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Abstract: The 56 ka Monte Epomeo Green Tuff (MEGT) resulted from the largest volume explosive
eruption from Ischia island (south Italy). Its tephra is one of the main stratigraphic markers of the
central Mediterranean area. Despite its importance, a detailed characterisation of the petrography and
mineral chemistry of MEGT is lacking. To fill this gap, we present detailed petrographic description
and electron microprobe mineral chemistry data on samples collected on-land from the MEGT.
Juvenile clasts include pumice, scoria, and obsidian fragments with porphyritic/glomeroporphyritic,
vitrophyric, and fragmental textures. The porphyritic index is 1340 vol.%, and phenocryst phases
include alkali-feldspar, plagioclase, clinopyroxene, ferrian phlogopite, and titano-magnetite, in order
of decreasing abundance; accessory phases include sphene, hydroxy-fluor-apatite, and rare edenite.
Plagioclase varies from predominant andesine to subordinate oligoclase, whereas alkali-feldspar is
more variable from sanidine to anorthoclase; quasi-pure sanidine commonly occurs as either rim or
recrystallisation overgrowth of large phenocrysts due to hydrothermal alteration. Secondary minerals
include veins and patches of carbonate minerals, Fe-Mn oxyhydroxides, clay minerals, and zeolites.
Clinopyroxene is ferroan diopside (Enss_29Fs7_»7) and never reaches Na-rich compositions. This
feature allows the discrimination of MEGT from aegirine-bearing, distal tephra layers erroneously
attributed to MEGT, with implications for the areal distribution of Ischia explosive deposits.

Keywords: Monte Epomeo Green Tuff; Ischia island; petrography; mineral chemistry; clinopyroxene;
tephrostratigraphy; tephrochronology; Mediterranean

1. Introduction

The Monte Epomeo Green Tuff (MEGT) is the most important volcanic unit of Ischia
island (Gulf of Naples, south Italy; Figure 1A). It is the product of a complex, paroxysmal
explosive eruption that occurred ~56 ka [1,2] on the island and that resulted in caldera
collapse and the wide dispersal of ash across the central Mediterranean. The MEGT is
a key stratigraphic tephra marker, referred to as Y-7, and it is found in several distal
continental and deep sea sedimentary records of the central Mediterranean area (Figure 1B;
e.g., [2-9]), including Palaeolithic sites [10]. The total volume of erupted magma has been
estimated to ~9-15 km? based on caldera dimensions [11] and ~40 km? based on areal
distribution of proximal and distal fallout deposits [9]. The distal deposits of the MEGT
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are dispersed to S-SE and occur up to 540 km away in the Ionian Sea (Figure 1B; [9]).
Therefore, the MEGT represents one of the largest quaternary explosive eruptions in the
central Mediterranean area.

The typical green colour of the MEGT deposits allows their quick recognition in
the field. This results from the alteration of the tuff in a shallow marine environment
([12] and references therein), following the emplacement of large volumes of ignimbrite
within the caldera during the eruption. Despite the volcanological and tephrochronological
importance of MEGT, as well as its widespread use as building stone in the Neapolitan
area since prehistory [13], a systematic characterisation of the petrography and mineral
chemistry of its products has not yet been attempted: Poli et al. (1987) [14] included
a few analyses of MEGT minerals in their large Ischia-wide database. Here, we present
detailed petrographic description and electron microprobe analysis of crystalline and glassy
phases of rock samples representative of the MEGT main lithological units as re-defined
by Brown et al. (2008) [15]. The results, together with those of a preliminary study on
just one sample [12], allow a thorough mineral-chemical characterisation of the MEGT
products and an assessment of chemical variation of their primary minerals, as well as of
the main secondary minerals. This characterisation provides a useful tool for recognising
the deposits of MEGT in distal tephra successions and can be integrated with geochemical
(major oxides and trace elements contents) and isotopic (Sr and Nd isotope ratios) tracers,
which are proven to be effective in many instances (e.g., [8,16-18]).

>]

acco Ameno

T
4,512,000

Casamicciola 05 1 Km 2
Ischia
Porto

Ischia =
Castle

I
4,508,000
1

. A Punta
Capo Negro Chﬁm_" Sant', S. Pancrazio

404,000 408,000 412,000
1 1

/ Faultlines

/ Inferred caldera rim

- Volcanics younger than 10 ka

E] Volcanics aged between 28 and 10 ka
- Volcanics aged between 55 and 33 ka
= | Ssiltstones and sandstones

Upper MEGT} Monte Epomeo

Lower MEGT | Green Tuff (55 ka)
Volcanics aged between 75 and 55 ka 8 GREECE
Tyrrhenian
- Volcanics older than 75 ka N33 0 B

14

- Volcaniclastic deposits lonian Sea

Google Earth

Figure 1. (A) Geological sketch map of Ischia island, showing the areal distribution of the main volcanic
units, including the Monte Epomeo Green Tuff (modified after D’ Antonio et al., 2013 [19]). (B) Map of
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the central Mediterranean area; numbered red circles indicate the main distal locations where the
MEGT products have been either recognised or hypothesised: 1—PRAD 1-2 bore hole, Adriatic
Sea [20]; 2—KET 8218 bore hole, Adriatic Sea [3]; 3—Fucino Basin, Abruzzo, Central Italy [2];
4—Lago Grande di Monticchio, Basilicata [4,6]; 5—San Gregorio Magno basin, Campania [7,8];
6—Oscurusciuto [10]; 7, 8, 10, 11—KET 8022, KET 8004, KET 8003, KET 8011 bore holes, Tyrrhenian
Sea [3]; 9—ODP Leg 107, Site 650, Tyrrhenian Sea [21]; 12—Stromboli, Aeolian Archipelago [22]; 13,
14, 16—RC9-190, RC9-191, V10-68 bore holes, Ionian Sea [23]; 15—M25/4-11 bore hole, Ionian Sea
([9] and references therein); 17—ODP Leg 160 Site 964 and KC01B bore holes, Ionian Sea [5,24].

