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ABSTRACT 23 
 24 
Volcanic activity at Phlegraean Fields, Italy, produced several major marker 25 
tephras over a 50 ka period. The caldera forming eruptions of the Campanian 26 
Ignimbrite (CI) and Neapolitan Yellow Tuff (NYT) are of particular importance for 27 
tephrostratigraphy in Europe. Other key eruptions from this source include the 28 
Pomici Principali (PP) and the Tufi Biancastri eruptions. We combine analyses of 29 
fresh glasses from proximal locations (i.e., juvenile clasts in proximal flow and fall 30 
deposits) with data for key tephra layers from Lago Grande di Monticchio, 120 km 31 
to the east. The micron-beam major (EMPA) and trace (LA-ICP-MS) element 32 
glass dataset allows us to: (a) Distinguish between tephra units produced from 33 
the Phlegraean Fields before and during the CI eruption (CI-series), and before 34 
and during the NYT and PP eruptions (NYT-series/PP); (b) Discriminate between 35 
the CI and the geochemically similar Pre-CI pyroclastic deposits; (c) Separate the 36 
NYT from Pre-NYT tephra units, although both major and trace elements do 37 
show significant overlap. The complex compositional overlap between Pre-NYT 38 
tephras may present a problem for tephra correlations in the 14-39 ka time 39 
window and may have resulted in incorrect proximal-distal and distal-distal 40 
correlations. The diagnostic chemical criteria detailed herein permits more 41 
accurate matching of distal tephras with their proximal equivalents and hence will 42 
improve chronostratigraphy of distal settings and give insight into tephra 43 
dispersal. We show that the dispersal of PP tephra was more limited than 44 
previously thought. The surge/fall (Lower Member) and subsequent pyroclastic 45 
density current (Upper Member) phases of the NYT eruption can be recognised 46 
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in distal settings. Both the NYT Lower and Upper Members are found in distal 47 
localities to the east of the Phlegraean Fields, however the Lower Member is 48 
found in the absence of the Upper Member in locations to the far north of 49 
Phlegraean Fields. Chemical compositions of the Plinian and ignimbrite phases 50 
of the CI eruption overlap extensively, but can be distinguished on a plot of Zr-Th.  51 
 52 
Key Words: Tephrostratigraphy, LA-ICP-MS, Campi Flegrei, Campanian 53 
Ignimbrite, Neapolitan Yellow Tuff, Lago Grande di Monticchio 54 
 55 
1. INTRODUCTION 56 
 57 
Tephra layers deposited during large explosive volcanic eruptions form important 58 
isochronous marker beds in the stratigraphic record, allowing correlation between 59 
archaeological, terrestrial, marine and ice records (tephrostratigraphy). In 60 
addition, if the tephra can be correlated to a source and age of the eruption is 61 
well established, distal ash layers can be used as age markers within the 62 
stratigraphic record (tephrochronology). Furthermore, a reliable correlation 63 
between proximal and distal facies of an eruption deposit allows the eruption 64 
volume and tephra dispersal pattern to be reconstructed. Knowledge of these two 65 
parameters is important in volcanic hazards assessments and zoning of the 66 
territory in relation to the expected hazards. This is critical for active, restless and 67 
densely populated volcanoes such as the Phlegraean Fields resurgent caldera 68 
(Orsi et al., 1996, 1999a, b, 2004, 2009; Costa et al., 2009; Selva et al., 2012). 69 
 70 
Tephra produced during the two most recent caldera forming eruptions at 71 
Phlegraean Fields (Fisher et al., 1993; Orsi et al., 1996), the Campanian 72 
Ignimbrite (CI, 39.28 ± 0.11 40Ar/39Ar ka; De Vivo et al., 2001) and the Neapolitan 73 
Yellow Tuff (NYT, 14.9 ± 0.4 40Ar/39Ar ka; Deino et al., 2004), provide important 74 
stratigraphic markers in European Quaternary deposits (e.g. Schmidt et al., 2002; 75 
Fedele et al., 2003; Pyle et al., 2006; Giaccio et al., 2008). The CI was the most 76 
explosive eruption of the Campanian Volcanic Zone (CVZ) and the largest known 77 
volcanic event in the Mediterranean region in the last 200 ka (Barberi et al., 78 
1978). The CI has been correlated with distal occurrences of the Y-5 tephra in 79 
the eastern Mediterranean, central and eastern Europe and Russia (e.g. Keller et 80 
al., 1978; Thunell et al., 1979; Paterne et al., 1988; Vezzoli, 1991; Pyle et al., 81 
2006). The CI is linked with layer TM-18 (36.77 varve ka BP) in the Lago Grande 82 
di Monticchio sediment core (Wulf et al., 2004). Some 25 ka later, activity in the 83 
Phlegraean Fields caldera produced the NYT. The NYT has been correlated with 84 
the 13.84-14.88 cal ka BP1 C-2 tephra layer in the Tyrrhenian and Adriatic Seas 85 
(Paterne et al., 1988; Calanchi et al., 1998; Siani et al., 2004; Bourne et al., 86 

                                            
1 All radiocarbon ages presented here (cal ka BP) have been calibrated using the 
IntCal09 or Marine09 internationally accepted calibration curves (Reimer et al., 

