Distal tephras attributed to the explosive volcanism of Mount Etna occurring during the 

last glacial interglacial transition (Termination 1) are given in Table 7.7. Presented 

herein are new major, minor and trace element data for the Y-1 tephra from its type 

locality in the Ionian Sea (Keller et al., 1978), Y-1 recorded in Lago di Mezzano 

(LMZ), central Italy (Ramrath et al., 1999) and the first occurrence of Etnean ash from a 

cave site in NE Libya, at Haua Fteah. New major element glass data are presented for 

two tephras layers recorded at Lago Grande di Monticchio (LGdM), Italy. Wulf et al., 

(2004) correlated TM-11 to the Y-1/Biancavilla Ignimbrite, whilst the older TM-12-1 is 

termed the ‘Ante Biancavilla’. Representative analyses are presented in Table 7.8 and 

full data set are reported in Appendix 5.  

Geochemical data presented below are compared and contrasted with the proximal glass 

data presented in section 4.1 in order to define correlations to proximally dated units. As 

such the distal data are used to help to refine the proximal event stratigraphy. 

Characteristics of the distal deposits are given summarised in Table 7.7. All distal 

tephras display a similar mantle normalised profiles characterised LILE enrichment 

relative to the HFSE to the proximally presented glasses (Fig. 7.4). Showing a small 

trough at Nb and Ta (Fig. 7.4), whilst a further depletion in Ti (Fig. 7.4).  
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Figure 7.6: Major element bi-plots showing distal Etnean tephras from across the central 

Mediterranean and North Africa compared to new proximal glass data sets. Also shown are the 

whole rock analyses of the proximal deposits characterised. Errors associated with the glasses 

analyses are 2 x standard deviation of repeat analyses of the StHs/6-80-G standard.  
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Name Location Co-ordinates Sediments Thickness Shard Colour Presented in this Study Age Ref 

    

mm Clear/vitric Dark/brown Majors Trace 

  
TM-11 Lago Grande di Monticchio N 40, 56 E 16, 34 Lacustrine  0.55 

 

x x 

 

16,440 ± 820 varve years BP (1) 

TM-12-1 Lago Grande di Monticchio N 40, 56 E 16, 35 Lacustrine  1.44 

 

x x 

 

17,980 ± 900 varve years BP (2) 

LMZ Lago di Mezzano (C .Italy) N 42, 37 E 26, 35 Lacustrine  100 

 

x x x - (3) 

Y-1-Ionian Sea M25/4-11-Ionian Sea N 36, 44 75 E17, 43 05 Marine 100 

 

x x x 17,350 ±200 cal yrs BP (14C 14,290 ± 110)* (4,5) 

Y-1-B.basin Bannock-84 N 34, 20 E 20, 02 Marine 

 

x x 

   

(6) 

Y-1-Pal 94-66 C. Adriatic N 42, 39 59.1 E14 56 21.4 Marine 

 

- - 

   

(7) 

Y-1-MD90917 S. Adriatic  N 41, 17 E17, 37 Marine 

 

- - 

  

17,768 ± 303 cal yrs BP (8) 

Et-1- KET8003 Tyrrhenian Sea N 38, 49,2 E 14, 29,5 Marine 

 

- - 

   

(9) 

Et-1- KET8011 Tyrrhenian Sea N39, 40,1 E1 5, 04,5 Marine 

      

(9) 

Haua Fteah N.E Libya  N 32, 42 280 E 21, 54 574 Cave 300-400 x x x x 

 

(10) 

 

Table 7.7:  Reported Etnean tephras identified in distal archives from the Mediterranean Region, their depositional settings and other characteristics. Those samples in bold are 

geochemically characterised in this study. (1) Wulf et al. 2004; (2) Wulf et al. 2008; (3) Ramrath et al., (1999); (4) Keller et al., (1978); (5) Kraml (1997); (6) Vezzoli et al., 

(1991); (7) Calanchi et al., (1998); (8) Siani et al., (2004); (9) Paterne et al., (1988) (10)  Barker et al., (in prep).  X = the presence, * extrapolated radiocarbon age based on the 

extrapolation of two radiocarbon determinations above and below the Y-1 Ionian Sea (Kraml, 1997).   
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Y-1 M25/4-11 Haua Fteah Ash  Y-1 LMZ TM11 (n=4) TM12-1 (n=5)  

Shard I.D 14B 16B 27C 64 28 60 14B 25C 4A         

Majors (wt.%)                           

SiO2 63.2 63.1 62.8 61.6 61.6 62.8 59.5 59.6 61 59.7 60.0 62.3 62.3 

TiO2 1.4 1.3 1.3 1.2 1.3 1.3 1.4 1.5 1.2 1.4 1.4 1.3 1.4 

Al2O3 16.8 17 17 16.6 16.7 16.7 17.6 17.7 17.9 17.2 17.7 16.9 16.7 

FeOt 4.7 4.9 4.8 5.5 5.6 4.9 5.8 5.8 5 5.7 5.5 5.3 5.1 

MnO 0.2 0.1 0.2 0.2 0.1 0 0.2 0.1 0.1 0.2 0.2 0.1 0.2 

MgO 1.7 1.6 1.7 1.7 1.8 1.7 2.2 2.3 1.8 1.9 2.1 1.6 1.5 

CaO 3.1 3.4 3.5 3.8 3.7 3.3 4.4 4.6 3.7 4.5 4.3 3.4 3.3 

Na2O 5.6 5.6 5.5 6 5.9 5.9 5.9 5.6 6.2 6.0 5.9 5.7 6.1 

K2O 3.2 3.1 3.3 3.3 3.2 3.3 2.9 2.8 3.1 3.3 3.0 3.4 3.5 

              Analytical Total 99.5 99.1 98.9 98.1 98.1 97.5 96.8 98.1 97.6 95.6 96.9 94.2 96.7 

K2O/Na2O 8.8 8.7 8.8 9.3 9.1 9.2 8.8 8.4 9.3 9.3 8.8 9.1 9.6 

Trace (ppm)   

 

    

 

  

  

  

    Rb 81 78 78 80 77 78 68 63 70 - - - - 

Sr 711 716 725 670 728 754 888 1016 881 - - - - 

Y 36 36 36 37 36 38 35 36 36 - - - - 

Zr 427 413 419 439 416 439 357 363 396 - - - - 

Nb 119 115 109 114 112 118 104 103 108 - - - - 

Ba 1362 1351 1375 1350 1318 1379 1247 1254 1331 - - - - 

La 125 122 122 122 118 125 116 121 118 - - - - 

Ce 229 224 225 233 220 233 216 224 220 - - - - 

Pr 23.7 23 23.2 23 22.4 24.4 21 23 21.4 - - - - 

Nd 82 81 88 85 80 85 74 84 79 - - - - 

Sm 14.1 16.6 13.9 14.2 14.4 14.5 13.9 14.9 14 - - - - 

Eu 3.3 3.4 3.4 3.9 3.4 3.8 3.3 3.8 3.9 - - - - 

Gd 10.1 11.2 11.6 11.4 10.5 10.1 7.7 9.6 9.4 - - - - 

Dy 8 7.4 7.4 7.7 7.5 7.6 6.7 8 8 - - - - 

Er 4 3.8 3.9 3.7 3.5 3.9 3.6 3.5 3.7 - - - - 

Yb 3.7 3.4 3 3.5 3.3 3.4 2.4 3.4 3.8 - - - - 

Lu 0.52 0.48 0.58 >LOD <LOD <LOD 0.42 0.46 0.49 - - - - 

Ta 5.3 5.3 5.1 5.1 5 5.5 4.5 5 5 - - - - 

Th 23.2 21.8 21.4 22.3 21 22.6 18.3 21 21.2 - - - - 

U 6.5 6.6 6.4 6.8 6.3 6.4 5.8 5.5 6.3 - - - - 

              