2. Geological, Volcanological, and Petrological Background

Ischia island is an active volcanic field composed predominantly of volcanic rocks and
subordinate terrigenous sedimentary deposits. Its morphology is dominated by Mount
Epomeo, 787 m a.s.l, in the centre of the island, that is the result of long-lasting block
resurgence [25]. The volcanic rocks include pyroclastic deposits produced by fallout and
pyroclastic density currents, and lava flows and domes. The present-day island is the result
of a complex interplay between tectonic and volcanic activity accompanied by erosion,
slope instability, and sedimentation [25-28].

Volcanic activity on Ischia initiated prior to 150 ka, the age of the oldest dated volcanic
deposit on the island, which is not the stratigraphically lowermost one [1,26]. The most
recent eruption, that emplaced the Arso lava flow, occurred in 1302 AD. Low-energy
seismicity, fumaroles, and hot springs testify to the active state of the volcanic complex
(e.g., [12,29-31] and references therein). Volcanic activity on Ischia has been subdivided in
five cycles: between >150 and 75 ka; between 75 and 55 ka; between 55 and 33 ka; between
28 and 12 ka; and between 10 ka and 1302 AD [14,15,25,26,32-37]. The MEGT represents
the most voluminous deposit of the third cycle of volcanic activity of Ischia [14,26,33]. It
has been dated by several authors (e.g., [1,38]). The most recent, “°Ar /% Ar age of 56.1 & 1.0
(20) ka, was obtained on the TF-7 tephra collected from the Fucino Quaternary lacustrine
sequence, central Italy, and has been confidently attributed to the MEGT eruption [2].
The volcanic products of Ischia belong to a mildly alkaline (potassic) magma evolution
series that includes rare shoshonites through latites, subordinate phonolites, and dominant
trachytes. The evolved rocks are volumetrically predominant over the poorly evolved ones.
Interestingly, the evolved rocks become progressively less potassic and more sodic with
respect to more primitive shoshonites and latites. This is due to strong fractionation of
alkali-feldspar and to the development of a peralkaline character (e.g., [11,14,15,33,39-43]).

The products of MEGT crop out extensively on Ischia, especially in its central-western
sector, whereas they are covered by more recent volcanic products in the eastern sector
(Figure 1A). The rim of the MEGT caldera is marked by cliffs containing pre-MEGT products
on the SW, NW, NE, and SE coasts [44] (Figure 1A) and has been inferred from geophysical
modelling ([45] and references therein). Both intra- and extracaldera deposits of MEGT
were identified and studied [15]. Based on the occurrence inside the caldera of two thick
ignimbrites separated by a meter of volcaniclastic sediments, the intracaldera deposits
were subdivided into two units named Lower MEGT and Upper MEGT. The extracaldera
deposits include a coarse-grained Plinian pumice fall deposit, a widespread lithic breccia,
and a distal ignimbrite that crops out in southwest Campi Flegrei. The lithology of MEGT
juvenile clasts varies from vesicular pumice to dense juvenile material and obsidian [15].
They are potassic trachyte and phonolite in composition [11].

3. Materials and Methods

For the purposes of this work, several samples of Monte Epomeo Green Tuff intra- and
extracaldera units outcropping extensively on Ischia island were selected. Polished thin
sections were prepared to observe the main petrographic features of the samples under a
binocular polarised light microscope. Pumice samples have been discarded for mineral
chemistry determinations, because they resulted profoundly altered upon petrographic
observation, with almost no relic minerals or glass. Conversely, scoria and obsidian samples
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are either almost fresh or only partially altered. On a selected set of thin sections, electron
microprobe analysis (EMPA) has been performed at the HP-HT Laboratory of Experimental
Volcanology and Geophysics of Istituto Nazionale di Geofisica e Vulcanologia in Rome,
Italy. The EMPA measurements were carried out using a Jeol JXA 8200 Superprobe (JEOL,
Tokyo, Japan), equipped with five wave-length dispersive (WDS) X-ray spectrometers,
employing PET, TAP, and LiF as diffraction crystals, and an energy-dispersive (EDS) X-
ray spectrometer. The operating conditions were 15 kV accelerating voltage and 7 nA
probe current. A probe diameter of 5 pm, with a final spot size of about 7 um, was used
to minimise alkali loss. Counting times were 10 s on the peak and 5 s on each of two
background positions; inter-elemental effects were corrected through a ZAF (Z: atomic
number; A: absorption; F: fluorescence) method. Calibration was achieved by means of the
following standards from Micro-Analysis Consultants (MAC; [46]): albite (Si on PET, Al on
TAP, Na on TAP), forsterite (Mg on TAP), augite (Fe on LIF), apatite (Ca on PET), orthoclase
(K on PET), rutile (Ti on PET), and rhodonite (Mn on LIF). Smithsonian augite [47] and
MAC augite were used as quality monitor standards and for calculating accuracy and
precision. Accuracy was better than 1-5% for abundances higher than 1 wt% and better
than 5-10% for elements with abundances lower than 1 wt%. Precision was generally better
than 1-5% for all analysed elements.

All analyses presented in this work are original data, except for those of sample
MEGT0322, which were already published [12]. Representative EMP analyses are listed in
Supplementary Table S1.