2009) at 2s. Year 0 is 1950 AD. Please see references for uncalibrated 
radiocarbon determinations. 
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2010) and with TM-8 (14.12 varve ka BP) in the Lago Grande di Monticchio core 87 
(Wulf et al., 2004; 2008). The smaller Pomici Principali (PP, also known as 88 
Agnano Pomici Principali) eruption dated at 11.92-12.26 cal ka BP (Smith et al., 89 
2011) has been correlated with TM-7b (12.18 varve ka BP) in the Lago Grande di 90 
Monticchio core (Wulf et al., 2004; 2008) and has also been described in the 91 
Adriatic Sea (Paterne et al., 1988; Calanchi et al., 1998; Siani et al., 2004; 92 
Bourne et al., 2010) and several lake settings (Magne et al., 2006; Sulpizio et al., 93 
2009; Lane et al., 2011). 94 
 95 
Diagnostic glass chemistries for each eruption are essential in order to verify the 96 
use of PP, NYT and CI in tephrostratigraphy and tephrochronology. However, 97 
both the CI and NYT display chemical zoning in proximal deposits (Orsi et al., 98 
1992; 1995; Civetta et al., 1997; Pappalardo et al., 2002a). In addition, a number 99 
of smaller eruptions at Phlegraean Fields also form stratigraphic markers in 100 
Quaternary deposits across the Mediterranean. These smaller eruptions were fed 101 
by trachyte and phonolite magmas with similar chemistries to the CI and NYT 102 
products. At least twelve Pre-Campanian Ignimbrite (Pre-CI) units are recognised 103 
at the Trefola Quarry (Orsi et al., 1996) spanning 59-39 ka (Pappalardo et al., 104 
1999). Several of these eruptions produced quite thick (>10 m) proximal 105 
pyroclastic fall and density current deposits generated by high-energy explosive 106 
eruptions from vents outside the caldera (Orsi et al., 1996). At least 20 distinct 107 
tephra layers have been recognised for the same time window in the medial-108 
distal Lago Grande di Monticchio core (Wulf et al., 2007).  109 
 110 
Between the CI and NYT eruptions, numerous surges and minor fall deposits 111 
were generated from intra-caldera phreatomagmatic eruptions (Orsi et al., 1996). 112 
40Ar/39Ar dated eruptions range in age from 30.3 ka (VRa) to 14.6 ka (PRe) 113 
(Pappalardo et al., 1999). These Pre-NYT units, deposited over a period of 25 ka, 114 
are known collectively as Tufi Biancastri (Rittmann, 1950). Several distal tephras 115 
are found in this time window. At least 10 Pre-NYT tephra layers are recorded in 116 
the Lago Grande di Monticchio core, with TM-9 and TM-15 being the most 117 
prominent (Wulf et al., 2004, 2007, 2008). TM-9 is linked to GM1. In distal 118 
settings GM1 comprises two tephra layers closely spaced in time and is dated at 119 
14.2-16.2 cal ka BP (Siani et al., 2004; Aufgebauer et al., 2012). TM-15 is 120 
correlated with the 30-31 cal ka BP Y3, described in marine and terrestrial 121 
settings across the central Mediterranean (Zanchetta et al., 2008). 122 
 123 
The aims of this study using Electron Microprobe Analysis (EMPA) and Laser 124 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) of single 125 
glass shards, are: 1) to define the diagnostic major and trace element 126 
geochemistry of the PP, NYT and CI glasses and to investigate their 127 
compositional heterogeneity; 2) to use these diagnostic geochemisties to 128 
investigate the dispersal of the PP, NYT and CI tephra; and 3) to investigate the 129 
geochemistry of pyroclastic-fall and flow deposits that predate the CI and the 130 
NYT eruptions. Defining diagnostic chemistries of these Pre-CI and Pre-NYT 131 
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units would not only allow them to be distinguished from the CI and NYT events, 132 
but also allows them to be used as stratigraphic markers.  133 
 134 
2. GEOLOGICAL OUTLINE 135 
 136 
The Phlegraean Fields lie in the Campanian Plain along the Tyrrhenian margin of 137 
the southern Apennines and is part of the Quaternary potassic province. The 138 
Phlegraean Fields comprises a 13 km wide nested caldera in the Gulf of Naples, 139 
formed mainly as a consequence of the eruption of the CI and NYT (Orsi et al., 140 
1996). The caldera margins are poorly exposed and on the south lie beneath the 141 
Bay of Pozzuoli. The Phlegraean Fields has been active since at least 60 ka 142 
(Pappalardo et al., 1999) and many of the eruptions from the Phlegraean Fields 143 
had large Plinian columns (>40 km) that deposited widespread fall and flow units. 144 
Numerous eruptions have taken place since the NYT eruption during three 145 
epochs of activity (Di Vito et al., 1999) from vents located either along the faults 146 
bordering the caldera or along the extensional faults bordering the La Starza 147 
resurgent block (Orsi et al., 1996). The most recent eruption produced the Monte 148 
Nuovo tuff cone in 1538 AD (D'Oriano et al., 2005).  149 
 150 
PP was a sub-Plinian to Plinian eruption, which dispersed pumice and ash mainly 151 
towards the east (Lirer et al., 2001). PP was dominantly phreatomagmatic and 152 
deposited alternating pumice/ash fall units and pyroclastic density currents 153 
(Smith et al., 2011), which show a progressive increase in magma discharge 154 
rate, as indicated by an increase in grain size and proportion of lithic fragments 155 
with stratigraphic height (Lirer et al., 2001). PP magmas are tephri-phonolitic to 156 
phonolitic (D'Antonio et al., 2007; Arienzo et al., 2010; Smith et al., 2011). 157 
 158 
The NYT is the largest known trachytic phreato-Plinian eruption, extruding >40 159 
km3 dense rock equivalent (DRE) of latitic-to-trachytic magma, (Orsi et al., 1992, 160 
1995; Wohletz et al., 1995). Deposits of the NYT are chemically zoned and were 161 
produced from three distinct magma batches, which are not related by fractional 162 
crystallisation (Orsi et al., 1995). The NYT sequence is divided into a Lower 163 
Member (LM) and an Upper Member (UM). The LM comprises a surge deposit 164 
(LM1) produced from a central vent, overlain by an alternating sequence of 165 
phreato-Plinian surge and Plinian fall deposits (LM2-LM13) all erupted from a 166 
central vent (Orsi et al., 1995; Orsi et al., 1992; Wohletz et al., 1995). The UM 167 
was erupted from multiple vents and deposited as pyroclastic density currents 168 
following column collapse (Orsi et al., 1995; Orsi et al., 1992; Wohletz et al., 169 
1999). The poorly evolved latitic-trachitic magma dominated the end of the 170 
eruption (Orsi et al., 1992; 1995; Wohletz et al., 1995) and is not recorded in the 171 
precursor eruptions (Pabst et al., 2008). 172 
 173 
The CI erupted at least 300 km3 DRE (Fedele et al., 2003) of magma during two 174 
major phases. The first phase was Plinian and produced a column that reached a 175 
maximum height of 44 km and deposited pumice and ash predominantly to the 176 
south-east (Rosi et al., 1999). The second phase accompanied caldera collapse 177 
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and was characterised by highly inflated pyroclastic density currents that flowed 178 
over the sea and crossed mountain ridges in excess of a thousand meters 179 
(Fisher et al., 1993; Ort et al., 2003). Breccias were emplaced during the course 180 
of the eruption (Fedele et al., 2008). The superposition of the variable and 181 
chemically distinct pyroclastic density currents is documented in a core drilled in 182 
the northern part of the city of Naples (Pappalardo et al., 2002a). On the basis of 183 
the reconstruction of the CI chemical stratigraphy from the drill core, we will refer 184 
to the three recognised pyroclastic density currents units as the lower, 185 
intermediate and upper flow units. The explosive phases that generated these 186 
units were fed by the most differentiated phonolitic magma, the compositionally 187 
intermediate and the least differentiated trachytic magmas, respectively (Civetta 188 
et al., 1997; Pappalardo et al., 2002a).  189 
 190 
The CI magma chamber was compositionally zoned and is generally considered 191 
to have comprised two distinct magmas (trachytic and phonolitic), which mixed 192 
during the eruption (Fedele et al., 2008; Arienzo et al., 2009; Civetta et al., 1997; 193 
Pappalardo et al., 2002a). There is some debate as to the relationships between 194 
the trachytic and phonolitic layers. Some authors have suggested that the 195 
phonolitic cap was generated by undercooling and rapid crystallisation of the 196 
trachyte magma and later assimilation (Bohrson et al., 2006; Fowler et al., 2007; 197 
Pappalardo et al., 2008). Fedele et al., (1008) suggest that the CI magmas in the 198 
Breccia Museo formation are related by fractional crystallisation. However, the 199 
least and most evolved CI end-member magmas have different Sr- and Nd-200 
isotope signatures suggesting that they evolved separately (Arienzo et al., 2009). 201 
The least evolved component is seen only at the end of the CI eruption (Arienzo 202 
et al., 2009; Pabst et al., 2008). This suggests late recharge of the CI chamber by 203 
trachytic magma that crystallised ca. 6 ka before eruption (Arienzo et al., 2011).  204 
 205 
The chemical heterogeneity of the CI and NYT is believed to result mostly from 206 
recharge of the shallow reservoir by arrivals of less differentiated magmas and 207 
mixing (Orsi et al., 1995; Pabst et al., 2008; Arienzo et al., 2009). In contrast, the 208 
Pre-CI and Pre-NYT fall units each have a more restricted compositional range 209 
(Pabst et al., 2008). On the basis of geochemical and isotopic data, Pabst et al. 210 
(2008) argue that: 1) the Pre-CI eruptions represent distinct magma batches in 211 
multiple chambers, the last of which may have provided a mixing end-member for 212 
the CI, later influxed by less differentiated, less radiogenic magma; and 2) the 213 
Pre-NYT magmas evolved independently from the preceding CI magmatic 214 
system. The Pre-CI, CI and Pre-NYT, NYT are decoupled both geochemically 215 
and isotopically and show evidence of increasing crustal contamination through 216 
time since 60 ka (Di Renzo et al., 2011, D�Antonio et al., 2007; Pappalardo e al., 217 
2002b; Pabst et al., 2008; Tonarini et al., 2004).  218 
 219 
3. SAMPLES 220 
 221 
3.1 Proximal Samples 222 
 223 
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The ash/tephra (<2 mm) component of Plinian and co-ignimbrite clouds can be 224 
dispersed by tropospheric and stratospheric systems and deposited in distal 225 
localities, therefore in our proximal study we have primarily sampled thick fall and 226 
flow deposits. Samples from the CI and NYT and several major Pre-CI and Pre-227 
NYT eruptions were taken from well-studied outcrops from various locations in 228 
the Campanian Region (Fig. 1, Table 1).  Numerous smaller eruptions recorded 229 
in the stratigraphy at Trefola quarry and elsewhere are described in detail in 230 
Pabst et al. (2008) and Pappalardo et al. (2002b).  231 
 232 
The CI and NYT were both sampled at four separate localities; the Pre-CI was 233 
sampled at Trefola (TL) quarry and the Pre-NYT at Trefola and Verdolino (VR) 234 
quarries and at Ponti Rossi (PR). The PP samples come from Via Pigna. 235 
Eruptions were sampled at various levels, except for thin deposits (<2m) where 236 
only one representative sample was collected. Details of the eruptions sampled 237 
and sample localities are given in Table 1. Thirty pumice/scoria clasts were 238 
sampled from each level. Clasts were crushed and clean fragments from the 239 
interiors of each individual clast was picked and mounted in �Stuers EpoFix� 240 
epoxy resin. 241 
 242 
3.2 Lago Grande di Monticchio samples 243 
 244 
We compare the proximal samples to distal tephra preserved within the Lago 245 
Grande di Monticchio core, discussed in detail in Narcisi, (1996) and Wulf et al. 246 
(2004, 2008). This lake provides an ideal distal archive for Campanian tephra 247 
due to its location 120 km east of the Phlegraean Fields (Fig. 1) on the dispersal 248 
axis of most eruptions (e.g. Santacroce et al., 2003). The Lago Grande di 249 
Monticchio core spans 135 ka and preserves >340 distinct tephra layers, of 250 
which >300 are thought to originate from the Campanian region (Wulf et al., 251 
2004). The laminated sediments of the lake provide a high-precision varve age 252 
record (Wulf et al., 2008). Incremental counting error on Lago Grande di 253 
Monticchio varve ages is estimated to be 5-10 % (Brandt et al., 1999; Brauer et 254 
al., 2000; Wulf et al., 2008). We have determined the major and trace element 255 
compositions of prominent layers from this lake that were previously correlated to 256 
the PP (TM-7b), NYT (TM-8) and CI (TM-18-top and TM-18-base) and with key 257 
Campanian tephra in the Pre-NYT (TM-9, TM-15) time window. Pumice and 258 
glass shards from the Lago Grande di Monticchio tephra layers were picked and 259 
mounted in �Stuers EpoFix� epoxy resin for analysis.  260 
 261 
4. ANALYTICAL METHODS  262 
 263 
4.1 Electron Micro-Probe Analysis 264 
 265 
Major element compositions were determined using Jeol8600 electron 266 
microprobe, equipped with 4 wavelength dispersive spectrometers and SamX 267 
software, at the Research Laboratory for Archaeology and the History of Art, 268 
University of Oxford. An accelerating voltage of 15 kV, low beam current (6 nA), 269 
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and defocused (10 µm) beam were used to minimize Na migration. Count times 270 
were 30 s, except for Na (10 s) and P and Cl (each 60 s). The instrument was 271 
calibrated using a suite of appropriate mineral standards. The calibration was 272 
verified using a range of secondary glass standards from the Max Planck 273 
Institute, Leipzig, Germany. Secondary glass (MPI-DING suite; Jochum et al., 274 
2006) and mineral (Smithsonian Institute; Jarosewich, 2002) standards were 275 
analysed between and within runs. The PAP absorption correction method was 276 
used. Three replicate analyses were made on each sample and analyses with 277 
totals of <95 % were discarded. Sample totals are normalised to 100 wt% in all 278 
plots and tables. Accuracies of analyses of the MPI-DING glasses are <5 % for 279 
concentrations >0.8 wt%; concentrations <0.2 wt% are more qualitative. 280 
Analytical precision is <10 % relative standard deviation (%RSD) for analytes 281 
with concentrations >0.8 wt%. Error bars on plots show 2 s.d. of replicate 282 
analyses of StHs6/80-G and ATHO-G. 283 
 284 
4.2 Laser Ablation Inductively Coupled Plasma Mass Spectrometry 285 
 286 
LA-ICP-MS analyses of proximal tephra samples were performed using an 287 
Agilent 7500ce coupled to a Resonetics 193 nm ArF excimer laser-ablation 288 
system (RESOlution M-50 prototype) with a two-volume ablation cell (Müller et 289 
al., 2009) at the Department of Earth Sciences, Royal Holloway University of 290 
London. We used 57, 34 and 25 µm laser spots, depending on the size of the 291 
area available for analysis in individual samples. The repetition rate was 5 Hz 292 
and the count time was 40 s (200 pulses) on the sample and 40 s on the gas 293 
blank (background). Concentrations were calibrated using NIST612 with 29Si as 294 
the internal standard. Data reduction was performed manually using Microsoft 295 
Excel allowing removal of portions of the signal compromised by the occurrence 296 
of microcrysts, full details of the analytical and data reduction methods are given 297 
in Tomlinson et al. (2010). Accuracies of analyses of ATHO-G and StHs6/80-G 298 
MPI-DING glass analyses are typically <5 %. Reproducibility of ATHO-G 299 
analyses is <5 RSD% for all trace elements except for V (ATHO-G) and Gd 300 
(StHs6/80-G), which are close to LOD. Relative standard errors (%RSE) for 301 
sample tephra analyses are typically <2 %RSE for V, Rb, Y, Zr, Nb, La, Ce, Pr. 302 
Th, U; and <5% for Ti, Sr, Ba, Nd, Sm, Eu, Gd, <Dy, Er, Yb, Lu and Ta. Full 303 
errors (standard deviations and standard errors for individual sample analyses) 304 
are given in the supplementary information. For consistency with EMPA error 305 
reporting, error bars on plots show 2 s.d. of replicate analyses of StHs6/80-G and 306 
ATHO-G. 307 
 308 
5. RESULTS 309 
 310 
Representative major and trace element compositions of proximal pumice 311 
glasses are given in Tables 2 and 3 and of distal Lago Grande di Monticchio 312 
glass shards in Table 4. The full dataset is available as supplementary data. In 313 
this section we will highlight aspects of the chemistry that allow us to distinguish 314 
between the eruptive units, thus revealing the chemical features that can be used 315 
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in proximal-distal correlations. Diagnostic ratios are summarised in Table 5. 316 
Eruptive units are described in order of increasing age consistent with the order 317 
of occurrence of tephra with increasing depth in sedimentary records.  318 
 319 
5.1 PP 320 
 321 
The PP glasses are phonolitic (56.58-58.71 wt% SiO2) and extend into the tephri-322 
phonolite field (Fig. 2) with increasing stratigraphic height. There is a negative 323 
relationship between SiO2 and CaO, MgO, FeO and TiO2; K2O (7.9-9.3 wt%) 324 
slightly increases with increasing SiO2, while Al2O3 (18.5-19.5 wt%), MnO (0.1-325 
0.2 wt%) and Na2O (3.3-3.9 wt%) remain approximately constant (Fig. 3a-f). PP 326 
glasses have a low degree of evolution (Zr/Sr = 0.27-0.36 and Eu/Eu*N = 0.65-327 
0.94) and are characterised by relatively low Th concentrations (20-29 ppm) with 328 
constant ratios of HFSE to Th (Nb/Th = 1.75 ± 0.15; Zr/Th = 10.5 ± 0.5; Y/Th = 329 
1.0 ± 0.1; Ta/Th = 0.08 ± 0.01) and high V concentrations (94-132 ppm) (Fig. 4a-330 
f).  331 
 332 
PP glasses overlap extensively with the low SiO2 component of the NYT- LM and 333 
-UM glasses (section 4.2), but have lower MgO (and to a lesser extent FeO) for a 334 
given SiO2 content (Fig. 3a-f). Therefore, the PP and NYT units can be 335 
distinguished using major element compostions.  336 
 337 
5.2 NYT-series (NYT, Pre-NYT) 338 
 339 
Pre-NYT and NYT glasses show a negative relationship between SiO2 and CaO, 340 
MgO, FeO and TiO2; K2O and Na2O show an inflection at ~60 wt% SiO2 with 341 
Na2O increasing and K2O decreasing at higher SiO2; Al2O3 stays approximately 342 
constant (Fig. 3a-f). Chlorine is positively correlated with Na2O. The Pre-NYT 343 
units form clusters at the most and least evolved ends of the array, while the NYT 344 
itself spans the whole compositional range. The NYT-series glasses have 345 
constant ratios of HFSE to Th: Nb/Th = 1.7 ± 0.1; Zr/Th = 10.9 ± 0.6; Ta/Th = 346 
0.08 ± 0.01. They show low degrees of evolution (Fig. 4b): Eu/Eu*N = 0.3-1.0, the 347 
largest being observed in the Pre-NYT unit TLo; Zr/Sr = 0.2-7 in most NYT-series 348 
units and 30-59 in TLo (Fig. 5f). The NYT-series has high V concentrations (20-349 
170 ppm, Fig. 5e).  350 
 351 
5.2.1 NYT 352 
 353 
Glasses from analysed NYT-LM units (LM1, LM3, LM13) form two clusters 354 
separated by a distinct compositional gap (LM3 and LM13 both have >3.8 wt% 355 
CaO, <59 wt% SiO2; LM1 has <2.6 wt% CaO and >61 wt% SiO2). The LM1 glass 356 
is a trachyte (Fig. 2), and not strongly evolved (Sr/Zr = 0.4-1.8) with weak 357 
anomalies relating to feldspar fractionation (Eu/Eu*N = 0.6-0.9; Sr/PrN = 0.8-1.2). 358 
The LM3 and LM13 glasses are phono-trachytes (Fig. 2) and also only weakly 359 
evolved (Sr/Zr = 0.3-0.4) but with higher incompatible element concentrations 360 
and larger Eu and Sr anomalies (Eu/Eu*N = 0.6-0.8; Sr/PrN = 0.7-0.9) than LM1. 361 
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These two clusters represent magma 1 and magma 2 described by Orsi (1995). 362 
Glass shards of less differentiated composition (latite to trachyte), corresponding 363 
to magma 3 of Orsi et al. (1995), are not seen in this study.  364 
 365 
Glasses from the units of the UM straddle the phonolite-trachyte boundary and 366 
span a wide compositional range between the two LM clusters and extend to less 367 
evolved compositions, with 56.0�62.1 wt% SiO2 and 2.0�5.1 wt% CaO (Fig. 3) 368 
and Zr/Sr = 0.2-7.3.  369 
 370 
In summary, NYT glasses are characterised by the following compositional 371 
features: 372 