310 

 

Table 7.8: Representative major, minor and trace element data from distal Etnean Tephra layers 

recorded within the Mediterranean region. Full data is available in Appendix e.VI 

Y-1 M25/4-11 Ionian Sea (type locality): 

Glasses observed in this Y-1 Ionian Sea tephra layer span a narrow range with 62.5-63.8 

wt.% SiO2, 4.4-5.2 wt. FeO and 2.9-4.1 wt.% CaO. Glasses have Na2O (5.5-6.0 wt.%) > 

K2O (2.5-3.6 wt.%) and are classified as trachytes (Fig. 7.6). Glasses display some trace 

element variability including 384-438 ppm Zr, 109-123 ppm Nb, 1274-1396 ppm Ba 

(Fig, 7.7). LREE are enriched relative to the HREE (La/Yb = 36 ± 2; Fig. 7.4). 

Strontium appears to be behaving compatibly with the lowest concentrations in the most 

enriched glasses (Fig. 7.7a). HFSE ratios to Th and other diagnostic incompatible trace 

element ratios remain constant (Table 7.4).  

Y-1 Lago di Mezzano (LMZ- Central Italy) 

Glasses from this tephra layer are relatively heterogeneous with 59.1-61.8 wt. SiO2, 4.5-

6.5 wt. % FeO and 3.3-5.1 wt.% CaO. Glasses display Na2O (5.5-6.4 wt.%) > K2O (2.5-

3.4 wt.%) and range from trachy-andesite to trachyte (Fig.7.6). Y-1 reported at LMZ 

have a less enriched trace element composition than Y-1 in the type locality (Fig. 7.4), 

but again display LREE enrichment relative to the HREE (La/Yb = 37 ± 5). Trace 

element concentrations observed in the glasses display some significant variability (i.e., 

357-402 ppm Zr, 1247-1335 ppm Ba, whilst other incompatible trace elements 

concentrations are homogeneous (i.e. 36 ± 1 ppm Y) (Fig. 7.7). Strontium appears to 

remain fairly constant with increasing fractionation (Fig. 7a). HFSE/Th ratios and other 

diagnostic incompatible trace elements ratios remain constant (Table 7.4).  

Haua Fteah tephra (Libya)(Barker et al., in prep) 

Glasses in the visible tephra layer recorded in Haua Fteah (HF) cave stratigraphy show a 

narrow compositional range with 61.1-62.9 wt.% SiO2, 4.2-5.7 wt.% FeO and 3.0-4.17 

wt.% CaO. Glasses display Na2O (5.6-6.6 wt.%) > K2O (2.4-3.7 wt.%) and are all 

trachytes (Fig. 7.6). Glasses display LREE enrichment relative to the HREE (La/Yb = 

35 ± 1). Trace element concentrations generally show only limited variation (i.e., 72-80 

ppm Rb, 35-38 ppm Y; 20-23 ppm Th), whilst there is some significant variability in 

others elements (i.e., 890-670 ppm Sr and 1276-1403 ppm) (Fig. 7.7). HFSE ratios to 

Th and other diagnostic incompatible trace element ratios remain constant (Table 7.4).  
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Lago Grande di Monticchio (LGdM) 

New analyses of the two LGdM layers were conducted on tephra layers within the thin 

sections of the varved sediments, these analyses were more challenging than mounted 

glass separates. As a result the numbers of analyses were limited and restricted to major 

and minor elements.  

TM-11 glasses are homogeneous with 60.2 ± 0.8 wt.% SiO2, 5.4 ± 0.3 wt.% FeO and 

4.0 ± 0.4 wt.% CaO. Glasses display Na2O (5.9 ± 0.2 wt.%) > K2O (3.2 ± 0.2 wt.%) and 

range from trachy-andesites to trachytes (Fig. 7.6). 

TM-12-1 glasses are more heterogeneous than TM-11 with 62.0 ± 0.9 wt.% SiO2, 5.2 ±  

wt.% FeO and 3.6 ± 0.3 wt.% CaO. Glasses display Na2O (5.8 ± 0.2 wt.%) > K2O (3.5 ± 

0.2 wt.%) and range from trachy-andesites to trachytes (Fig. 7.6). This variability is 

largely due to a single less evolved outlying analysis that plots in the trachy-andesitic 

field. 

7.4.2.2 Proximal-distal correlations: 

Major, minor and trace element data from the distal tephra layers are compared to 

proximal tephras. To aid in the interpretation of proximal-distal correlations, sample 

pairs have been examined using statistical distance tests (Perkins, 1995). Importantly 

this statistical treatment incorporates the compositional variability within the sample 

sets. Consequently, in addition to the data presented herein, published data with 

standard deviations have been incorporated in the statistical treatment. The statistical 

distance matrix is given in Table 7.9 and D
2
 values are referenced within the discussion. 
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Figure 7.7: Trace element bi-plots for distal Etnean tephras from across the central 

Mediterranean and North Africa compared to new proximal glass data sets. Errors reported are 2 

x standard deviation of repeat analyses of the StHs/6-80-G standard. 
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Sample D1b D2a D1a Contrada  Vallone  Y-1  Y-1 Haua Y-1 LMZ TM-11 TM12-1 Y-1  Y-1  Y-1 

  

   

Monaci Licodia Ionian Sea Ionian Sea1 
 

Fteah 

   

C. Adriatic2 S. Adriatic3 Bannock basin4 

  

     
M25/4-12 M25/4-13 

      

  

  Trace element (f=10) 