4. Results

The main petrographic features of the investigated MEGT samples are listed in Table 1
and in the caption of Figure 2, describing representative thin section photomicrographs. Ad-
ditional thin section photomicrographs are provided in Supplementary Figure S1. Textures
are variable and include porphyritic/glomeroporphyritic, seriate, vitrophyric, and frag-
mental varieties. Both primary and secondary (i.e., alteration) minerals occur in the MEGT
products. The main primary phenocryst paragenesis includes predominant alkali-feldspar,
subordinate plagioclase, clinopyroxene and black mica (phlogopite), and accessory opaque
oxide (titano-magnetite), sphene, apatite, and rare amphibole. The porphyritic index varies
from 13 to 40 vol.%. Secondary minerals are mostly carbonate and Fe-Mn oxyhydroxides,
subordinate clays, and zeolites (analcite). The compositional features of the crystalline and
glassy phases as determined through EMPA are described in detail as follows.

Table 1. Main petrographic features of the investigated MEGT samples.

Sample Unit Lithotype Texture
0150325 ! Extracaldera upper Scoria Vitrophyric
0150321 ! Extracaldera lower Pumice Vitrophyric
MEGT0322 ! Intracaldera intermediate Ignimbrite matrix-rich Fragmental
MEGT0320 Intracaldera intermediate Crystals-rich pumice Porphyritic
MEGT0319 Intracaldera intermediate Mafic scoria Porphyritic
MEGT0318 ! Intracaldera intermediate Obsidian Vitrophyric
0150102 ! Intracaldera Scoria glomerol;(zg)};};;ittliccl seriate
MEGT0304 Intracaldera lower Ignimbrite Fragmental
MEGT0303 Intracaldera lower Vesicular clast (tuff) Fragmental
MEGT0302b Intracaldera lower Scoriaceous bomb Porp hyr1.t 1.c ’ .
glomeroporphyritic, seriate
MEGT03021 Intracaldera lower Scoriaceous bomb glorrlzgscl));grrftﬁ;’ri tic
MEGT0301 Intracaldera lower Scoria porphyritic

! sample analysed with EMPA (Supplementary Table S1).
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Figure 2. Selected thin section photomicrographs of the investigated MEGT samples; additional
photomicrographs are provided in Supplementary Figure S1. Key for mineral names (abbreviated
according to Whitney and Evans, 2010 [48], except for Fe, Mn oxy-hydroxides, abbreviated as Fe, Mn
oxy-hyd): Afs = alkali-feldspar; Cpx = clinopyroxene; P1 = plagioclase; Opq = opaque oxide; Spn
= sphene; Ap = apatite; Amp = amphibole; Cb = carbonate. (A) fresh scoria showing porphyritic
texture and microcrystalline/felty groundmass (cross-polarised light; sample OIS0102); (B) fresh scoria
showing porphyritic texture and microcrystalline/felty groundmass (plane-polarised light; sample
0IS0102); (C) gabbroic agglomerate in vitrophyric obsidian, showing the typical perlitic fractures; in
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the agglomerate, the plagioclase rim is slightly altered (enriched in Fe, see EMPA data in Table S1) and
the interstitial glass is partly altered (plane-polarised light; sample MEGT0318); (D) volcanic bomb
(scoria) showing porphyritic/glomeroporphyritic texture and microcrystalline/felty/fluidal ground-
mass with pervasive alteration by Fe, Mn oxy-hydroxides patches and veins cutting phenocrysts
(cross-polarised light; sample MEGT0302); (E) same sample as D, showing abundant carbonate
patches in the groundmass, and a plagioclase phenocryst at the core of an alkali-feldspar phenocryst
(cross-polarised light; sample MEGTO0302); (F) same sample as D, showing a thick carbonate vein
cutting a large alkali-feldspar phenocryst (cross-polarised light; sample MEGT0302); (G) scoria
showing porphyritic texture and microcrystalline/felty groundmass with pervasive alteration by
patches of Fe, Mn oxy-hydroxides, and perhaps clays; the alkali-feldspar phenocryst on the left side
is partly corroded by alteration (cross-polarised light; sample MEGT0301); (H) same sample as G,
showing an agglomerate made up of dominant alkali-feldspar and clinopyroxene, and minor black
mica, opaque oxide, and apatite; the clinopyroxene phenocryst is almost totally replaced by carbonate
and Fe, Mn oxy-hydroxides; the alkali-feldspar phenocrysts exhibit a comb texture, suggesting that
alteration has proceeded from rim toward the inner part (cross-polarised light; sample MEGT0301).

4.1. Primary Minerals
4.1.1. Feldspars

Alkali-feldspar occurs in all analysed MEGT samples, whereas plagioclase coexists
with alkali-feldspar in a few samples only (MEGT0318, MEGT0322). Alkali-feldspar
is widely variable (Figure 3 and Supplementary Table S1) from quasi-pure sanidine
(Orog-_g9Aby_11), through sanidine (Ory,_53Abys_43), Na-sanidine (Ors4_3p Absy_s7), to anortho-
clase (Orss_13Absg 45). However, plagioclase, where present, varies only within the field
of andesine (Angy 31 Abag_go) (Figure 3 and Supplementary Table S1), except for one oligo-
clase (AnpsAbgs) crystal. Quasi-pure sanidine occurs as either rims or recrystallisation
overgrowth with a peculiar comb-texture of alkali-feldspar and plagioclase phenocrysts
(Figure 2H). One feldspar microlite is quasi-pure albite (Or3Abgs). Reverse zoning is very
common in both plagioclase and alkali-feldspar phenocrysts; moreover, crystals with ande-
sine cores and a thick rim of alkali-feldspar are common (Figure 2E). In altered samples,
the plagioclase and alkali-feldspar phenocrysts are cut by carbonate veins (Figure 2F).