1. Straddle the phono-trachyte boundary at 56.0-62.1 wt% SiO2. 373 
2. The analysed LM units are bimodal with a trachytic component (<2.6 wt% 374 

CaO and >61 wt% SiO2) and a phono-trachytic component (>3.8 wt% 375 
CaO, <59 wt% SiO2). 376 

3. The UM forms a continuum which overlaps with the two LM clusters and 377 
extends to less differentiated compositions.  378 

 379 
5.2.2 Pre-NYT 380 
 381 
The Pre-NYT units are collectively known as Tufi Biancastri (Rittmann, 1950), 382 
however they represent the products of several eruptions. Here we have 383 
analysed four Pre-NYT units, these are (youngest to oldest): PRa (16.1 ± 0.2 384 
40Ar/39Ar ka; Pappalardo et al., 1999), VRb, VRa (30.3 ± 0.2 40Ar/39Ar ka; 385 
Pappalardo et al., 1999) and TLo. The PRa, VRb and TLo units have restricted 386 
compositional ranges, while the VRa forms two clusters. 387 
 388 
Glasses from the Pre-NYT PRa are trachytic (Fig. 2) with 62.4 ± 0.5 wt% SiO2, 389 
and 2.2 ± 0.3 wt% CaO. They are moderately enriched in trace elements (Sr/Zr = 390 
1.3 ± 0.4; Eu/Eu*N = 0.68 ± 0.07; Sr/PrN = 0.23 ± 0.09) and overlap with the 391 
trachytic NYT, LM1 glasses. 392 
 393 
Glasses from Pre-NYT VRb are trachytic (Fig. 2) with 62.2 ± 0.4 wt% SiO2 and 394 
2.2 ± 0.2 wt% CaO. In terms of trace elements, the VRb glasses are moderately 395 
enriched (Sr/Zr = 1.7 ± 1.2; Fig. 5) and largely overlap with the PRa glasses, but 396 
show a slightly wider compositional range extending to slightly higher HFSE 397 
concentrations and slightly larger feldspar related anomalies (Eu/Eu*N = 0.6 ± 398 
0.1; Sr/PrN = 0.20 ± 0.14; Fig. 4). Glasses from unit VRb also overlap with the 399 
trachytic NYT-LM1. 400 
 401 
Glasses from the Pre-NYT VRa are bimodal (Fig. 2-5). One population is 402 
trachytic (62.3 ± 0.4 wt% SiO2, 2.2 ± 0.1 wt% CaO) with moderate enrichment 403 
levels and Eu and Sr anomalies (Sr/Zr = 1.4 ± 1.0; Eu/Eu*N = 0.70 ± 0.15; Sr/PrN 404 
= 0.25 ± 0.14). This cluster overlaps with trachytic NYT-LM1. The second 405 
population is phono-trachytic (58.0 ± 0.5 wt% SiO2, 4.0 ± 0.3 wt% CaO), is 406 
weakly enriched (Sr/Zr = 0.34 ± 0.02; Fig. 5) and has small feldspar related 407 
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anomalies (Eu/Eu*N = 0.81 ± 0.04; Sr/PrN = 0.86 ± 0.04; Fig 4). This cluster 408 
overlaps with the phono-trachytic NYT-LM (LM3 + LM13), but extends to slightly 409 
higher FeO and MgO for a given SiO2 concentration, and has slightly lower Sr 410 
and Ba concentrations relative to the NYT. 411 
 412 
Glasses from the Pre-NYT unit TLo are trachytic (Fig. 2) with 1.5 ± 0.1 wt% CaO 413 
and the highest SiO2 and Na2O among the studied Pre-NYT units (63.9 ± 0.4 414 
wt% SiO2 and 6.0 ± 0.3 wt% Na2O, respectively). The TLo glasses differ from 415 
those of the other NYT-series units, they are highly evolved (Sr/Zr = 30-59), have 416 
larger feldspar related anomalies (Eu/Eu*N = 0.32 ± 0.04, Sr/PrN = 0.011 ± 0.04) 417 
and contain higher concentrations of other incompatible elements (Fig 4, 5). The 418 
TLo can be distinguished from the NYT on the basis that it has significantly 419 
higher HFSE and Th concentrations (Fig 5a,b). 420 
 421 
In summary: 422 