D1b (Acireale) 0.00 11.18 30.05 0.97 1.91 3.03 - 1.24 15.79 - - - - - 

D2a (Giarre) 2.55 0.00 1.20 9.04 7.54 7.35 - 9.28 10.72 - - - - - 

D1a (Giarre) 4.76 1.43 0.00 22.77 17.99 22.83 - 25.17 21.05 - - - - - 

Contrada Monaci 1.62 7.89 9.74 0.00 2.27 1.62 - 0.12 13.80 - - - - - 

Vallone Licodia 2.48 6.71 9.36 1.08 0.00 1.06 - 2.90 12.98 - - - - - 

Y-1 Ionian Sea M25/4-11 4.06 12.80 13.22 0.87 1.37 0.00 - 2.57 22.41 - - - - - 

Y-1 Ionian Sea M25/4-13 0.70 2.83 4.29 1.39 2.28 2.55 0.00 - - - - - - - 

Haua Fteah 0.47 4.59 6.73 1.43 2.73 4.23 1.36 0.00 - - - - - - 

Y-1 LMZ 7.94 3.51 0.65 19.39 13.65 29.07 6.29 13.57 0.00 - - - - - 

TM-11 7.94 3.51 0.96 22.51 13.72 36.41 6.21 15.62 0.26 0.00 - - - - 

TM12-1 0.69 3.24 5.74 1.64 2.78 2.85 1.54 0.57 8.98 9.00 0.00 - - - 

Y-1 C. Adriatic 5.66 2.81 0.51 12.36 10.89 17.11 4.96 8.57 0.42 0.51 6.88 0.00 - - 
Y-1 S. Adriatic 14.99 22.31 22.18 15.12 7.72 14.53 11.66 18.42 33.14 34.85 11.62 25.22 0.00 - 

Y-1 Bannock basin 9.21 4.21 1.51 23.91 15.27 37.65 7.85 13.66 2.24 3.29 8.80 1.89 13.90 0.00 

  Major elements (f=8) 

(a) 

p (confidence limit) D2critical,  f =8                 

0.995 

 

1.344 < 0.5 % probability that the two samples are compositionally different if D2 is less than 1.344 

0.990 

 

1.646 < 1%  probability that the two samples are compositionally different if D2 is less than  1.646 

0.950 

 

2.733 < 5% probability that the two samples are compositionally different if D2 is less than 2.733 

0.050 

 

15.507 > 95% probability that the two samples are compositionally different if D2 is greater than 15.507 

0.010   20.090 > 99% probability that the two samples are compositionally different if D2 is greater than 20.090 

p (confidence limit) D2critical, f =10                 

0.995 

 

2.156 < 0.5 % probability that the two samples are compositionally different if D2 is less than 2.155 

0.990 

 

2.558 < 1%  probability that the two samples are compositionally different if D2 is less than  2.558 

0.950 

 

3.940 < 5% probability that the two samples are compositionally different if D2 is less than 3.940 

0.050 

 

18.307 > 95% probability that the two samples are compositionally different if D2 is greater than 18.307 

0.010   23.209 > 99% probability that the two samples are compositionally different if D2 is greater than 23.209 

(b) 

Table 7.9: Statistical distance values (D
2
) matrix based on major, minor and trace element compositions of the proximal deposits and distal Etnean tephra; (b) 

The p (confidence limits) values and the D
2
critical values for the statistical distance, where f = 8 (Major and minor elements).
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Comparisons to D1b/BF 

Figure 7.6 reveals that the trachytic glasses of the Ionian Sea Y-1 (M25/4-11), Haua 

Fteah and LGdM TM-12-1 overlap the proximal glasses of D1b/BF (see Table 7.6). All 

glasses display more elevated TiO2 at a given SiO2 than the Giarre glasses (Fig. 7.6b) 

and they display greater incompatible trace element enrichment than the Giarre glasses 

(Fig.7. 4), excluding correlation with Giarre D1a, D2a. 

The Y-1 Ionian Sea glasses and the Contrada Monaci flow deposits are 

indistinguishable in major and trace element geochemistry (Fig. 7.6; 7.7) at a 99 % 

confidence limit (Table 7.9).  Furthermore, this distal tephra has a close affinity to the 

Vallone Licodia flow (Table 7.9).  There is a less precise match with the major element 

compositions of the Acireale D1b Plinian fall reflected in slightly higher D
2
 value (D

2
 = 

4.06). However, at a trace element level Y-1 tephra (M25/4-11) is indistinguishable 

from D1b Acireale (Table 7.9). Given the co-genetic links identified proximally 

between Acireale D1b Plinian fall and the Biancavilla flow deposits, the Y-1 Ionian Sea 

(M25/4-11) tephra is attributed to the D1b/BF event. Indeed, a greater co-ignimbritic 

association of this tephra layer is supported by the glass data and the dominance of 

darker black and brown glass shards similar to the scoriaceous block and ash flow 

deposits. 

The ash from the Haua Fteah (HF) cave can also be correlated to the D1b/BF Plinian 

activity. These glasses comprise clear and brown shards (Fig. 7.2) and their trachytic 

chemistry is similar to the Acireale D1b Plinian fall and the Contrada Monaci flow 

deposits. Indeed, at a major and trace element level they are indistinguishable at a 99.5 

% confidence limit (Table 7.9). HF lies on the SE dispersal axis of D1b Plinian fall 

(Coltelli et al., 2000), given the chemical affinities and mixed shard colours (Fig. 7.2) it 

is plausible that the HF deposit comprises of both Plinian fall and co-ignimbrite ash 

related to both phases of the D1b/BF event.  

TM-12-1 trachytic glasses are broadly consistent with those reported by Wulf et al., 

(2008), whilst the new analyses presented herein display less variability. The previously 

termed ‘Ante Biancavilla’, TM-12-1 glasses overlap precisely with the compositions of 

Acireale D1b Plinian fall (D
2
 = 0.69), they are indistinguishable at a 99 % confidence 

limit. Furthermore they are indistinguishable from Contrada Monaci flow glass 

composition at a 95 % confidence limit (D
2
 = 1.64).  
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The precise proximal correlation of Haua Fteah ash and TM-12-1 to D1b/BF is 

supported by their geochemical affinity to one another. TM-12-1 major element 

compositions are indistinguishable (D
2
 = 0.57) from the Haua Fteah ash layer at a 99 % 

confidence limit. Y-1 Ionian Sea also shares an affinity to TM12-1 although statistically 

this is less convincing (D
2
 = 2.85) due to the greater dominance of a co-ignimbritic ash 

component in this Y-1 sample (M25/4-11).  

Previously published Y-1 major element data from a neighbouring Ionian Sea core 

M25/4-13 (Wulf et al., 2008) is trachytic and overlap with the D1b/BF episode. 

Statistical distance values reveal that this particular Y-1 layer is indistinguishable from 

the Acireale D1b Plinian fall and the Contrada Monaci flow deposits at a 99 % 

confidence limit (Table 7.9). This published Y-1 data is indistinguishable from the Y-1 

tephra reported here (M25/4-11) and TM-12-1 at a 95 % confidence limit. 

Comparisons to Giarre D1a and D2a 

Figure 7.6 reveals that the glasses observed the LMZ Y-1 tephra and TM-11 are less 

evolved than those observed than in the trachytic D1b/BF glasses. These trachy-

andesites to trachytes compare more favourably on most major element bi-plots with the 

fall deposits found at Giarre (D1a and D2a). This is reflected in major statistical 

distance values (Table 7.9). Whilst the Giarre fall D1a offers the best proximal 

counterpart statistically, the TiO2 contents in the LMZ Y-1 and TM-11 are significantly 

higher than the Giarre glasses (Fig. 7.6b). Consequently, a correlation to Giarre fall for 

these less evolved tephras is not supported by data here (Table 7.4).  