An

O early
B late

Bytownite ¢ corona

literature data

Labradorite

Andesine

Oligoclase

Ab r\/ v

Anorthoclase Sanidine

‘&AOr

Figure 3. Ternary classification diagram Ab-An-Or for feldspars [49] showing all plagioclase and
alkali-feldspar crystals analysed in the selected MEGT volcanic rocks. Ab = albite molar %, including
Sr-feldspar; An = anorthite molar %; Or = orthoclase molar %, including celsian. Early = phenocryst
core; late = phenocryst rim, microphenocrysts and groundmass microlites; overgrowth on phenocryst.
The pink fields are drawn using mineral chemistry data on Ischia trachytes and phonolites from the
literature [14,19,41,43].
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4.1.2. Clinopyroxene

According to the IMA 1990 pyroxene nomenclature scheme ([50] and references
therein), all analysed clinopyroxenes are ferroan diopside (Figure 4A and Supplementary
Table S1; common modifier names are: ferroan, ferrian, aluminian; rarely sodian). In terms
of relative En and Fs contents, they are moderately variable, from EngsFs; to EnygFsy7;
Mg# (magnesium number: atomic 100 x Mg/Mg + Feiot + Mn) varies in the range 86-53.
The Wo content slightly decreases from 48 to 45 with increasing Fs content, following an
evolution trend detected typically in clinopyroxene from Ischia evolved volcanic rocks ([41];
see also Discussion). The only clinopyroxene with a composition approaching that of
diopside (Mg# = 86) has been found as the rim of a reversely zoned phenocryst. Indeed,
reverse zoning is common. In several samples, clinopyroxene is partly or totally replaced
by carbonate + Fe, Mn-oxy-hydroxides (Figure 2H). Clinopyroxene phenocrysts and
fragments handpicked from two samples of tephra layers occurring in distal sites were
analysed using the same facility and techniques as those employed for MEGT proximal
samples (Figure 4B). The comparison between the composition of clinopyroxene from
proximal and distal outcrops will be discussed later.

Wo
Diopside Ferroan diopside Magnesian hedenbergite  Hedenbergite

\ / /
Al NN A

(Iron-rich) augite 4,_.
gff?'a
(&}

N
/ N\ MEGT m early Ischia /\
En proximal = late literature data Fs

Wo
Diopside Ferroan diopside *Magnesian hedenbergite Hedenbergite

(Magnesium-rich) augite (Iron-rich) augite 4, .
é’l}y‘ne

/\ MEGT distal /\

(Magnesium-rich) augite

En Fs
o early o early
S16 = late TF-7 = late
@ fragment B fragment

Figure 4. Pyroxene quadrilateral classification diagram Di-Hd-En-Fs [51]. (A) clinopyroxene crystals
analysed in the selected MEGT volcanic rocks. The pink field has been drawn using mineral
chemistry data on Ischia trachytes and phonolites from the literature [14,19,41,43]. (B) clinopyroxene
crystals and fragments separated from samples S16 [7,8] and TF-7 [2]. See Discussion for details.
Early = phenocryst core; late = phenocryst rim, microphenocrysts and microlites; fragment = broken
crystal for which it is not possible to ascertain the original shape.

4.1.3. Black Mica

According to the IMA 1998 nomenclature scheme ([52] and references therein), the
common black mica which occurs in all analysed samples classifies as ferrian phlogo-
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pite (corresponding to Mg-biotite, as disapproved IMA name). Its composition is quasi-
homogeneous (Supplementary Table S1), with Mg# (=[Mg/(Mg + Fe?* + Fe**]) in the range
0.69-0.66. The fluorine content is between 0.5 and 3.3 wt%.

4.1.4. Opaque Oxides

Ti-magnetite is the only opaque oxide mineral phase occurring as accessory micro-
phenocrysts in all analysed MEGT samples. Its ulvospinel content (calculated according to
Stormer, 1983 [53], using the software ILMAT 2.0 by Lepage, 2003 [54]) varies in the range
22-40% (Figure 5; Supplementary Table S1).

TiO

2

rutile

FeTiO X
ilmenite
FezTiO ;

ulvospinel

Fe O, Fe O, FeO
hematite magnetite wustite

Figure 5. Fe;O3-TiO,-FeO ternary diagram [53] for opaque oxides of the selected MEGT volcanic rocks.
4.1.5. Other Accessory Phases

Sphene-Phenocrysts and micro-phenocrysts of sphene are common in the groundmass
and sometimes within alkali-feldspar phenocrysts of fresh MEGT samples. Their EMP
analysis (Supplementary Table S1) reveals significantly high Al,O3 (1.2-1.3 wt%) and FeO
(1.7-2.9 wt%) contents, whereas the low closures likely suggest high content of Rare Earth
Elements and/or High Field Strength Elements, not determined by EMPA [49].

Amphibole-Calcic amphibole occurs as rare micro-phenocrysts or microlites (within
alkali-feldspar phenocrysts or in the groundmass) in only one, fresh sample (OIS 0102).
According to the IMA-04 amphibole nomenclature scheme ([55] and references therein), it
classifies as edenite (modifier names are fluorian, potassian, manganoan, titanian), with
Mg# (atomic Mg/Mg + Fe?*) in the range 0.64-0.51 (Supplementary Table S1).