1. It is extremely difficult to distinguish products of the Pre-NYT eruptions 423 
from the NYT using major and trace element geochemistry. 424 

2. The trachytic component of the NYT-LM1 overlaps with the Pre-NYT units 425 
PRa, VRb and the trachytic population of VRa. 426 

3. The phono-trachytic component of the NYT-LM (LM3 and LM13) overlaps 427 
with the phono-trachytic component of Pre-NYT unit VRa. 428 

4. VRa is distinctive among the studied Pre-NYT eruptions as it is bimodal. It 429 
can be distinguished from the other studied Pre-NYT units on the basis of 430 
slightly higher MgO and FeO and lower Ba and Sr. 431 

5. Glasses from the Pre-NYT units have slightly lower V concentrations than 432 
those from the NYT deposits. 433 

6. The compositional overlap within the Pre-NYT coupled with the number of 434 
Pre-NYT units, mean that it is difficult to distinguish between the Pre-NYT 435 
eruptions. 436 

7. TLo is clearly distinguished from the other Pre-NYT units studied herein, 437 
but indicates the occurrence of more evolved Pre-NYT magmas. 438 

 439 
5.3 CI-series (CI, Pre-CI) 440 
 441 
Pre-CI and CI glasses have a narrow range of CaO, MgO, FeO, TiO2 (1.3-2.2, 442 
0.26-0.52, 2.4-3.5 and 0.34-0.46 wt%, respectively) for a wide range of SiO2 443 
contents (55-63 wt%) (Fig. 3). Concentrations of SiO2, Al2O3 and K2O are 444 
clustered within the Pre-CI units and the CI fall deposits. Within these units, K2O 445 
and Al2O3 decrease with increasing SiO2; this trend continues in a stepwise 446 
manner through the studied Pre-CI units to the CI. Chlorine and Na2O are also 447 
clustered and show a positive correlation, but are slightly higher in the Pre-CI 448 
samples relative to CI. In contrast to the Pre-CI units and the CI fall, glasses from 449 
the CI lower and intermediate flows have a wider range of SiO2 contents and 450 
SiO2 is positively correlated with Al2O3 and K2O. Geochemical variation within the 451 
CI is consistent with mixing between the evolved CI magma (erupted as both fall 452 
and the lower and intermediate flows) and a less evolved magma (Civetta et al., 453 
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1997; Arienzo et al., 2009). The CI upper flow, which was deposited at the end of 454 
the eruption, is less evolved and isotopically distinct from the rest of the CI-series 455 
(Arienzo et al., 2009). 456 
 457 
Incompatible element concentrations define positive linear correlations within the 458 
CI-series (Fig. 5), except for those elements that are depleted during feldspar 459 
fractionation (Eu, Sr, Ba). Ratios of HFSE to Th are constant within the CI-series 460 
glasses (Nb/Th = 2.4 ± 0.3; Zr/Th = 13 ± 1; Ta/Th = 0.11 ± 0.01). Relative to the 461 
NYT-series, the CI-series has a higher Th concentration, higher HFSE contents, 462 
higher ratios of HFSE to Th, and low V concentrations (11-26 ppm). The CI- 463 
series also has larger Eu anomalies (Eu/Eu*N

 = 0.2-0.5) than in the NYT series. 464 
The higher degree of evolution of the CI-series can also be seen in the ratio Zr/Sr 465 
= 5-84 (Fig. 5f).  466 
 467 
5.3.1 CI 468 
 469 
Glasses from the CI fall and from the lower and intermediate flow units straddle 470 
the trachyte-phonolite boundary and overlap extensively in major element 471 
composition (Fig. 2,3). In terms of trace elements, the fall is compositionally 472 
intermediate to evolved, with Zr/Sr = 5-31 (Fig. 5f) and shows negative anomalies 473 
in Sr (Sr/PrN = 0.01-0.08) and Eu (Eu/Eu*N = 0.24�0.34) consistent with feldspar 474 
fractionation (Fig. 4c). Glasses from the lower and intermediate flow units overlap 475 
widely with those from the fall and are also compositionally intermediate to 476 
evolved in composition, with Zr/Sr = 8-28. However, glasses from the lower and 477 
intermediate flows lack the most enriched compositions present in the CI fall and 478 
feldspar related anomalies are not so prominent (Sr/PrN = 0.01-0.04; Eu/Eu*N = 479 
0.27�0.36). Concentrations of incompatible elements that are not affected by 480 
feldspar fractionation are typically lower in glasses from the lower and 481 
intermediate flows (Th = 41-51, Ba = 15-65; Nb = 13-117) than in the fall (Th = 482 
41-62; Ba = 13-105; Nb = 13-136) components of the CI. The fall and flow (lower 483 
and intermediate) can be most clearly distinguished on a plot of Zr-Th (Fig. 6). 484 
 485 
The magma feeding the CI upper flow unit is distinctive from the magma feeding 486 
the underlying fall and flows, as it is a trachyte (Fig. 2). The CI upper flow glasses 487 
have higher concentrations of CaO, MgO, K2O (2.5, 0.76 and 8.1 wt%, 488 
respectively) and V (<64 ppm), and lower Na2O (2.8-4.9 wt%) than the Cl fall and 489 
lower/intermediate flows (Fig. 3, 5). They have ratios of Na2O/K2O <0.6. The 490 
analysed glasses extend to poorly evolved compositions with Zr/Sr = 0.4 and 491 
negligible Eu and Sr anomalies (Eu/Eu*N = 1.1; Sr/PrN = 0.7). Ratios of HFSE to 492 
Th are higher than for the glasses from the CI fall and lower and intermediate 493 
flows and are transitional, with more evolved samples plotting close to the CI fall 494 
and lower/intermediate flow compositions and a less evolved magma 495 
composition.  496 
 497 
In summary, the CI analysed glasses are characterised by the following features: 498 
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1. Glasses from the fall and the lower and intermediate flows straddle the 499 
phono-trachyte boundary and those from the upper flow are trachytic in 500 
composition (e.g. Arienzo et al., 2009; Civetta et al., 1997; Pappalardo et 501 
al., 2002a). 502 

2. Glasses from the fall and the lower and intermediate flows have 503 
overlapping compositions and show a continuous range from intermediate 504 
to evolved compositions, with the flows extending to less evolved 505 
compositions. They can be separated on a plot of Zr-Th. 506 

3. Glasses from the upper flow span a range between the CI fall and a less 507 
differentiated end-member composition and have Na2O/K2O<0.6. 508 

 509 
5.3.2 Pre-CI  510 
 511 
Pre-CI units (youngest to oldest) TLf, TLc and TLa (58 ± 3 40Ar/39Ar ka; 512 
Pappalardo et al., 1999) all have narrow compositional ranges in both major and 513 
trace elements (Fig. 3, 5), as previously shown by Pabst et al. (2008) on the 514 
basis of whole rock compositions. Glasses from the Pre-CI units are phonolitic 515 
(Fig. 2) and are distinct from CI eruption glasses in terms of major element 516 
composition. The Pre-CI units are characterised by low SiO2 and high CaO, FeO 517 
and Al2O3 concentrations relative to the CI. In addition, Na2O is higher in the Pre-518 
CI units than in the fall and flows of the CI. The incompatible elements 519 
enrichment in the Pre-CI units decreases in the order TLa>TLc>TLf (Fig. 4d).  520 
 521 
The TLf is the last large unit deposited prior to the eruption of the CI. Relative to 522 
the other Pre-CI units analysed, the TLf glasses have higher MgO contents and 523 
higher K2O and higher but overlapping SiO2 and have lower Na2O and lower but 524 
overlapping FeO (Fig 3). In terms of trace element composition, TLf glasses are 525 
moderately evolved (Zr/Sr = 8-22) and have a smaller Eu anomaly (Eu/Eu*N = 526 
0.45 ± 0.06) and lower Th and HFSE element concentrations than TLa and TLc. 527 
TLf overlaps with the CI evolved component in terms of incompatible element 528 
composition, but differs in major elements. 529 
 530 
The TLc glasses have the lowest SiO2 content of the Pre-CI units analysed (58.6 531 
± 0.4 wt%). They are compositionally moderately evolved with moderate feldspar 532 
related anomalies (Zr/Sr = 41-58, Eu/Eu*N = 0.31 ± 0.03). The TLc glasses 533 
overlap strongly with TLa glasses in both major and trace element composition 534 
(Fig. 3, 5), the main differences being that TLc glasses have higher Al2O3 (19.8 ± 535 
0.3 wt%), higher but overlapping Th and lower but overlapping ratios of HFSE to 536 
Ti (Zr/Ti = 0.32 ± 0.02; Nb/Ti = 0.063 ± 0.003; Y/Ti = 0.025 ± 0.001). 537 
 538 
The TLa glasses are intermediate between TLc and TLf for all major elements 539 
except that it has lower Al2O3 (19.6 ± 0.3 wt%). The TLa glasses show a similar 540 
degree of chemical evolution to TLc (Zr/Sr = 17-56, Eu/Eu*N = 0.33 ± 0.06), 541 
except for lower Al2O3 (19.6 ± 0.3 wt%) and higher but overlapping ratios of 542 
HFSE to Ti (Zr/Ti = 0.34 ± 0.01; Nb/Ti = 0.066 ± 0.004; Y/Ti = 0.027 ± 0.001). 543 
  544 
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In summary: 545 
1. The Pre-CI units TLa, TLc and TLf are clearly distinguished from the CI on 546 

the basis that they are phonolitic, while the CI is phonolite-trachyte and 547 
have lower SiO2 and higher CaO, FeO and Al2O3 concentrations. 548 