Trace element data from the LMZ Y-1 tephra reinforce the rejection of proximal links to 

Giarre D1a. LMZ Y-1 glasses display greater level of incompatible trace element 

enrichment than the Giarre glasses (Fig. 7.4). Indeed LREE, Y/HREE and Ba 

concentrations in the LMZ glasses are more elevated than the Giarre glasses (Fig. 7.7). 

The LMZ Y-1 glasses are statistically different from the Giarre glasses at a 95% 

confidence limit (D
2
= 21.05). Giarre glasses do not present a satisfactory proximal 

correlative for the LMZ Y-1. 

Incompatible trace element concentrations are lower in the LMZ Y-1 glasses than the 

D1b/BF glasses, consistent with their lower SiO2. However, these LMZ Y-1 glasses are 

more akin to the D1b/BF glasses than the Giarre compositions. Indeed, the LMZ glasses 

appear to fall upon more similar evolutionary trends to the more enriched D1b/BF 
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glasses (Fig. 7.7) and they share similar diagnostic incompatible trace element ratios 

(Table 7.4).  

Glass data presented herein for TM-11 and LMZ Y-1 are clearly linked to Etnean 

activity and unit D, both based on chemistry and chronological/stratigraphic constraints. 

However, neither can be linked to precise proximal units on Etna.  

Comparisons with published distal tephras 

Distal Etnean type tephras with glass compositions that are not currently recognised in 

the proximal setting are not limited to the TM-11 and LMZ Y-1 tephra layers. Published 

data indicates Y-1 tephra from the central Adriatic (Calanchi et al., 1998) and the 

Bannock basin (Vezzoli, 1991), both contain trachy-andesite glasses (Fig. 7.6). These 

compositions correspond to TM-11 at LGdM and the LMZ Y-1 glasses and are 

indistinguishable at a 95 % confidence limit (Table 7.9). These tephras all have TiO2 

contents that are more elevated than the trachy-andesites reported at Giarre precluding a 

correlation (Fig. 7.6b). The geochemical consistency between TM-11, Y-1 LMZ and Y-

1 in the central Adriatic cores is important for distal-distal marine – lacustrine 

correlations in this particular region of the central Mediterranean (Table 7.9; Fig. 7.8).  

Y-1/Et-1 glasses reported from the southern Adriatic (Siani et al., 2004) and the 

southern Tyrrhenian Sea are more difficult to link to proximal equivalents or with other 

known distal Etnean tephras. Y-1/Et-1 glass compositions reported from the southern 

Adriatic (Siani et al., 2004) are more scattered (Fig. 7.6). Although the glasses are most 

similar to the Vallone Licodia flow deposits; this southern Adriatic tephra does not 

present a precise correlative to any of the proximal glasses reported herein. These 

glasses are clearly derived from a highly fractionated Etnean magma that is most similar 

to the composition of the most evolved end-member of the flow deposits and is thus 

more likely to relate to a co-ignimbrite eruptive phase.  

In the southern Tyrrhenian sea, the situation is more complex. Paterne et al. (1988) 

report a single tephra layer in KET8011 displaying glass compositions ranging from 

trachy-andesites to trachytes (Fig. 7.6). Consequently, these glasses correspond to the 

distal least evolved compositions (i.e., TM-11/Y-1 LMZ compositions) and also overlap 

the least evolved D1b Acireale glasses (Fig. 7.6). This tephra layer might represent two 

compositionally separate eruptive episodes, given that these two glass components are 

not found together elsewhere in a single tephra layer (Fig. 7.6). Interestingly, no 



317 

 

evidence of a more evolved trachytic co-ignimbrite ash was reported in this layer 

(Paterne et al., 1988). In KET8003 two distinct layers were identified (Paterne et al., 

1988), providing further evidence for temporally separate explosive events. The lower 

(i.e., oldest) at 170-172cm contains glasses which correspond to analyses of D1b/BF; 

and two distal layers (i.e., TM-12-1 and the Ionian Sea Y-1 (M25/4-11)). A 

stratigraphically higher layer (i.e., younger) is similar to that of the southern Adriatic 

(Siani et al., 2004). Although it does not match an exact proximal unit, its geochemistry 

is more comparable to the highly evolved trachytic end-members associated with the co-

ignimbrite ash. The stratigraphic superposition of this upper layer might support the 

possibility of an intervening block and ash flow collapse event in the Biancavilla region 

between the two Plinian events. None of the distal trachy-andesitic glasses (i.e., TM-11, 

LMZ, Y-1 central Adriatic or the Bannock basin) show evidence of the more evolved 

trachytic co-ignimbrite components. This might indicate that this younger Plinian 

episode may not be directly associated with the proximal ignimbrite deposits at 

Biancavilla. Distal localities and their associations are shown in Figure 7.8. 

 

7.4.3 Towards an integrated proximal – distal event stratigraphy: 

This section evaluates the potential of distal archives to help constrain the age and 

dispersals of Etnean eruptions during termination 1.  

Giarre D1a/D2a 

Giarre fall glasses (D1a and D2a) are not present in any of the distal archives reported 

herein and in published work. Proximal ages derived from the Giarre deposits (Table 

7.1) appear to pre-dates the D1b/BF episode. Consequently, proximal ages (Coltelli et 

al., 2000) should not be imported to distal archives unless the specific diagnostic 

chemistry of the Giarre fall is identified (Table 7.4).The absence of Giarre fall in any of 

the distal archives supports the assertion that these explosive episodes may have been 

more localised with restricted more local dispersal compared to the Acireale Plinian fall. 

Indeed, the D1a activity is poorly constrained in terms of dispersal and magnitude due 

to its limited proximal thickness (Coltelli et al., 2000). One could propose that the 

Giarre fall deposits originated from an older flank eruption on the eastern flanks of Etna 

predating the Plinian activity (18.7 ka, Andronico et al., 2001). Indeed a vent proximal 

to Giarre might explain the thickness of the pumice (i.e., near vent sub-Plinian). As 



318 

 

demonstrated in section 4.1.3, Giarre glasses are compositionally less evolved with 

differing incompatible trace element ratios, this geochemical evidence might support 

their origin from a separately residing parasitic magma batch. This magma differs to 

that feeding the later Plinian Acireale fall and Biancavilla flow deposits. This is 

consistent with models for the current plumbing system beneath Etna, where it is 

proposed that there is a complex high level magma storage system residing beneath 

Mount Etna, rather than a single magma chamber (Ferlito et al., 2008).    

 

Acireale Unit D and Biancavilla flows 

The high resolution distal archive at LGdM is particularly important for the assessment 

of the proximal event stratigraphy given the evidence for two discrete tephra layers with 

geochemically different glasses. Indeed, distal glass geochemistry for Etnean type 

eruptions recorded across the central Mediterranean region largely reflects the two 

compositionally distinguishable glass components (Table 7.10);  

(a) D1b/BF- The older TM12-1 correlates to the proximal D1b/BF first Plinian glass 

compositions.  This is distally linked to the Y-1 layers in the Ionian Sea (type locality) 

and Haua Fteah ash layer, Libya. Proximal ages from the base of the Biancavilla flows 

(17, 363 ± 554 cal yrs BP) provides the best age constraint from the source region, 

indeed this age is younger than the Giarre age and fairly consistent with the interpolated 

radiocarbon age from the Ionian Sea (Table 7.7).   