Apatite-The rare Ca-phosphate microlites occurring in the MEGT samples have rel-
atively high F contents and low EMPA closures (Supplementary Table S1), suggesting a
high content of water in their lattice; therefore, they can be classified as hydroxy-fluor-
apatite [49].

4.2. Secondary Minerals and Groundmass Glass

Secondary minerals are common in most analysed MEGT samples due to intense
hydrothermal alteration (see also Di Napoli et al., 2013 [12]). Secondary alkali-feldspars,
occurring as either quasi-pure sanidine (in most cases) or rare quasi-pure albite, have
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already been described in Section 4.1.1. Their composition expands the range of fresh
primary feldspars. Additional secondary minerals are described in the following,.

4.2.1. Carbonate

Carbonate is common in almost all analysed samples with variable abundance. It
occurs as both veins cutting phenocrysts (Figure 2F) and patches in the groundmass
(Figure 2H); in some samples, it partially replaces clinopyroxene phenocrysts (Figure 2H).
The composition shows limited variation from quasi-pure CaCOj3 to carbonates with up to
~10 wt% of other components, mostly [Fe + Mn]CO3 and subordinately MgCOj3 (Figure 6
and Supplementary Table S1).

CaCO,
[ vein filling

(O patch in groundmass

80 80

MgCO, [Fe+Mn]CO,

Figure 6. MgCO3-CaCO;-[Fe+Mn]CO; ternary diagram for carbonates of the selected MEGT volcanic rocks.

4.2.2. Iddingsite/Clay Minerals

Patches of “iddingsite” (i.e., mixtures of clay minerals and iron-manganese oxy-
hydroxides) are observed in thin sections in the altered MEGT samples. Only two EMP
analyses have been successfully performed and resulted in variably silica depleted and
iron and magnesium enriched (in one case also Mn; Supplementary Table S1). An X-rays
diffraction investigation on MEGT samples reports the presence of randomly interstratified
illite /smectite, Fe-illite and smectite [56].

4.2.3. Glass, Altered Glass, and Zeolites

Fresh groundmass glass has a composition that varies from trachyte to phonolite
(Figure 7 and Supplementary Table S1) and is quite comparable with that of MEGT, which is
variable from trachyte to phonolite too, and other, slightly less evolved, whole-rock samples
of 75-55 ka age [11,15]. When altered, the glass shows selective loss of variable amounts
of Na, K, Fe, and Mg. The resulting EMP analyses carried out on these altered patches
of the groundmass were suspected to be zeolites (Supplementary Table S1); however,
none matches any known, common Ca-K-Na-zeolite (i.e., phillipsite, erionite, stilbite and
mordenite) composition. Only one analcite patch has been detected in the groundmass of
an altered sample. The occurrence of phillipsite, chabazite, and analcite in the MEGT has
been reported based on X-ray diffraction studies [56].
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Figure 7. Total alkali vs. silica classification diagram (TAS; [57]) showing the composition of
apparently fresh glass analysed in MEGT volcanic rocks (this work; data from Supplementary
Table S1), compared with whole rock data on MEGT and 75-55 ka Ischia volcanic rocks from the
literature [11,15]. All analyses were plotted after normalisation to 100% on a water-free basis,
according to recommendation by L.U.G.S. [57]. K-B = potassic basalt; K-TB = potassic trachybasalt;
SH = shoshonite; LT = latite; TR = trachyte (these rock names are relative to a potassic alkaline series);
TH/Bas = tephrite/basanite; PH-TH = phonotephrite; TH-PH = tephriphonolite; PH = phonolite.

5. Discussion
5.1. Distal Occurrences of Ischia Tephra in the 60-55 ka Time Span

The analytical data presented for samples representative of the Monte Epomeo Green
Tuff of Ischia allow a thorough characterisation of the main petrographic textures and the
mineral assemblage. The most abundant primary mineral phases occurring as phenocrysts
and micro-phenocrysts are alkali feldspar, which is variable from sanidine to anorthoclase,
followed by plagioclase (mostly andesine) and ferroan diopside, with minor amounts
of ferrian phlogopite and titano-magnetite. Accessory mineral phases include sphene,
sometimes occurring as phenocrysts, hydroxy-fluor-apatite, and rare edenitic amphibole.
All mineral phases also occur as microlites; accessory phases are mostly confined to
the groundmass. Secondary minerals, related to pervasive post-eruption hydrothermal
alteration that affected the intracaldera deposits, include alkali-feldspar from quasi-pure
sanidine to rare, quasi-pure albite, calcium carbonate, iddingsite, clay minerals, and zeolites.
Secondary alkali-feldspar occurs mostly as pervasive re-crystallisation at the expense of
primary phenocrysts, forming an unusual comb texture (Figure 2H). Given the evolved
chemical character of host whole rocks (trachyte-phonolite), as well as of the coexisting
Na-rich plagioclase, the most K-rich varieties of alkali-feldspar (Orgg_ggAb,_11) are thought
to be adularia, which is formed by a preferential loss of Na that may successively precipitate
as analcite (e.g., [58]). The precipitation of secondary, quasi-pure sanidine and/or albite is
not uncommon for igneous rocks that encounter either hydrothermal fluids or seawater
(e.g., [59-62]). The quasi-pure albite (Or3Abgs) microlite is likely a result of alteration, too
(albitisation). Calcium carbonate occurs as either thin veins and patches or a pervasive
pseudomorphic substitution of clinopyroxene phenocrysts. Iddingsite, clay minerals,
and zeolites are present as either a partial replacement of mafic phases or patches in the
groundmass. Interestingly, carbonate was not observed by Altaner et al. (2013) [56] in either
optical microscopy or scanning electron microscopy observations of MEGT samples, despite
detection through X-ray diffraction; the authors instead identified various clay minerals
(illite /smectite, Fe-illite, and smectite) and zeolites (phillipsite, chabazite, and analcite).
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The mineral-chemical characterisation presented here helps clarify correlations with
reported distal MEGT ash layers, some of which have served as stratigraphic tephra
markers in the central Mediterranean for decades. Keller et al. (1978) [23] reported on a
peculiar trachytic tephra, named Y-7, which was found in three southeastern Mediterranean
deep-sea bore holes (circles 13, 14, and 16 in Figure 1B), and characterised by abundant
Na-rich yellow pyroxene, in addition to aegirin-augite, biotite, apatite, sphene, zircon,
plagioclase, and sanidine (the “acmite-trachyte layer”). Based on its unique petrography
and chemistry (Na,O > K,O) that is distinct from other trachytic tephra layers of Campania
(K20 > NayO), the authors postulated an origin from Ischia (the “San Angelo tuffs” of
Rittmann, 1930 [63]; see also Brown et al., 2008 [15]). Other studies referred to the Y-7 layer
and to other stratigraphically equivalent tephra layers in both continental and deep-sea
sequences, as the distal counterpart of MEGT, implicitly acknowledging that the MEGT
products have aegirine as a distinctive petrographic feature.