2. The Pre-CI units TLa and TLc are similar in major and trace element 549 
composition but can be distinguished from each other on the basis of 550 
SiO2, Al2O3, Th and ratios of HFSE to Ti.  551 

3. The Pre-CI unit TLf is distinct from TLa and TLc, it has lower Th, Nb, Y, Zr, 552 
and larger Eu anomalies 553 

4. The possible presence of other Pre-CI units in distal locations means that 554 
it may be difficult to confidently distinguish between Pre-CI units. 555 

 556 
5.4 Comparing the NYT- and CI-series 557 
 558 
The CI-series (60-39 ka) and the NYT-series/PP (39-12 ka) can be distinguished 559 
using both major and trace element compositions. The most diagnostic criteria 560 
are: 561 
 562 

1. The NYT-series have higher ratios of CaO/SiO2, MgO/SiO2 and TiO2/SiO2 563 
and lower Al2O3/SiO2 ratios and lower Na2O, Cl and MnO concentrations 564 
relative to the CI-series. 565 

2. Ratios of HFSE to Th distinguish members of the NYT-series (Nb/Th = 1.7 566 
± 0.1; Zr/Th = 10.9 ± 0.6; Ta/Th = 0.08 ± 0.01) and the CI-series (Nb/Th = 567 
2.4 ± 0.3; Zr/Th = 13 ± 1; Ta/Th = 0.11 ± 0.01). 568 

3. The CI-series (Zr/Sr = 5-84) is significantly more evolved than the NYT-569 
series (Zr/Sr = 0.2-7). 570 

4. Feldspar fractionation signatures are typically larger in the CI-series 571 
(Eu/Eu*N

 = 0.2-0.5) than the NYT-series (Eu/Eu*N = 0.3-1.0). 572 
5. Vanadium concentrations are higher in the NYT-series (20-170 ppm) 573 

relative to the CI-series (11-26 ppm). 574 
 575 

The NYT-series and CI-series trends appear to converge at the least evolved 576 
compositions (low incompatible element concentrations) on trace element plots 577 
(Fig.5a-d). Glass compositions from the CI upper flow extend between the CI fall 578 
and a composition similar to the least evolved NYT-series magma. Ratios of 579 
HFSE to Th in the CI upper flow are lower than for the rest of the CI-series (Table 580 
5) and are also transitional between the CI- and NYT-series. 581 
 582 
6. DISCUSSION 583 
 584 
6.1 Proximal-distal correlation with Lago Grande di Monticchio tephra 585 
 586 
In the following sections, we compare the proximal data to new major and trace 587 
element data for tephra in the medial-distal Lago Grande di Monticchio archive 588 
(Table 4). We use the diagnostic geochemistries defined proximally and, in some 589 
cases at Lago Grande di Monticchio, to assess distal occurrences of Phlegraean 590 