(b) D2b? – Based on links above (a), stratigraphic superposition proximally at Acireale 

and the absence of Giarre composition distally would indicate that the younger TM-11 

and its geochemically defined correlatives; Y-1 reported in LMZ, the Central Adriatic 

and the Bannock basin belong to a younger second Plinian episode recorded at Acireale 

D2b.  
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Age Eruptive event & Proximal deposit Classification Distal Deposit Axis of Dispersal 

16 440 ± 820 varve years BP 
Plinian 2 - D2b- Sustained eruptive column, 

links to Flow deposits un-confirmed 
T.A to Tra TM-11, Y-1 LMZ, Y-1 

C. Adriatic, Y-1 

Bannock Basin 

SE, N 

ca.1500 varve years (LGdM) Proximal Volcanogenic sediments/Palaesol       

16,809-17916 cal yrs BP/  

17980 ± 900 varve years BP 

Plinian 1 - D1b/BF- Sustained eruptive column 

& contemporaneous ignimbrite (block and ash) 

flows. 

Tra 

Y-1 Ionian Sea 

(M25/4-11; M25/4-

13); TM-12-1, Haua 

Fteah Ash (N. Africa). 

SE, E, N 

  Undefined stratigraphic relationship       

  Flank eruptions? 
 

 

  

18,289 ± 270 cal yrs BP D2a-Localised fall? Tra Not recorded E 

18,675 ±285 cal yrs BP D1a-Localised fall? T.A to Tra Not recorded Not determined 

 

 

Table 7.10: Suggest event stratigraphy for the unit D Plinian activity on Etna and the associated Biancavilla Ignimbrites based on the integration of proximal and 

distal information. T.A =Trachy-andesite; Tra = Trachyte.
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The glass-whole rock compositional offset observed in the lower Acireale Plinian fall 

deposits (D1b; Fig. 7.3), might indicate that the D2b fall deposit are likely to present 

less evolved glass compositions than those of D1b. Consequently, they are likely to be 

more comparable with the less evolved compositions recorded in these distal layers 

including TM-11, Y-1 in LMZ, the central Adriatic and Bannock basin glasses. D2b 

pumices display higher TiO2, consistent with the proximal D1b/BF pumice and scoria 

and the less evolved distal tephras (Fig. 7.6b). Thus it is proposed that this second 

Plinian deposit recorded at Acireale (D2b) is the proximal equivalent of a second ash 

dispersal recorded in some central Mediterranean archives (i.e., TM-11; Y-1 LMZ, 

central Adriatic and Bannock basin). 

The varve chronology separating TM-11 and TM-12-1 at LGdM represents a period of 

1500 varve years. Since TM-12-1 is confidently correlated to proximal D1b/BF it is 

possible to extrapolate a 1500 varve year gap between the two Plinian eruptions 

recorded at Acireale (D1b and D2b).  

The presence of distal deposits which display purely co-ignimbritic components Y-1 

southern Adriatic (Siani et al., 2004) and Tyrrhenian Sea, KET8003-165cm; Paterne et 

al., (1988)), does raise the possibility that separate spatter rampart/collapses triggered 

co-ignimbritic flow events that were temporally independently of the two main Plinian 

episodes. This is supported by the fact that at Lago Grande di Monticchio TM-12-1 

correlated to the lower Acireale (D1b) is stratigraphically below the Greenish tephra 

from Vesuvius (Wulf et al., 2008). However, in the Southern Adriatic, a purely co-

ignimbritic type ash lies stratigraphically above the same Greenish Vesuvius tephra 

(Siani et al. 2004). Based on ages from this Southern Adriatic Y-1 (Table 7.7) and from 

below the lowermost proximal flow deposits (Table 1) it is possible to suggest that there 

would not be a significant time period between the D1b/BF event and any subsequent 

collapse producing co-ignimbrite ash.  

Glass geochemistry enables us to confirm at least two Plinian widespread ash dispersals 

events from Mount Etna during the time of termination 1 (Table 7.10). 

a) D1b/BF- Isopach thicknesses define a SE dispersal for the lower D1b Plinian fall 

recorded proximally (Coltelli et al. 2000), distal glasses recorded at Haua Fteah, 

Libya,  represent compositions consistent with this first Plinian episode confirming 

a south easterly dispersal (Fig. 7.8). 
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Figure 7.8: A map of the Mediterranean outlining the extended fall footprint of the Etnean ash 

associated with the Biancavilla/Unit D activity on Mount Etna during termination 1. 

Highlighting the care required when attempting to synchronise distal archives using Y-1/ Et-1 

tephras. Correlations to proximal deposits are shown, in the absence of glass data for the upper 

Plinian fall D2b, links to LGdM tephras are reported. 

b) D2b – Isopach thicknesses define a SE dispersal for the upper D2b Plinian fall. 

Y-1 data reported from the Bannock basin (Vezzoli 1991) demonstrates a second 

chemically distinct eruption on a similar SE trajectory from Mount Etna.  

The presence of two tephras at Lago Grande di Monticchio corresponding to two 

Plinian episodes highlights the complexities of ash dispersal. Coltelli et al. (2000) 

suggested the finer material recorded north of Etna was probably transported at higher 

atmospheric levels rather than consistent with the main dispersal axis.  

Combining proximal-proximal, proximal-distal and distal-distal geochemical 

correlations; stratigraphic superposition and associated chronological constraints we 

propose a revised event stratigraphy of explosive events on Etna associated with the 

Unit D/Biancavilla explosive episode (Table 7.10).  
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7.4.4 Tephrostratigraphical Implications 

At least two Plinian explosive events from Mount Etna (D1b/BF and D2b) occur during 

the last glacial-inter-glacial transition (Termination 1) within resultant ash dispersal 

recorded in distal central Mediterranean archives. They relate to the two major Plinian 

episodes recorded at Acireale and link to the Biancavilla ignimbrite deposits. This is 

best illustrated distally where two temporally separate Etnean tephra layers are recorded 

in the high resolution record at Lago Grande di Monticchio (Wulf et al., 2008).  

Data presented herein has significant implications for the use of the ‘Y-1’ tephra as a 

tephrostratigraphic marker in the central Mediterranean. Assessing the synchronicity of 

environmental responses to termination 1 climatic forcing across the central 

Mediterranean is dependent on the assumption that the Y-1 tephra represents a single 

volcanic event in time. Data herein clearly demonstrates that this is not the case with a 

time gap of ca.1500 varve years. This supports the previous concerns of Wulf et al. 