Within the time span between 60.3 + 2.2 and 51.0 £ 2.2 ka (astronomically tuned),
Paterne et al. (1988) [3] identified three peralkaline trachytic distal tephra layers, labelled
C-18, C-17, and C-16, in deep-sea cores from the Tyrrhenian Sea (KET 8003, KET 8004, KET
8011, KET 8022) and southern Adriatic Sea (KET 8218). C-18, dated at 60.3 + 2.2 ka, is
the thickest and most widespread, and they tentatively correlated it with the Y-7 tephra.
However, they noted that no large volume deposit of that composition and age has been
recognised on-land at either Ischia or Campi Flegrei; conversely, the ~55 ka C-17 and
~51 ka C-16 tephra layers were attributed to the MEGT and Barano eruptions of Ischia,
respectively, with C-17 being chronologically fully consistent with radioisotopic age of
the MEGT at ca. 55-56 ka [1,2]. Unfortunately, Paterne et al. (1988) [3] did not report
mineralogical data for the studied distal ashes, so it is not possible to know whether Na-
clinopyroxene was present in any tephra layers they attributed to Ischia. Based on the major
element glass composition, the authors attributed all three tephra layersto the 60-51 ka
“Green Tuff Series”. In the deep-sea core extracted from Site 650 in the central Tyrrhenian
Sea during Ocean Drilling Program Leg 107, Calanchi et al. (1994) [21] correlated the
tephra T 003 to both Y-7 and C-18. The correlation was supported by major element glass
composition; unfortunately, no petrographic description was provided.

Narcisi (1996) [4] described a >34 cm-thick tephra layer, L14, from the Lago Grande di
Monticchio (circle 4 in Figure 1B) lacustrine sequence as trachytic in composition with only
sanidine as a mineral phase dispersed among the glass shards. The author attributed L14 to
the MEGT, based on its stratigraphic position and major oxide chemistry, without referring
to the Y-7 layer of Keller et al. (1978) [23]. Later, the same Lago Grande di Monticchio layer,
re-labelled as MT-9, was correlated by Allen et al. (1999) [63,64] to the Y-7 Mediterranean
marine tephra and attributed to Ischia. The authors reported also a °Ar/3? Ar age for this
layer of 56,000 + 4000 ka made by Kraml (1997) [65], which is close to the K-Ar age of
55 + 3.5 ka available for the MEGT on the island [1]. Narcisi and Vezzoli (1999) [66] instead
attributed an age of 50 ka to Y-7, according to its stratigraphic position constrained by
sapropel layers, pointing out that its on-land counterpart was still undefined. In a detailed
tephrochronological study of the Lago Grande di Monticchio lacustrine sequence, Wulf
et al. (2004) [6] renamed the L14 layer of Narcisi (1996) [4] as TM-19, reporting a varve-
supported age of ~256,250 yrs BP and attributing it to the MEGT. Conversely, layer TM-20,
lying immediately below TM-19 and with a varve age of 57,570 yrs BP, was tentatively
attributed to the “Monte Sant’ Angelo Unit”, which was generated during an initial phase
of the MEGT eruption according to stratigraphic correlations among proximal deposits
made by Rosi et al. (1988) [67]. Wulf et al. (2004) [6] described TM-20 as having a similar
peralkaline trachytic composition as TM-19 but distinguished by the occurrence of sphene
and abundant aegirine (= acmite).

In his re-evaluation of previous astronomically tuned timescales for cores from Ocean
Drilling Program Leg 160 Site 964 and KCO01B in the Ionian Sea (circle 17 in Figure 1B),
Lourens (2004) [5] found that the tephra 14 could be correlated to both Y-7 of Keller et al.
(1978) [23] and C-17 of Paterne et al. (1988) [3]. However, this correlation was questioned
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by Insinga et al. (2014) [24] using major oxides arguments, leaving open the possibility that
14 could have been generated from a volcanic source located either at Ischia in a time very
close to the MEGT or in the Campi Flegrei area.