 15 

Fields tephra in the literature. This allows an improved understanding of the 591 
dispersal of tephra from PP, NYT and CI. A summary of tephra dispersal 592 
characteristics is given in table 6. 593 
 594 
6.1.1 Pomici Principali (PP) & C-1/TM-7b 595 
 596 
Major and trace element analyses indicate that the PP can be distinguished from 597 
the NYT-series tephras on the basis of lower MgO and FeO for a given SiO2 598 
concentration (Fig 3b,c). Trace element compositions of the PP and NYT-series 599 
overlap widely (Fig. 4a). 600 
 601 
The PP is correlated with TM-7b in Lago Grande di Monticchio (Narcisi, 1996; 602 
Wulf et al., 2004; Smith et al., 2011). Major and trace element data for TM-7b 603 
glasses is given in table 4. TM-7b glasses show a good match with PP for all 604 
trace element ratios, including HFSE/Th and elements affected by plagioclase 605 
crystallisation (Sr, Ba, Eu) supporting a proximal-distal correlation (Fig.6a). The 606 
TM-7b glass analyses span a narrower compositional range than the PP glasses 607 
sampled at Via Pigna (Fig. 3-5, 7a).  608 
 609 
The PP has been linked to tephra C-1 in marine cores from the South Adriatic 610 
(Paterne et al., 1988; Siani et al., 2004; Calanchi et al., 2008). The tephra 611 
compositions reported by Siani et al. (2004) and Calanchi et al. (2008) overlap 612 
with the proximal datasets reported herein and in Smith et al. (2010) and with 613 
Lago Grande di Monticchio tephra TM-7b (Fig. 8a). The C-1 tephra of Paterne et 614 
al. (1988) is more evolved than the proximal samples, but lies on the PP trend 615 
with respect to MgO-SiO2 (Fig. 8a) and is considered to have been sourced from 616 
the PP eruption. In contrast, reported occurrences of C-1/PP tephra in the central 617 
Adriatic (Bourne et al., 2010; Calanchi et al., 2008) do not correlate with the 618 
proximal PP reported here or by Smith et al. (2010). Bourne et al. (2010) report a 619 
cryptotephra layer from a central Adriatic core which comprises tephra from both 620 
the NYT and PP eruptions, however the reported data all lie on the higher MgO-621 
SiO2 trend of the NYT, Bourne (2012) later correlated this layer with TM-8, rather 622 
than TM-7b on the basis of further data. Calanchi et al. (2008) report a tephra in 623 
a central Adriatic core, whose geochemistry differs significantly from the proximal 624 
PP and TM-7b. The authors linked this tephra to PP on the basis that it is 625 
comparable to TM-7a, however this LGM tephra is does not have a PP chemistry 626 
(Wulf et al., 2004). The composition of TM-7a overlaps with the NYT-series in 627 
MgO-SiO2. PP is not documented in any Tyrrhenian Sea cores in the study of 628 
Paterne et al. (1988). Therefore, we suggest that the PP has not yet been found 629 
in the central Adriatic and marine occurrences of the PP are currently confined to 630 
the south Adriatic.  631 
 632 
The PP tephra has also been reported in terrestrial cores, Lake Bled (Slovenia, 633 
Lane et al., 2011), Lake Shkodra (Albania and Montenegro, Sulpizio et al., 2010) 634 
and Lake Accesa (Italy, Mangy et al., 2006). In Lake Bled, 620 km north of 635 
Phlegraean Fields, a cryptotephra correlated to PP shows a good overlap with 636 
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the proximal data reported here and extends to more evolved compositions 637 
(Fig.7a), suggesting that the PP magma spans a wider compositional range than 638 
is represented proximally. The reported mean composition of the Lake Shkodra 639 
tephra, from a location 440 km east of the Phlegraean Fields, does not lie on the 640 
PP compositional trend and appears more similar to the NYT-series glasses 641 
reported herein. The age of the layer at lake Shkodra is poorly constrained 642 
(Sulpizio et al., 2010). Finally, Magny et al. (2006) report two distinct tephra 643 
layers with characteristics similar to the PP tephra in a core from Lake Accesa, 644 
Italy, but neither PP1 nor PP2 is comparable to the proximal PP glass 645 
compositions. 646 
 647 
This re-examination of distal occurrences of the PP suggests that the areal extent 648 
of this tephra is limited. The presence of PP tephra in the south Adriatic and 649 
absence in the central Adriatic indicates that the PP was dominantly distributed to 650 
the east. However, the occurrence of cryptotephra in Lake Bled indicates some 651 
dispersal to the north. Distal settings appear to preserve more evolved 652 
compositions than are known from the proximal deposits. 653 
 654 
6.1.2 The Neapolitan Yellow Tuff (NYT) & C-2/TM-8 655 
 656 
Major and trace element analyses of proximal glasses indicate that the NYT 657 
tephra may be distinguished from the trachytic, geochemically similar Pre-NYT 658 
tephras, on the basis of the occurrence of less evolved phono-trachytic 659 
compositions, either representing the less differentiated cluster at 57.5-58.5 wt% 660 
SiO2 (NYT-LM) and/or the less differentiated portion (down to 56.0 wt% SiO2) of 661 
the continuous trend (NYT-UM). The Pre-NYT VRa layer is also bimodal with a 662 
phono-trachytic component, but the NYT is separated on the basis of lower CaO 663 
and FeO (Fig. 3a,c) and higher Ba and Sr. In the following section we assess 664 
previously correlated occurrences of the NYT tephra in terms of the dispersal of 665 
the LM and UM components. 666 
 667 
The NYT has been correlated with the Lago Grande di Monticchio tephra TM-8 668 
(Wulf et al., 2004). The TM-8 glasses (Table 4) have two modes (61.5-62 wt% 669 
SiO2 and 56.0-58.4 wt% SiO2). The high-SiO2 TM-8 glasses show a good match 670 
to the high-SiO2 cluster in the NYT-LM, while low-SiO2 TM-8 glasses overlap with 671 
the low-SiO2 cluster in the NYT-LM. The TM-8 glass compositions extend to less 672 
evolved, tephra-phonolitic compositions (lower SiO2, K2O, Na2O and higher FeO, 673 
MgO and CaO; Fig. 3) with higher Ba and Sr concentrations and lower Zr/Sr 674 
ratios (Fig. 5) consistent with the NYT-UM and there are some shards of 675 
intermediate composition (58-61 wt% SiO2), which are also associated with the 676 
NYT-UM. Therefore, both phases of the NYT eruption are recorded at Lago 677 
Grande di Monticchio (Fig. 7b,c). 678 
 679 
The NYT has been correlated to marine tephra C-2 in distal settings up to 250 km 680 
from the Phlegraean Fields in the Tyrrhenian and Adriatic Seas (Paterne et al., 681 
1988; Bourne et al., 2010; Calanchi et al., 1998; Siani et al., 2004). C-2 is dated 682 
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at 13.84-14.88 cal ka BP in Adriatic core MD90-917. In each of the Tyrrhenian 683 
and Adriatic marine cores, the C-2 layer is characterised by the presence of low-684 
silica glasses (<57.5 wt% SiO2) and by a differentiation trend from phono-685 
trachytic, low-SiO2 to phonolitic, high-SiO2 compositions (Paterne et al., 1988; 686 
Bourne et al., 2010; Calanchi et al., 1998; Siani et al., 2004). This is consistent 687 
with a correlation to the NYT rather than any of the geochemically similar Pre-688 
NYT layers. Specifically, distal occurrences of NYT tephra in the Tyrrhenian Sea 689 
to the west and south-west of Phlegraean Fields and the Adriatic Sea to the east 690 
and north-east of Phlegraean Fields may record both the NYT-LM and NYT-UM 691 
(Fig.7b). This is clear in the PRAD218 central Adriatic core (Bourne et al., 2010) 692 
because compositional data is given for individual glass shards, allowing both the 693 
NYT-UM trend and the NYT-LM low- and high SiO2 clusters to be seen. The C-2 694 
tephra data of Paterne (1988), Calanchi et al., (1998) and Siani et al., (2004) 695 
appear to be dominated by the NYT-UM, but this is not clear because only mean 696 
tephra compositions are given, masking the compositional range and possibly the 697 
actual magma comopostion.  698 
 699 
The NYT tephra has been identified in terrestrial cores from Lake Bled (Slovenia, 700 
Lane et al., 2011) and Längsee, Austria (Schmidt et al., 2002), approximately 620 701 
and 650 km north of Phlegraean Fields, respectively. The correlated tephra 702 
layers are bimodal, with clusters overlapping the phono-trachytic and trachytic 703 
populations in the NYT-LM (Fig.7b).  704 
 705 
Both the bimodal NYT-LM and the continuous NYT-UM occur in distal localities. 706 
The NYT-UM is expected to form thicker tephra layers on the basis of its larger 707 
relative volume. The NYT-UM is the dominant NYT tephra in settings to the east 708 
and west of the Phlegraean Fields. However, the NYT-LM is found in the 709 
absence of the NYT-UM in locations (to date) up to 650 km north of the 710 
Phlegraean Fields.  711 
 712 
6.1.3 Pre-NYT  713 
 714 
Numerous eruptions punctuate the time period between the CI and NYT events, 715 
five are recorded at Trefola and Verdolino, and nine at Ponti Rossi (Orsi et al., 716 
1996). We have analysed four of these Pre-NYT units, the data indicates that this 717 
phase of Phlegraean Fields activity is characterised by repeated eruption of very 718 
similar trachytic magmas. Tephra from the Pre-NYT eruptions may be widely 719 
dispersed, at least 10 Pre-NYT tephra layers are recorded in the Lago Grande di 720 
Monticchio core, with TM-9 and TM-15 being the most prominant (Wulf et al., 721 
2004; 2007; 2008). Several important distal tephra layers correlated with 722 
Phlegraean Fields fall in the Pre-NYT/Tufi Biancastri time window, including 723 
GM1, Lagno Amendolare and Y-3. Siani et al. (2004) propose that some 724 
previously recognised occurrences of the C-2 tephra layer (NYT) may correlate 725 
with GM1, or may contain more than a single tephra, because the close 726 
chronology of these events makes them difficult to distinguish stratigraphically. 727 
 728 
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6.1.3.1 TM-9/GM1 has previously been linked (Wulf et al., 2004) to the youngest 729 
of the Tufi Biancastri deposits, Ponti Rossi unit PRe dated at 14.6 ± 0.4 40Ar/39Ar 730 
ka (Pappalardo et al., 1999), which was not analysed in this study.  731 
 732 
The TM-9 is a 2 cm thick tephra layer with a varve age of 14.56 ka BP from Lago 733 
Grande di Monticchio (Wulf et al., 2004, 2008). New major and trace element 734 
data for TM-9 glasses are given in Table 4. The major (FeO/CaO) and trace 735 
(HFSE/Th: Fig. 5) element ratios of TM-9 glasses are consistent with the NYT 736 
series. Like the proximal Pre-NYT units studied here, the TM-9 glass displays a 737 
narrow range of major (1.85-1.99 wt% CaO, 62.1-63.1 wt% SiO2) and trace 738 
element compositions. However, TM-9 has higher incompatible trace element 739 
concentrations (HFSE and Th) and lower V, Ba and Sr concentrations than any 740 
of the similar proximal Pre-NYT products studied here (Fig. 3, 5). When 741 
compared to whole rock data for proximal unit PRe (Pappalardo et al., 1999), 742 
TM-9 appears to be similar, and lower SiO2, Na2O, Rb and Nb and higher FeO, 743 
K2O, V and Ba may be within error given the differing analytical techniques, 744 
however glass geochemical data is required to fully assess the TM-9 � PRe 745 
correlation suggested by Wulf et al. (2004). 746 
 747 
TM-9 has been linked to GM1 (Wulf et al. 2004). GM1 is thought to be sourced  748 
from the Phlegraean fields, but its type locality is a layer on the slopes of 749 
Somma-Vesuvius, where it occurs stratigraphically above the Lagno Amendolare 750 
deposits (Andronico et al., 1996; Zanchetta et al., 2000). Tephra layers correlated 751 
to GM1 are described from the Adriatic Sea, where two layers (14.7 and 15.5 cal 752 
ka BP) are found below the C-2/NYT layer (Siani et al., 2004), and from Lake 753 
Prespa, Albania where two layers are also described (Aufgebauer et al., 2012). 754 
Our data from TM-9 reveals higher Na2O and lower K2O relative to published 755 
compositions of the GM1 type-site and distal GM1 tephra (Fig.7c,d), therefore we 756 
suggest that TM-9 and GM1 may not represent the same Pre-NYT event.  757 
 758 
6.1.3.2 Lagno Amendolare/TM-10 The type-site for Lagno Amendolare is an 759 
outcrop on the northern flank of Vesuvius, and is characterized by a mix of light 760 
and dark coloured pumice and dated at 15.2-16.5 cal ka BP (Andronico et al., 761 
1996). A tephra that is correlated to TM-10 is described in the Adriatic Sea (Siani 762 
et al., 2004; Bourne et al., 2010) where it is dated at 16.1-16.9 cal ka BP (Siani et 763 
al., 2004). This layer was not analysed in this study and is not discussed here. 764 
 765 
6.1.3.3 Y-3/TM-15 has previously been linked (Wulf et al., 2004) to the Pre-NYT 766 
Tufi Biancastri unit VRa (Di Vito et al., 2008) sampled in this study and dated at 767 
30.3 ± 0.2 40Ar/39Ar ka (Pappalardo et al., 1999).  768 
 769 
TM-15 is a 29 cm thick tephra layer with a varve age of 27.26 ka BP from Lago 770 
Grande di Monticchio. New major and trace element data for TM-15 glasses are 771 
given in Table 4. The major (FeO/CaO) and trace (HFSE/Th) element ratios of 772 
TM-15 glasses (Table 4) are consistent with the Pre-NYT series. TM-15 glasses 773 
have higher MgO and FeO for a given SiO2 (Fig. 3), consistent with VRa and 774 
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partially overlap with the trachytic component of the bimodal VRa (the lower part 775 
of the proximal sequence). However, TM-15 extends to lower Al2O3 and Na2O 776 
and to higher K2O and to higher HFSE concentrations (Fig.6d). Therefore, we 777 
cannot confirm a correlation between VRa and TM-15. Furthermore, TM-15 lacks 778 
a phono-trachytic component, but this may be an artefact of sampling from the 779 
base of the visible tephra layer.  780 
 781 
TM-15 has been linked to the distal Y-3 tephra, first described from an Ionian Sea 782 
core (Keller 1978). The average major element data of Y-3 from the type-site 783 
(Keller et al., 1978) overlaps with the TM-15 field defined in this study (Fig.7e,f). 784 
Y-3 tephra has also been described from a number of locations in the 785 
Mediterranean basin, including the Balkans (Wagner et al., 2008; Caron et al., 786 
2010) and in the Adriatic (Zanchetta et al., 2008; Calanchi et al., 1998; Bourne et 787 
al., 2010), Ionian (Kraml, 1997) and Tyrrhenian (Munno and Petrosino, 2004; 788 
Paterne et al., 1988) Seas. Of these studies, only the Tyrrhenian Sea data fall 789 
within the compositional field of TM-15, while the Adriatic Sea data of Bourne et 790 
al., (2010) lie on the same high-FeO and MgO trends but do not overlap with the 791 
type site Y-3 type site of Keller (1978). It is possible that further correlations are 792 
masked by averaged datasets, however some layers previously linked to Y-3 793 
and/or TM-15 may be related to one or more of the other Pre-NYT eruptions. 794 
 795 
6.1.4 Campanian Ignimbrite (CI) & Y5/TM-18 796 
 797 
The phono-trachytic CI is clearly distinct from the trachytic Pre-CI magmas and 798 
has lower CaO and K2O and higher Na2O relative to the younger NYT-series 799 
magmas. 800 
 801 
The CI is correlated with tephra layer TM-18 in Lago Grande di Monticchio 802 
(Narcisi, 1996; Wulf et al., 2004). The TM-18 layer comprises a 17 cm thick basal 803 
pumice fall layer overlain by a 9 cm thick layer of vitric ash, interpreted as the co-804 
ignimbrite fall deposit generated during the flow phase of the CI eruption by 805 
Narcisi (1996) and Wulf et al. (2004). We have analysed the major and trace 806 
element composition glasses from of both the basal pumice and the vitric ash 807 
components of layer TM-18, here termed TM-18 base and TM-18 top, 808 
respectively (Table 4).  Compositions of TM-18 base glasses match that of 809 
samples from the CI fall (Fig. 6, 7f), while TM-18 top glasses overlap completely 810 
with the tephra sampled from the proximal CI lower and intermediate flows (Fig. 811 
6, 7e).  812 
 813 
The CI is correlated with the Y-5 ash layer, which is recognised from marine 814 
cores across the Eastern Mediterranean (e.g. Cornell et al., 1983; Keller et al., 815 
1978) and the C-13 layer in the Tyrrhenian Sea (Paterne et al., 1988, Ton-That et 816 
al., 2001). The CI is found in terrestrial sites as far as Russia, ~2500 km from the 817 
source (Pyle et al., 2006; Giaccio et al, 2008). Costa et al. (2012) have modelled 818 
the CI dispersal and show that >3.7 million km2 was covered by >5 mm of ash. 819 
The Y-5 tephra is significant from both a climatic viewpoint as it occurs near the 820 
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start of Heinrich event 4 (Ton-That et al., 2001) and an archaeological 821 
perspective as it occurs within the timeframe of the European Middle to Upper 822 
Palaeolithic transition (~40 ka BP, Fedele et al., 2008). Recorded occurrences of 823 
the Y-5 tephra have a bimodal size distribution in some sites up to 1500 km from 824 
the source (Cornell et al., 1983; Sparks and Huang, 1980), which may 825 
correspond to both the fall and dilute pyroclastic current phases of the CI 826 
eruption. The computational model of Costa et al. (2012) indicates that most of 827 
the tephra dispersal was associated with the dilute pyroclastic density current 828 
phase of the CI eruption.   829 
 830 
Published bulk trace element compositions of distal CI tephra fall from the 831 
Aegean (Hardiman et al., 1999; Pyle et al., 2006) and Tyrrhenian (Paterne 1988; 832 
Ton-That et al., 2001) seas and from continental settings in Lesvos, Greece 833 
(Margari et al., 2007), Dobrogea, Romania (Veres et al., 2012), lakes Ohrid and 834 
Prespa, Macedonia (Sulpizio et al., 2010); Crvena Stijena, Montenegro (Morley 835 
and Woodward 2011) and Kostenki-Borschevo, Russia (Pyle et al., 2006) lie 836 
close to the boundary between CI fall and CI lower and intermediate flow on plots 837 
of Zr-Th. Therefore it is not possible to determine whether the fall or flow phase is 838 
dominant in these locations. However, these discriminators provide the possibility 839 
of further detailing the dispersal of the two main phases of the CI eruption, as full 840 
trace element glass datasets become available for distal occurrences of CI 841 
tephra. 842 
 843 
The upper flow, represented by the samples from San Marco Evangelista quarry 844 
(this work and Arienzo et al., 2009), is considered to have been produced by the 845 
last and least energetic eruptive phase of low volume (~20 km3) and high 846 
viscosity magma (Civetta et al., 1997). Proximally, the CI upper flow is restricted 847 
mainly to the Campanian Plain, but may have fuelled detached, dilute co-848 
ignimbrite clouds that carried ash distally. A single TM-18 top shard from the 849 
distal Lago Grande di Monticchio corresponds to the composition of the CI upper 850 
flow. More distally, Sulpizio et al., (2010) report the occurrence of three differently 851 
evolved trachytic magmas in Lakes Ohrid and Prespa (Macedonia), one of which 852 
corresponds to the upper flow. However, the upper flow is not widely reported in 853 
distal settings. We use the ratio of Na2O/K2O <0.6 to distinguish the CI Upper 854 
Flow in published datasets of distal CI tephra, in cases where compositional data 855 
is given for individual glass shards. CI upper flow tephra is present at Kostenki-856 
Borschevo, Russia (Pyle et al., 2006), Dobrogea, Romania (Veres et al., 2012), 857 
Crvena Stijena, Montenegro (Morley and Woodward 2011), Lakes Ohrid and 858 
Prespa, Macedonia (Sulpizio et al., 2010, Caron et al., 2010, Wagner et al., 2008, 859 
Vogel et al., 2010), Lesvos, Greece (Margari et al., 2007) and Philippi, Greece 860 
(St.Seymour et al., 2004). In most cases, the CI upper flow only constitutes a 861 
minor proportion of the population of CI tephra shards and its presence in other 862 
localities may be masked in averaged datasets. Our analysis of published 863 
datasets suggests that the CI upper flow is widely present.  864 
 865 
6.1.5 Pre-Campanian Ignimbrite  866 