(2008). Using the ‘Y-1’ to assess the synchronicity of climatic change between the 

central Adriatic and the Ionian Sea archives may lead to erroneous interpretations. Two 

geochemically identifiable ‘Y-1’ tephras were erupted during temporally separate 

explosive episodes, consequently imprecise correlations might lead to incorrect 

deductions about the “leads and lags” in climatic variability during this abrupt 

transition. However, these distal tephras layers can be used to synchronise distal 

archives but only after careful multi-elemental geochemistry and correlations to 

proximal deposits (Fig. 7.8).   

Both of the Acireale Plinian eruptions are particularly widespread, but not uniformly 

dispersed. Where precise correlations are made, using glass geochemistry, physical 

parameters (morphology and colour) and stratigraphy, then distal archives can be linked 

over thousands of kilometres. A case in point is linking tephra recorded at LGdM, TM-

12-1 and the ash layer recorded in the Haua Fteah cave, Libya (Fig. 7.8).  

The presence of geochemically separate Plinian eruptions in the Ionian Sea and the 

Bannock basin cores would indicate that the fall footprints of these two eruptions are 

not uniform and result in complex dispersal patterns. Herein Y-1 is presented from 

Ionian Sea cores (M25/4-11 and M25/4-13), yet no evidence of Etnean ash was found at 

the neighbouring core M25/4-12 (Keller et al., 1978), despite a detailed cryptotephra 

investigation of the sediments (Chapter 5). 
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7.5. Conclusions: 

(1) Duel explosive eruptive events on Mount Etna (ca.18-16ka) involving fractionated 

trachytic magmas with Nb, Ta and Ti depletions is indicative of a subduction influence. 

Given the predominantly intra-plate chemistry of Etna perhaps these explosive events 

coincide with a switch from relatively non-explosive intra-plate to more hydrous and 

explosive (Plinian) supra-subduction activity. 

(2) Geochemistry confirms a co-genetic relationship between the Unit D Acireale 

Plinian fall (Coltelli et al., 2000) and the Biancavilla ignimbrites (i.e., block and ash 

flows) (De Rita et al. 1991).  

(3) Trachytic block and ash flows are believed to be contemporaneous with Plinian 

activity because distal tephras contain evidence (i.e., geochemistry, morphologies and 

colour) consistent with input from both.  

(4) Distal data confirm at least two major Plinian Ash dispersals sourcing from Etna 

spanning Termination 1 interval. The ‘Y-1’ across the central Mediterranean does not 

represent a single contemporaneous ash dispersal. Thus great care must be exercised 

when synchronising distal archives. 

(5) Fall recorded at Giarre appears to predate the Acireale Plinian episodes given their 

links to the Biancavilla flows. Giarre fall geochemistry is not identified in any of the 

reviewed distal tephra layers. 

(6) It is suggested that two Plinian dispersals to the SE, identified at Acireale, can be 

correlated to distal ash layers both following these main dispersal but also to the North 

of Etna, enabling the synchronisation of distal archives over wide geographical areas. 

(7) Proximal-distal correlations to high resolution archives enable us to infer that this 

explosive phase on Mount Etna spans a minimum of 1500 varve years, we suggest that 

the first be attributed to Acireale D1b and the second once confirmed by glass 

geochemistry to Acireale D2b.  
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Chapter 8: Conclusions 

 

The overall aim of this thesis was to test proximal-distal tephra correlations within the 

central Mediterranean region using additional grain-specific trace element geochemistry 

of volcanic glasses. A summary of the main conclusions of the thesis follow with 

detailed conclusions given at the end of each chapter; 

 Proximal Aeolian Island Eruptions: Glass geochemistries from the major 

explosive episodes in the Aeolian Islands are diverse. Where overlaps in major 

element geochemistries exist between volcanic islands, trace element signatures 

of the magmas from individual islands are diagnostic. For example potassic 

shoshonitic/K-series glasses from Vulcano and Stromboli can be distinguished 

using HFSE/Th ratios. On an island specific basis the integration of major, 

minor and trace element data is often essential for resolving diagnostic 

geochemistries for individual eruptions. (Chapter 3).    

 

 Marsili Basin marine core: Using the Marsili Basin core as a test-bed for 

proximal-distal tephra correlation revealed that some of the existing correlations 

were erroneous because they were based solely on major elements. A multi-

elemental approach to proximal-distal tephra correlations offers a more precise 

means of validating correlations. The identification of unknown Aeolian Island 

derived glasses reveals that yet further proximal characterisation of tephras is 

required. Monogenetic turbidites recorded in the Marsili Basin core can be used 

as tephrostratigraphic markers when correlated to precise source volcanics but 

polygenetic turbidites offer very little tephrochronological information (see 

Chapter 4). 

 

 Aeolian ash dispersal patterns: Limited tephra fall from Aeolian Island 

explosive volcanism is recorded in the Marsili basin core. The paucity of 

Aeolian tephras in the Tyrrhenian Sea and their greater abundance within the 

Aeolian Islands to the south and east, on Sicily and in the Ionian Sea marine 

core might suggest that ash dispersals are influenced by prevailing circulation 

patterns in the Mediterranean which are westerly during most of the year (see 

Chapter 3, 4, 5). 
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 Ionian Sea marine core: Two Aeolian Island explosive eruptions (7-40ka) are 

present in the Ionian Sea core M25/4-12. Ash from the Gabellotto-Fiume bianco 

HKCA eruption on Lipari is identified in the Ionian Sea core M25/4-12 within 

sapropel 1 (28 cm b.s.f) early Holocene sediments. This provides a new 

chronostratigraphic marker of 8730–8400 cal yrs BP (7770 ± 70 
14

C yrs BP). A 

second, older tephra (44 cm) is compositionally identical and from an unknown 

late glacial eruption on Lipari. Contributing to growing evidence for more 

numerous ash dispersal sourcing from the Island (see Chapter 5). 

 

 The distal Y-3 marker: Trace element data confirm that the VRa eruption, 

from Campi Flegrei within the Tufi Biancastri series of eruptions is not the 

proximal counterpart of the Y-3 in the Ionian Sea. Consequently, proximal ages 

associated with the VRa should not be imported to the Ionian Sea core. In the 

absence of a proximal counterpart for the Y-3 tephra, the geochemistry 

presented from it type locality should be used to determine distal-distal 

correlation for what represents an important tephrostratigraphic marker in the 

central Mediterranean (Chapter 5). 

 

  The distal Y-5 marker: The Y-5 Ionian sea layer previously correlated to the 

Campanian Ignimbrite (Kraml, 1997) has been validated using new proximal 

glass data (Tomlinson et al., 2012). This confirms the southern dispersal of ash 

was associated with the first Plinian eruptive phase rather than the subsequent 

co-ignimbrite ash (Chapter 5). This illustrates that where significant 

compositional heterogeneity is observed proximally detailed glass geochemistry 

can be used to establish precise links between distal tephras and individual 

eruptive phases. 