Bourne et al. (2010) [20] investigated tephra layers recovered from core PRAD 1-2
in the central Adriatic Sea (circle 1 in Figure 1B). Among them, the cryptotephra PRAD
1870 was found to be chemically comparable to layers TM-19, TM-20, and TM-20-1 from
the Lago Grande di Monticchio sequence. On that basis, the authors claimed that PRAD
1870 represents a product of the MEGT eruption and thus is likely correlated with the Y-7
tephra. That correlation implies that the MEGT deposit should have sodic clinopyroxene
as a distinctive mineralogical feature, which is not supported by our findings. Ambiguity
in the attribution of distal ash layers to the MEGT and other Ischia deposits of similar age
reported in the previous literature was also pointed out by Brown et al. (2008) [15], who
re-defined 75-50 ka old proximal pyroclastic deposits of Ischia, and by Tomlinson et al.
(2014) [9]. The latter authors carried out a detailed geochemical characterisation of volcanic
deposits emplaced at Ischia in the 75-39 ka time span, including the MEGT, and of distal
tephra layers considered as equivalent of either MEGT or other older and younger deposits.
They concluded that the most likely distal correlatives of MEGT, which share closely
similar major oxides and trace elements features, are as follows: the cryptotephra PRAD
1870 from core PRAD 1-2 in central Adriatic Sea (circle 1 in Figure 1B); the tephra TM-19
from Lago Grande di Monticchio sequence (circle 4 in Figure 1B); the so-called “Ischia
Tephra” found embedded within pyroclastic layers on the island of Stromboli in southern
Tyrrhenian Sea (circle 12 in Figure 1B); the tephra MD28 from core MD01_2474G to the
north of Stromboli [68]; the tephra Y-7 from M25/4-11, V10-68, RC9-191, and RC9-190 bore
holes in the Ionian Sea (circles 13-16 in Figure 1B). Moreover, Tomlinson et al. (2014) [9]
disputed the correlation of tephra S15 from San Gregorio Magno sequence (circle 5 in
Figure 1B) with MEGT and even its attribution to Ischia but confirmed the correlation of
516 with MEGT postulated by Munno and Petrosino (2007) [7]. Thus, Tomlinson et al.
(2014) [9] pointed out a very good geochemical match among all these distal tephra layers,
hypothesising that all of them are distal equivalents of the MEGT; however, they did not
carry out a comparison of their mineralogical features.

5.2. Clinopyroxene Analysis as a Tool to Identify the Ischia Distal Tephra in the 60-55 ka
Time Span

It is of interest that sodic clinopyroxene i.e., aegirine (= acmite) has never been reported
as a phenocryst phase in any pyroclastic rocks on Ischia [11,12,14,19,25,38,39,66]; rather,
some authors said that clinopyroxene tends to be more enriched in the aegirinic component
in the most evolved Ischia lavas, where it occurs as Na-rich microlites in the groundmass
only [14,41]. For instance, Poli et al. (1987) [14], who subdivided the volcanic activity
of Ischia into four phases, say that aegirine is present in the products of the second
volcanic activity phase only, between 150 and 75 ka, which are the most evolved ones
and occur mostly as lava domes; however, in that work, it is not specified whether or
not aegirine occurs as a phenocryst phase. Poli et al. (1987) [14] and Vezzoli (1988) [26]
published two EMP analyses of sodic clinopyroxene, without specifying whether they
analysed phenocrysts or microlites, lavas or pyroclastic rocks. Interestingly, Poli et al. (1987,
1989) [14,32] and Vezzoli (1988) [26] did not recognise a volcanic activity in the 75-55 kyr
time span at Ischia, stating that the MEGT eruption opened a new cycle after 20 kyr of
quiescence. Brown et al. (2008) [15] instead highlighted that a significant, mostly explosive
volcanic activity occurred at Ischia since 75 ka until the MEGT eruption. In the products
related to this newly recognised phase of activity, sodic clinopyroxene phenocrysts were
not documented. Melluso et al. (2014) [41] reported on the occurrence of aegirine-rich
clinopyroxene in extremely differentiated lavas belonging to all volcanic cycles at Ischia,
although exclusively confined to the groundmass. According to the authors, Ti-Zr-rich
aegirine appears along with Mn-aenigmatite and several exotic mineral phases (1avenite,
rinkite, kochite, hiortdahlite, hainite and britholite) in the crystallised groundmass of Ischia
trachyphonolitic lavas when the residual magma reaches a clear peralkalinity.
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The most recent tephrostratigraphical and tephrochronological evidence for the occur-
rence of Y-7 in continental sites are the lacustrine successions of the Fucino basin located in
Abruzzo, central Italy (circle 3 in Figure 1B), where the marker has been precisely dated [2],
and the San Gregorio Magno basin located in Campania (circle 5 in Figure 1B) characterised
by Munno and Petrosino (2007) [7] and Petrosino et al. (2019) [8]. In order to test the
soundness of the clinopyroxene geochemistry as a potential tool for tephra fingerprinting
purposes, we selected samples from these two distal tephra layers correlated to MEGT
and compared them with crystals analysed in MEGT proximal products (Figure 4). One
is sample S16 from the San Gregorio Magno lacustrine succession, which is correlated
to the MEGT on the basis of its stratigraphic position as well as the chemical and Sr-Nd
isotopic composition of glass and sanidine [7,8]. The second sample is TF-7 from the Fucino
lacustrine succession, which is well characterised from chemical and Sr-Nd isotopic points
of view and attributed to the MEGT on the basis of its stratigraphic position and precise
40Ar /P Ar age of 56.1 = 1.0 ka [2].