 21 

 867 
The Pre-CI units described here (TLa, TLc and TLf from Trefola) all have 868 
restricted compositional ranges and can be distinguished from the CI on the 869 
basis of major element composition.  870 
 871 
Many of the Pre-CI tephra are likelyd to be widely dispersed across the 872 
Mediterranean because of their proximal thicknesses and eastward dispersal (Di 873 
Vito et al., 2008). West of the Apennines, TLc in the Trefola Quarry has been 874 
linked to the Santa Lucia fall deposits with an age 50.95 ± 2.98 cal ka BP on the 875 
basis of glass major and whole rock trace element data (Di Vito et al., 2008). The 876 
Santa Lucia deposits are widespread and thick in the Apennine area and are also 877 
reported in the Camaldoli della Torre core (Santa Lucia) from the southern slopes 878 
of Somma-Vesuvius (Di Renzo et al., 2007). However, the EDS glass data for 879 
Santa Lucia (Di Vito et al., 2008) differs significantly from the TLc data presented 880 
here, having higher CaO, K2O and MgO and lower Na2O. The trace element 881 
composition of Santa Lucia pumices has lower levels of trace element 882 
enrichment relative to TLc.  883 
 884 
6.2 Implications for tephra correlations 885 
 886 
This study of proximal glass major and trace element geochemistries from the 887 
60-12 ka eruptive sequence of the Phlegraean Fields highlights several issues of 888 
relevance for tephrochronology.  889 
 890 
6.2.1 Exposure  891 
 892 
Incomplete preservation due to erosion and limited exposure in urban areas at 893 
proximal localities means that some tephra units preserved distally may not be 894 
recognised proximally. For example, we are unable to identify a proximal 895 
equivalent of the distal Lago Grande di Monticchio TM-18-4 and TM-15 tephra 896 
layers. For this reason, there is a need for high quality major and trace element 897 
glass datasets from high-resolution distal archives such as the Lago Grande di 898 
Monticchio, and from other type sites in medial-distal locations.  899 
 900 
6.2.2 Stratigraphic variation 901 
 902 
Proximal deposits from the large CI and NYT eruptions show compositional 903 
variation with stratigraphic height, reflecting heterogeneous magma systems. The 904 
range of geochemistries is an additional feature which can be used to 905 
characterise a given eruption for the purpose of correlating tephras. For example 906 
we are able to distinguish the Plinian fall and dilute pyroclastic flow phases of the 907 
CI, and the lower and Upper Members of the NYT. For this reason, average 908 
tephra compositions should not be presented; representative analyses are more 909 
informative and whole datasets are desirable. It is critical that samples are taken 910 
vertically through distal tephra layers to ensure they are representative. 911 
 912 
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6.2.3 Long lived magma systems 913 
 914 
Both the 60-39 ka (CI-series) and 39-14 ka (NYT-series) time windows are 915 
characterised by magma systems which erupted several times and produced 916 
tephra which either overlap extensively or are indistinguishable in composition. 917 
This is also observed for the more recent eruptions from the Phlegraean Fields 918 
(Smith et al., 2011). Therefore, it is important to consider other close-in-time and 919 
geochemically similar magmas from a potential source volcano when assigning 920 
proximal-distal and distal-distal tephra correlations. At the Phlegraean Fields, the 921 
proximal Pre-NYT units VRa, VRb and PRa cannot be clearly distinguished using 922 
major and trace element glass geochemistry. The same holds true for the Pre-CI 923 
TLa and TLc. In the absence of a definitive geochemical fingerprint, good 924 
stratigraphic, chronological, sedimentological control is required and additional 925 
characteristics of the deposit, such as clast shape, external surface, groundmass 926 
texture are also important (e.g. Cioni et al., 2008).  927 
 928 
6.2.4 Petrogenesis 929 
 930 
The consistency of U, Th, Nb, Ta, Zr, and Y inter-element ratios (Fig. 5) within 931 
the CI-series glasses indicates that they share a parental magma, in agreement 932 
with the findings of Arienzo et al. (2009), D'Antonio et al. (2007), Di Renzo et al. 933 
(2011) and Pabst et al. (2008). Differences between the CI-series magmas 934 
primarily reflect differing degrees of differentiation, but there is no systematic 935 
increase in the degree of differentiation with time, suggesting that the CI-series 936 
magmas do not reflect a single evolving magma chamber, but instead reflect 937 
distinct magma batches which originated from the parental magma at depth and 938 
fractionated in separate shallow reservoirs, as shown by Pabst et al. (2008). This 939 
excludes the last erupted magma, the CI upper flow, which is distinct from other 940 
magmas in the CI-series. Its composition is less differentiated than the CI fall and 941 
the lower and intermediate flows and defines a mixing trend between the CI fall 942 
and a less differentiated magma. 943 
 944 
The NYT-series and the PP glasses have consistent HFSE/Th ratios and likely 945 
share a similar parent. The NYT-series and PP magmas form compositional 946 
clusters and do not define a single differentiation trend. However, these younger 947 
magmas have lower U, Th, Nb, Ta, Zr, and Y concentrations and lower HFSE/ Th 948 
ratios (Fig. 5) relative to the CI-series, indicating that the NYT-series/PP magmas 949 
originated from a different parental magma to the older series. These results 950 
agree with previous work suggesting isotopically and geochemically different 951 
magmas for the CI-series and the NYT-series/PP (Arienzo et al., 2009; Di Renzo 952 
et al., 2007; Di Renzo et al., 2011; Pabst et al., 2008; Pappalardo et al., 1999; 953 
Pappalardo et al., 2002a; Pappalardo et al., 2002b; D�Antonio et al., 2007; 954 
Tonarini et al., 2004). Understanding the petrogenetic processes operating at the 955 
Phlegraean Fields means that we can assign an unknown Phlegraean Fields 956 
tephra to the appropriate series, even in the absence of a proximal match, 957 
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because the HFSE/Th ratio is indicative of a certain parental magma (CI-series 958 
magma and NYT-series/PP magma).  959 
 960 
Where multiple eruptions produce identical tephra, such as the Pre-NYT, it may 961 
be possible to define compositional groups. Pabst et al. (2008) identified three 962 
distinct Pre-CI magma batches thath were erupted sequentially. Bracketing the 963 
age of the first and last occurrence of each compositional group may be useful in 964 
providing age constraints on an unknown Phlegraean Fields distal tephra. This 965 
could be achieved either by dating of proximal samples or using high-resolution 966 
distal archives, such as Lago Grande di Monticchio.  967 
 968 
7. CONCLUSIONS 969 
 970 
The 60-12 ka eruptive sequence of Phlegraean Fields offers an ideal case study 971 
to investigate proximal-distal tephra correlations because of the large number of 972 
eruptions recorded proximally and in the medial-distal Lago Grande di Monticchio 973 
core. The micron-beam major and trace element glass dataset presented here 974 
indicate that: 975 
 976 