 

 ‘External’ ash layers recorded in the Aeolian Islands: Ages can be imported 

into the proximal Aeolian Island stratigraphies by precisely linking ‘external’ 

ash layers to dated proximal or distal deposits. For example the ‘Ischia tephra’ 

layer displays glass geochemistry with variability corresponding to the MEGT 

caldera forming eruption of Ischia (ca. 55 ka). The Barone tephra layer, Salina, 

is assigned to the LGdM tephra, TM-27 (108.3 ka) (Wulf et al., submitted). A 

pink ash layer on the island of Panarea, which has been used as an important age 
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constraint for explosive activity on the island, does not appear to correspond to 

either of the published correlatives and remains currently unresolved. These 

external ash layers can also be integrated into and contribute to the known 

dispersal of major explosive episodes in the central Mediterranean region (See 

chapter 6). 

 

 Proximal Biancavilla Mount Etna: Volcanic glass geochemistry confirms a 

co-genetic relationship between the Acireale Plinian fall (unit D) and the 

Biancavilla ignimbrites (i.e., block and ash flows). (see Chapter 7). 

 

 Y-1/Biancavilla central Mediterranean marker: Deposits from two Plinian 

Etnean eruptions are evident in the distal record at LGdM spanning the 

Termination 1 time interval. Consequently, the Y-1 found in the central 

Mediterranean does not represent a single contemporaneous tephra layer. 

Statistically different geochemistries are seen in the glasses of the Y-1 recorded 

in the Ionian Sea and Y-1 recorded in Lago di Mezzano (Italy). Distal archive 

synchronisation using these Etnean ashes should incorporate major, minor and 

trace element data to ensure precise correlations (Chapter 7). 

 

 Etna Proximal-distal correlations: proximal-distal correlations with Lago 

Grande di Monticchio suggest a temporal gap of ca. 1500 varve years might be 

inferred between the two Acireale (Unit D) Plinian episodes on Mont Etna. TM-

12-1 is confidently assigned to the lower Acireale D1b fall/Y-1 (Ionian Sea), 

whilst the Giarre fall geochemistries are absent distally, the younger TM-11 at 

LGdM is linked to the upper Acireale D2b fall. 

The integration of major, minor and trace element glass data provides the most robust 

basis for proximal-distal tephra correlations. Statistically valid tephra correlations allow 

for the exchange of tephrochronological and tephrostratigraphical information; (a) with 

proximal ages assigned to distal tephras; (b) distal age/stratigraphic information can be 

imported back to help unravel proximal eruptive sequences; (c) comparisons of 

proximal and distal ages can enable the cross validation of age information. A caveat- 

trace element analyses is not always able to define diagnostic geochemistry for 

temporally separate explosive eruptions from the same volcanic source. A feature that 

becomes apparent within this research is that the larger magnitude Plinian eruptions, 
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whilst displaying overlapping chemistries (major and trace) with inter-Plinian activities, 

can typically be defined by their significantly greater geochemical variability (i.e., 

Campanian Ignimbrite, MEGT; TM-27).  

Future work: 

 Presented in chapter 3 is a significant contribution of proximal glass 

geochemical data for many of the major explosive Aeolian Island eruptions. 

Whilst this is crucial to determining and refining proximal-distal tephra 

correlations, many of these tephras remain poorly dated at source, thus whilst 

defining provenance of distal tephras can be achieved, assigning a reliable age is 

remains problematic. Although challenging, future investigation need to focus 

on chronologically constraining some of the more poorly dated eruptive 

episodes (i.e., Secche di Lazzaro, Stromboli).  

 

 The occurrences of distal Lipari tephras temporally constrained between the 

major explosive episodes reported on the island might infer that small 

volume/localised eruptions have the potential to distally disperse ash significant 

distances. Consequently, future proximal investigations might target some of the 

smaller volume deposits for geochemical characterisation. 

 

 The identification of cryptotephra layers from the upper sediments of M25/4-12 

in the Ionian Sea, demonstrate the potential to extend this investigation into the 

older sediments of the core, providing the potential to identify further 

chronological markers.  

 

 A systematic multi-elemental re-investigation of proposed occurrences of Y-3 

tephras within the Mediterranean region would help refine distal-distal tephra 

correlations. Geochemical and chronological data associated with reported ‘Y-3’ 

tephras indicated that some erroneous correlations exist, owing to numerous 

explosive episodes with overlapping geochemistries sourcing from Campi 

Flegrei (Tufi Biancastri). Precise distal-distal correlations would enable the 

accurate application of this tephra as crucial stratigraphic marker coinciding with 

the MIS 2/3 transition. 
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 In order to further validate Y-1 proximal-distal links in the central 

Mediterranean glass analyses of the upper Acireale D2b fall unit is essential. 

The sample has recently been retrieved from archived material in the absence of 

available proximal exposure and is being prepared for analysis.  
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Appendix II 

Detailed description of results from investigated tephras compared with the ‘Ischia tephra’ 

layer Stromboli: 

Y-7 Ionian Sea – M25/4-11 

Major element glass compositions display some major element variability with 61.4-63.1 

wt.% SiO2, 2.2-2.9 wt.% FeO, 0.9-1.5 wt.% CaO. Glasses display elevated alkalis (5.9-8.4 

wt.% Na2O and 5.9-7.4 wt.% K2O) and range from phonolitic to trachytic compositions (Fig. 

6.8a). The tephra deposits comprise of glasses with both Na2O > K2O and also K2O ≥ Na2O 

(K2O/Na2O = 0.72-1.32). K2O ≥ Na2O is typically restricted to the higher SiO2 glasses 

analysed. Trace element concentrations reflect highly evolved melt compositions (Zr/Sr = 7-

385) and the glasses display significant LREE enrichment relative to the HREE (La/Yb = 

21.7 ± 1.7). Significant trace element heterogeneity is observed in the trace element 

concentrations of this tephra layer with 261-512 ppm Rb, 29-70 ppm Y, 227-803 ppm Zr, 41-

127 ppm Nb, 66-155 ppm La, 124-293 ppm Ce and 16-53 ppm Th (Fig. 6.20d-f) . Glasses 

display significant depletions in Ba, Sr and Eu relative to other incompatible trace elements 

indicative of K-feldspar fractionation (3-25 ppm Ba, 3-32 ppm Sr and Eu/Eu*N = 0.2; Table 

6.3). HFSE element ratios to Th are constant within these glasses (Nb/Th = 2.54 ± 0.16; 

Zr/Th = 15.0 ± 0.7; Ta/Th = 0.13 ± 0.01) (Fig. 6.10e). 

Lago Grande di Monticchio (LGdM) 

TM-19 (38.63 m; 60, 060 varve years BP; Ar/Ar = 55 ± 2 yrs BP) 

TM-19 major element glass compositions display some significant variability with 61.3-63.2 

wt.% SiO2, 2.3-2.8 wt.% FeO, 0.9-1.4 wt.% CaO. Glasses display elevated alkalis (6.2-8.4 

wt.% Na2O and 6.1-7.2 wt.% K2O) and range phonolitic to trachytic compositions (Fig. 6.7a). 