The comparison reveals that clinopyroxene crystals from the two distal samples
match those from the MEGT proximal samples (Figure 4). This is true for sample TF-7,
in particular, but it holds also for sample S16, although its clinopyroxene shows more
scatter than the former. None of the analysed clinopyroxene crystals have a composition
that approaches that of aegirine, which would plot in the lower right side of the iron-rich
augite field of the diagram (Figure 4). This implies that aegirine cannot be employed as a
distinctive feature for identifying distal tephra layers that correlate to the MEGT, and that
the “acmite-trachyte” tephra layer found by Keller et al. (1978) [23] in three cores located in
the Ionian Sea (circles 13, 14, and 16 in Figure 1B) and named Y-7, and the equivalent tephra
layer of core M25/4-11 (circle 15 in Figure 1B; [9]) are not the MEGT. This has resulted in a
misunderstanding in stratigraphic studies and correlations for the Mediterranean area.

According to this result, we attempted an estimate of the areal distribution of MEGT
and Y-7 tephra layers, assuming Ischia as a common source, in all the distal occurrences
where they can be confidently identified (Figure 8). It is rather evident that the distribution
axes are different, NE to E for MEGT and SE for Y-7, which is likely because of the distinct
dominant winds during the two explosive events. Moreover, the map illustrates that it
is still uncertain if both MEGT and Y-7, or which one of the two tephra layers, occur in
several distal sites, such as cores ODP Leg 107 Site 650, KET 8003, KET 8004, KET 8011 and
KET 8022 in the Tyrrhenian Sea, core KET 8218 in the Adriatic Sea, and cores ODP Leg 160
Site 964 and KCO01B in the Ionian Sea [3,5,21,24]. Considering the available chronological
data, layer C-17 is likely the best candidate to be correlated with the MEGT, whereas
the slightly older C-18 could represent the equivalent of the Ionian layer Y-7. However,
lacking a robust petrographic characterisation and mineral geochemical composition, a
definitive attribution to one or the other layer should be avoided. This is particularly true
for the circumstances when an Ischia-like tephra layer occurs as an individual layer, i.e., in
a stratified succession without more tephra layers. For instance, the layer SU 14 of the
Oscurusciuto Palaeolithic site, located in Apulia (circle 6 in Figure 1B; Figure 8) could be
correlated to either the 56 ka MEGT tephra or the slightly older, 60 ka Y-7 tephra based
on the major element glass composition alone. A definitive correlation could be proposed
only through a petrographic and mineral-chemical characterisation. This, and the other
mentioned tephra layers in the central Mediterranean area that have some resemblance to
Ischia explosive deposits remain unattributed with certainty, leaving the areal distribution
and volume estimation of MEGT and Y-7 undefined (Figure 8). The question deserves
more investigation.

It is likely that after so many decades, some scientists will continue to call the distal
counterpart of the MEGT as Y-7. However, it does not correspond to the Y-7 as originally
defined by Keller et al. (1978) [23]. Interestingly, none of the Ischia volcanic deposits
close in time to the MEGT has yet been identified as containing sodic clinopyroxene as a
phenocryst [11,15]. Therefore, the proximal counterpart of the “acmite-trachyte” tephra
recognised by Keller et al. (1978) [23] remains unidentified. Mineralogical assemblage
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and mineral chemistry were found to be useful tools to disprove the MEGT/Y-7 possible
correlation and can be successfully used in the future to prevent misleading attributions
even when the unknown tephra has a glass chemical composition fully comparable with Y-7.
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Figure 8. Occurrence of the Monte Epomeo Green Tuff distal tephra, the marine Ischia tephra Y-7,
and other “Ischia layers” corresponding to either MEGT or Y-7 or both tephra layers, but still not
definitively correlated. Data sources: PRAD 1-2 [20]; Fucino [2]; Lago Grande di Monticchio [6]; San
Gregorio Magno [7,8]; Oscurusciuto [10]; KET 8004, KET 8011, KET 8003, KET 8218 [3]; ODP Leg 107
Site 650 [21]; RC9-190, RC9-191, and V10-68 [23]; Stromboli [22]; M25/4-11 [9]; ODP Leg 160 Site 964,
KCO01B [5,24].

6. Conclusions

A detailed petrographic and mineral-chemical investigation on representative rock
samples collected from Monte Epomeo Green Tuff eruptive units on Ischia island have al-
lowed us to precisely characterise the deposit. Comparison with mineralogical descriptions
of distal tephra layers attributed to the MEGT raises doubts as to whether some of those
tephra layers correlate to the MEGT. In particular, the ferroan diopsidic composition of
clinopyroxene (Engs_p9Fs7_p7) and absence of aegirine (acmite) in the samples analysed here
rule out correlations with the Y-7 tephra layer identified in some deep cores of the Ionian
Sea by Keller et al. (1978) [23] and Tomlinson et al. (2014) [9] and possibly other tephras
characterised by the occurrence of aegirine, such as the “Ischia Tephra” of Stromboli. In-
stead, other tephra layers with overall geochemical and mineralogical features, though
lacking aegirine, similar to the proximal deposits of MEGT, such as TF-7 from Fucino and
516 from San Gregorio Magno lacustrine sequences, can be confidently attributed to the
MEGT. Conversely, for a number of occurrences of tephra layers stratigraphically, chrono-
logically, and chemically compatible with either MEGT or Y-7 or both tephra, a definitive
attribution is currently prevented by the lack of detailed geochemical data and/or petro-
graphic characterisations. In this regard, this study demonstrates that petrographic and
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mineral-chemical characterisations can be a useful additional tool for identifying tephra
layers in distal archives and how they could be diriment for confidentially discriminating
the two Ischia tephra markers.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min11090955/5s1, Figure S1: Additional thin section photomicrographs of investigated
MEGT samples, Table S1: Representative EMPA data for the main mineral and glass phases of the
investigated MEGT samples.
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