1. CI-series (60-39 ka) and NYT-series/PP magmas (39-12 ka) were derived 977 
from geochemically different magmas, in agreement with previous isotopic 978 
studies (Di Renzo et al. (2011), and references therein).  HFSE/Th and 979 
FeO/CaO ratios are constant within each series, allowing an unknown 980 
Phlegraean Fields tephra to be assigned to the appropriate series, even if 981 
the exact proximal equivalent is not known. 982 

2. Tephra from the caldera forming NYT eruption compositionally overlaps 983 
with tephra from the smaller Pre-NYT eruptions. The NYT may be 984 
distinguished by the presence of the bimodal trachytic and phono-trachytic 985 
LM and by the UM, which spans a compositional range between trachyte 986 
and phonotrachyte. Assessment of published data for distal occurrences 987 
of NYT tephra shows that the UM is the dominant NYT tephra in settings 988 
to the east and west of Phlegraean Fields. However, the NYT-LM is found 989 
in the absence of the NYT-UM in locations to the far north of Phlegraean 990 
Fields.  991 

3. Magma erupted during the caldera forming CI event straddle the phono-992 
trachyte and is distinct from the preceding, lower volume Pre-CI magmas 993 
in major and trace element composition. CI glasses from the Plinian (fall) 994 
and the lower and intermediate flow phases of the eruption overlap 995 
extensively, but can be separated using a plot of Zr-Th.  996 

4. There is extensive overlap in major and trace element composition within 997 
Pre-NYT and within the Pre-CI, making it extremely difficult to assign 998 
proximal-distal and distal-distal correlations. This means that some such 999 
correlations may not be correct. For example, we show that the TM-15 1000 
layer from Lago Grande di Monticchio is not the distal equivalent of VRa. It 1001 
may be possible to recognize the compositional group of an unknown 1002 
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distal Phlegraean Fields tephra and therefore constrain its stratigraphic 1003 
position and age.  1004 

 1005 
In addition to insights into the behavior of the magmatic feeding system, 1006 
proximal-distal tephra correlations of single eruptions are important for the 1007 
assessment of volcanic hazards, for example zoning of territory in relation to 1008 
various dangerous eruption phenomena. Proximal-distal tephra correlations allow 1009 
more precise estimates of the volume of magma extruded during a single 1010 
eruption and, therefore, the definition of the eruption magnitude and intensity. 1011 
Knowledge of such parameters for past eruptions of an active volcano is 1012 
fundamental to evaluation of the effects of such an eruption on the environment 1013 
and on climate. This is particularly relevant for volcanoes located in densely 1014 
populated areas, such as the Phlegraean Fields caldera located in the densely 1015 
inhabited Neapolitan area of southern Italy. The results of this study will 1016 
contribute to the ongoing improvement of current volcanic hazards assessments 1017 
(Orsi et al., 2004; 2009; Costa et al., 2009; Selva et al., 2012). 1018 
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Tables 1366 
 1367 
Table 1: Summary of Phlegraean Fields eruptions and samples studied. Samples 1368 
used in previous studies 1 - Tortora unpublished MSc thesis; 2 - Pappalardo et 1369 
al. (1999); 3 - Arienzo et al. (2009), resampled 10/2008; 4 - Polacci et al. (2003). 1370 
Ages are from: PP - Smith et al. (2011), NYT- De Vivo et al. (2001), CI - Deino et 1371 
al. (2004) PRa, VRb and TLa - Pappalardo et al. (1999). Mineral abbreviations: 1372 
san � sanidine, plg � plagioclase, cpx � clinopyroxene, bt - biotite, mag -  1373 
magnetite, ap - apatite, ol - olivine. 1374 
 1375 
Table 2: Representative EMPA analyses of volcanic glass selected on basis of 1376 
CaO (20th, 40th, 60th, 80th percentile for most samples, 33th and 66th percentiles 1377 
for each mode of bimodal units) and ordered by increasing CaO. Major element 1378 
totals are normalised to 100 wt%, the pre-normalised total is also given. a) PP, 1379 
NYT and Pre-NYT eruptions; b) CI and Pre-CI eruptions. The full dataset is given 1380 
as online supplementary data. 1381 
 1382 
Table 3: Representative LA-ICP-MS analyses of volcanic glass selected on basis 1383 
of Sr (20th, 40th, 60th, 80th percentile for most samples, 33th and 66th percentiles 1384 
for each mode of bimodal units): a) PP, NYT and Pre-NYT eruptions; b) CI and 1385 
Pre-CI eruptions. The full dataset is given as online supplementary data. 1386 
 1387 
Table 4: Representative major (EMPA) and trace (LA-ICP-MS) element 1388 
composition of glass shards from Lago Grande di Monticcio tephra units. 1389 
 1390 
Table 5: Key concentrations and ratios for geochemical fingerprinting. *Total 1391 
Alkali (Na2O+K2O) versus Silica (SiO2) (Le Bas and Streckeisen, 1991). 1392 
 1393 
Table 6: Summary of information relevant to proximal-medial-distal correlations. 1394 
Ages have been calibrated using the IntCal09 or Marine09 internationally 1395 

accepted calibration curves (Reimer et al., 2009) at 2s. Year 0 is 1950 AD. 1396 
Please see references for uncalibrated radiocarbon determinations. Distal tephra 1397 
occurrences are those supported by this study, in the case of the CI only studies 1398 
with trace element data are listed. 1399 
 1400 
Figures 1401 
 1402 
Figure 1: a) regional map of study area, inset shows location of: b) Map of field 1403 
localities modified after Orsi et al. (2003). 1404 
 1405 
Figure 2: Total alkali-silica plot (Le Bas and Streckeisen, 1991) showing the CI-1406 
series (red/orange), NYT-series (blues) and PP (green). Also shown are distal 1407 
tephra layers from the Lago Grande di Monticchio core (black). Errors are 2 s.d. 1408 
calculated using replicate analyses of MPI-DING StHs6/80 glass. 1409 
 1410 
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Figure 3: Major element biplots showing normalised compositions of glasses from 1411 
the CI-series (red/orange), NYT-series (blues) and PP (green). Also shown are 1412 
distal tephra layers from the Lago Grande di Monticchio core (black). Errors are 2 1413 
s.d. calculated using replicate analyses of MPI-DING StHs6/80 glass. 1414 
 1415 
Figure 4: Primitive mantle normalised trace element compositions of a) NYT and 1416 
PP; and b) Pre-NYT (NYT range shown for comparison); c) CI; and d) Pre-CI (CI 1417 
range shown for comparison) units. Primitive mantle values are from Sun and 1418 
McDonough (1989). 1419 
 1420 
Figure 5: Trace element compositions of members of the PP (green), NYT-series 1421 
(blues) and CI-series (red/orange). Also shown are distal tephra layers from the 1422 
Lago Grande di Monticchio core (black). Reproducibility (2 s.d.) of StHs6/80-G 1423 
(S) and ATHO-G (A) analyses are shown. 1424 
 1425 
Figure 6: Discriminating the fall and lower/intermediate phases of the CI using Zr-1426 
Th. Line points are 35, 495 and 65, 770. 1427 
 1428 
Figure 7: Trace element compositions of Lago Grande di Monticchio tephras 1429 
normalised to the average composition (grey field) and compared to 1430 
representative proximal compositions (10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, 1431 
90th Sr percentile where >20 analyses): a) TM-7b and PP; b) TM-8 and NYT-UM; 1432 
c) TM-8 and NYT-LM; d) TM15 and VRa; e) TM-18 base and CI fall; f) TM-18 top 1433 
and CI flow � lower/intermediate flow. 1434 
 1435 
Figure 8: Example biplots for assessing proximal distal tephra correlations: a) 1436 
PP/TM-7b, MgO-SiO2; b) NYT/TM-8 CaO-SiO2; c) GM1/TM-9 K2O-SiO2; d) 1437 
GM1/TM-9 MgO-SiO2; e) VRa/TM15/Y3 Na2O-SiO2; f) VRa/TM15/Y3 FeO-SiO2. 1438 
Proximal samples (PP in green, NYT-series in blue) and Lago Grande di 1439 
Monticchio (black) symbols are as in other plots. Distal marine locations are 1440 
shown in red, lake settings in orange. 1441 
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