The tephra deposits comprises of both glasses with both Na2O > K2O and also K2O ≥ Na2O 

(K2O/Na2O = 0.72-1.17). K2O ≥ Na2O is typically restricted to the higher SiO2 glasses 

analysed as both Na2O subsequently total alkalis decrease with increasing SiO2. Trace 

element concentrations reflect highly evolved melt compositions (Zr/Sr = 17-261) and the 

glasses display significant LREE enrichment relative to the HREE (La/Yb = 22.2 ± 1.9). 

Significant heterogeneity is observed in the trace element concentrations of this tephra layer 

with ranges of 287-541 ppm Rb, 30-68 ppm Y, 258-778 ppm Zr, 46-123 ppm Nb, 68-149 

ppm La, 136-289 ppm Ce and 18-51 ppm Th (Fig. 6.10d-f). Glasses display significant 



depletions in Ba, Sr and Eu relative to other incompatible trace elements indicative of K-

feldspar fractionation (3-29 ppm Ba, 3-36 ppm Sr and Eu/Eu*N = 0.2). HFSE element ratios 

to Th are fairly constant within these glasses (Nb/Th = 2.6 ± 0.16; Zr/Th = 15.3 ± 0.8; Ta/Th 

= 0.13 ± 0.01) (Fig. 6.10e). 

TM-20 (39.34 m; 61,370 varve yrs BP); 

TM-20 major element glass compositions are homogenous with 61.3-62.4 wt.% SiO2, 2.0-2.8 

wt.% FeO, 1.0-1.3 wt.% CaO. Glasses display elevated alkalis (6.9-7.9 wt.% Na2O and 6.2-

6.8 wt.% K2O) and are classified as phono-trachytes (Fig. 6.9a). Na2O > K2O in all the shards 

investigated within TM-20 (K2O/Na2O = 0.82-0.91) (Fig. 6.10a). Trace element 

concentrations indicate a highly evolved melt composition (Zr/Sr = 44-231) with LREE 

enrichment relative to the HREE (La/Yb = 20.3 ± 0.8). Trace element concentrations 

observed in these glasses are homogeneous 61-65 Y, 649-698 ppm Zr, 106-113 ppm Nb, 132-

141 ppm La, 249-276 ppm Ce and 44-46 Th (Fig. 6.10d; f). HFSE element ratios to Th 

remain constant within these glasses (Nb/Th = 2.4 ± 0.4; Zr/Th = 14.6 ± 0.4; Ta/Th = 0.12 ± 

0.02) (Fig. 6.10e). 

TM-20-1b (40.68 m; 64,140 varve yrs BP); 

TM-20-1b major element glass compositions are homogenous with 61.5-62.5 wt.% SiO2, 2.3-

2.8 wt.% FeO, 1.0-1.2 wt.% CaO. Glasses display elevated alkalis (6.9-7.7 wt.% Na2O and 

6.3-6.8 wt.% K2O) and are classified as phono-trachytes (Fig. 6.9a). Na2O > K2O in all the 

shards investigated within TM-20-1b (K2O/Na2O = 0.82-0.94) (Fig. 6.10a). Trace element 

concentrations indicate a highly evolved melt composition (Zr/Sr = 54-198) with LREE 

enrichment relative to the HREE (La/Yb = 20.8 ± 1.0). Trace element concentrations 

observed in these glasses are homogeneous 56-64 ppm Y, 569-641 ppm Zr, 94-106 ppm Nb, 

118-135 ppm La, 237-274 ppm Ce and 35-43 ppm Th. HFSE element ratios to Th remain 

constant within these glasses (Nb/Th = 2.5 ± 0.1; Zr/Th = 15.2 ± 0.6; Ta/Th = 0.13 ± 0.002) 

(Fig. 6.10e).  

TM-20-1c (41.05 m; 64,470 varve yrs BP); 

TM20-1c major element glass compositions are homogenous with 61.6-62.8 wt.% SiO2, 2.0-

2.9 wt.% FeO, 0.9-1.3 wt.% CaO. Glasses display elevated alkalis (7.0-7.7 wt.% Na2O and 

5.9-6.7 wt.% K2O) and are classified as phono-trachytes (Fig. 6.9a). Na2O > K2O in all the 

shards investigated within TM-20-1c (K2O/Na2O = 0.82-0.92). Trace element concentrations 



indicate a highly evolved melt composition (Zr/Sr = 65-255) with LREE enrichment relative 

to the HREE (La/Yb = 20.1 ± 1.4). Trace element concentrations observed in these glasses 

are homogeneous 60-65 ppm Y, 604-650 ppm Zr, 99-108 ppm Nb, 123-136 ppm La, 245-278 

ppm Ce and 40-45 ppm Th (Fig. 6d-f). HFSE element ratios to Th remain constant within 

these glasses (Nb/Th = 2.4 ± 0.1; Zr/Th = 14.5 ± 0.5; Ta/Th = 0.12 ± 0.01) (Fig. 6.10e).   

Central Adriatic  

PRAD1-2 1870 cm 

Major element glass data for this phono-trachytic tephra are presented in Bourne et al. (2010). 

The layer is attributed by Bourne et al. (2010) to Ischia and linked with either TM19 or TM20 

LGdM layers. The ash layer at 1870cm is characterised by shards displaying both Na2O > 

K2O and K2O ≥ Na2O (K2O/Na2O = 0.80-1.11) (Fig. 6.9a). Trace element concentrations 

indicate a highly evolved melt compositions (Zr/Sr = 12-351) with LREE enrichment relative 

to the HREE (La/Yb = 21.2 ± 2.1). Trace element concentrations observed in these glasses 

display dramatic heterogeneity 31-73 ppm Y, 247-819 ppm Zr, 42-130 ppm Nb, 67-157 ppm 

La, 133-303 ppm Ce and 17-53 ppm Th (Fig. 6.10d; f). HFSE element ratios to Th remain 

constant within these glasses (Nb/Th = 2.5 ± 0.1; Zr/Th = 14.9 ± 1.0; Ta/Th = 0.12 ± 0.02) 

(Fig. 5e).   

SA03-03 685 cm 

Major element glass data for this phono-trachytic to trachytic tephra are presented in Bourne 

(2012). The layer is attributed by Bourne (2012) to Ischia and linked with either TM19 or the 

TM-20 layers. The ash layer at 1870cm is characterised by shards displaying both Na2O >> 

K2O and K2O = Na2O (K2O/Na2O = 0.80-1.0). Trace element data for SA03-03 685 cm were 

normalised based on average SiO2 values as major element analysis on the sample had 

already been completed (Bourne 2012). Trace element concentrations indicate a highly 

evolved melt composition (Zr/Sr = 67-312) with LREE enrichment relative to the HREE 

(La/Yb = 22.0 ± 1.7). Trace element concentrations observed in these glasses are 

heterogeneous with 48-75 ppm Y, 414-824 ppm Zr, 71-125 ppm Nb, 101-159 ppm La, 202-

303 ppm Ce and 28-51 ppm Th (Fig. 6.10d-f). HFSE element ratios to Th remain constant 

within these glasses (Nb/Th = 2.5 ± 0.1; Zr/Th = 15.3 ± 0.5; Ta/Th = 0.12 ± 0.01) (Fig. 

6.10e).   
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