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Abstract

The prehistoric (<7 ka) Zaro eruption at Ischia island (Southern Italy) produced a lava complex overlaying a pyroclastic
deposit. Although being of low energy, the Zaro eruption might have caused casualties among the neolithic population that
inhabited that area of Ischia, and damages to their settlements. A similar eruption at Ischia with its present-day popula-
tion would turn into a disaster. Therefore, understanding the magmatic processes that triggered the Zaro eruption would
be important for volcanic hazard assessment and risk mitigation, so as to improve a knowledge that can be applied to other
active volcanic areas worldwide. The main Zaro lava body is trachyte and hosts abundant mafic and felsic enclaves. Here all
juvenile facies have been fully characterized from petrographic, geochemical and isotopic viewpoints. The whole dataset
(major and trace element contents; Sr—Nd isotopic composition) leads to rule out a genetic link by fractional crystallization
among the variable facies. Thus, we suggest that the Zaro mafic enclaves could represent a deep-origin mafic magma that
mingled/mixed with the main trachytic one residing in the Ischia shallow magmatic system. The intrusion of such a mafic
magma into a shallow reservoir filled by partly crystallized, evolved magma could have destabilized the magmatic system
presumably acting as a rapid eruption trigger. The resulting processes of convection, mixing and rejuvenation have possibly
played an important role in pre- and syn-eruptive phases also in several eruptions of different sizes in the Neapolitan area
and elsewhere in the world.
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Introduction

Ischia is an active volcanic island located in the Neapolitan
area (south Italy) and is part of the Phlegracan Volcanic
District with the Campi Flegrei caldera and the Procida islet
(Fig. 1a). Due to the mainly explosive character of its recent
volcanism and the large population living or at least spend-
ing holidays at Ischia, the risk is extremely high. Currently,
although expected to resume explosive activity in the next
future, Ischia is the only active volcano in the Neapolitan
area that still lacks a risk mitigation plan. Nevertheless, due
to the large number of eruptive episodes (at least 47), the
change in chemical and isotopic composition of magma
with respect to the previous periods of activity (Civetta et al.
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1991; Casalini et al. 2017), the concomitance of resurgence
and explosive activity (e.g. de Vita et al. 2006), the last 10 ka
is the reference time window for probabilistic volcanic haz-
ard assessment (Selva et al. 2019). Therefore, improving the
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Fig.1 a Geological and
structural sketch map of the
Campanian Plain and surround-
ing Apennines (modified after
Orsi et al. 2003); b Geological
sketch map of Ischia (modified
after Iovine et al. 2017)
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Proposed here as an interesting archetypal case-study,
the Zaro eruption occurred less than 7 ka at Ischia (Vez-
zoli et al. 2009), when the island was already inhabited by
Neolithic people, as testified by the findings of archaeo-
logical artefacts dated to the 4th millennium B.C. (Buch-
ner 1969). The eruption was characterized by an earlier,
short explosive phase (Sbrana et al. 2011, 2018) and a
later effusive phase that emplaced a 1 km long lava com-
plex extruded from a NE-SW-striking eruptive fissure in
the north-western part of the island (Vezzoli et al. 2009).
Therefore, notwithstanding the relatively low energy, the
mixed explosive-effusive character and the seismic activ-
ity that presumably accompanied the eruption, might have
caused casualties in the population and damages to their
settlements.

Interestingly, the products of the Zaro eruption are
characterized by enclaves of mafic to felsic composition
in a main felsic lava body, that suggest refilling of preex-
isting magma reservoir/s and mingling/mixing processes
occurred prior to the eruption. The role of magma min-
gling/mixing as a mechanism for triggering volcanic erup-
tions is well known (Sparks et al. 1977; Folch and Marti
1998; Don Snyder 2000; Druitt et al. 2012). The presence
of mafic enclaves showing isotopic/textural disequilib-
rium with the host intermediate/evolved lava in volcanic
deposits from different tectonic settings, provides strong
support to this model (Bacon 1986; Leonard et al. 2002;
Martin et al. 2006; Zellmer and Turner 2007; Andrews
and Manga 2014). However, the petrogenetic relationship
between mafic enclaves and their host lavas as well as
the specific role of these “mafic inclusions” in trigger-
ing an eruption still remains unclear. Moreover, the mafic
enclaves of Zaro have the lowest 8’Sr/%Sr isotopic ratios
ever detected in the Neapolitan area (Di Girolamo et al.
1995; Melluso et al. 2014), and hence, integrated with
those of previous studies on products of the most recent
activity at Ischia (<3 ka; D’Antonio et al. 2013; Iovine
et al. 2017, 2018), may provide clues on the local mantle
source characteristics.

This paper presents a detailed study of the mineralogy
and geochemistry of the Zaro volcanic products, including
petrographic observations, major and trace element com-
positions and Sr, Nd isotope ratio determinations, with the
aim to understand the main mechanisms that triggered the
eruption. The whole dataset supports the injection of mafic
magma into a reservoir containing magma of evolved com-
position that might have triggered the eruption in a presum-
ably short time. This information is of crucial importance
for volcanic hazard assessment in case of renewed volcanic
activity, especially in the light of the recent events cul-
minated in a 3.9 magnitude volcano-tectonic earthquake
occurred at Casamicciola in late August 2017 (De Novellis
et al. 2018).

Geological, volcanological and petrological
background of Ischia and the Zaro volcanic
complex

The island of Ischia (Fig. 1) is the subaerial portion of an
active volcanic field, located at the northwestern corner of
the Gulf of Naples (Fig. 1a). Together with the volcanic
fields of Campi Flegrei and Procida island, it is part of
the Phlegraean Volcanic District (PVD; Orsi et al. 1996a;
Fig. 1a). Ischia island and Campi Flegrei volcanic fields
are still active. In particular, the present activity of Ischia
magmatic system is testified by ground deformation act-
ing since 33 ka (Monte Epomeo uplift; Orsi et al. 1996b),
historical and present-day seismic activity (Casamicciola
earthquakes at 1883 and 2017 AD; De Novellis et al. 2018
and references therein), and persistent hydrothermal and
fumarolic activity (Chiodini et al. 2004). A review of the
state-of-the-art knowledge of the structural setting of
Ischia as inferred by geophysical and geochemical inves-
tigations was presented by Paoletti et al. (2013).

The PVD was formed in response to the Pliocene—Qua-
ternary extensional processes that generated the Campania
Plain graben, along the Tyrrhenian margin of the Apennine
thrust belt (Fig. 1a). The NW-SE normal and NE-SW
normal to strike-slip transfer faults allowed magma ascent
from the mantle wedge through the upper crust in the Nea-
politan area (Acocella and Funiciello 2006; Moretti et al.
2013).

Ischia volcanic rocks belong to the low-K alkaline
series and range in composition from trachybasalt to latite,
trachyte and phonolite, the latter two being the most abun-
dant rock types (Vezzoli 1988; Crisci et al. 1989; Civetta
et al. 1991; Di Girolamo et al. 1995; Piochi et al. 1999;
D’Antonio et al. 2007; Brown et al. 2014; Melluso et al.
2014). Volcanic activity began > 150 ka, although ancient
rocks are not well exposed because of erosion and cover-
age by younger volcanic products. Ischia volcanic history
can be divided into five phases of mostly explosive activity
(> 150-75 ka, 75-55 ka, 55 ka, 30-18 ka and < 10 ka; Poli
et al. 1987; Vezzoli 1988; Civetta et al. 1991; Brown et al.
2014) interspersed with periods of quiescence.

The products of the last period of activity (< 10 ka)
were fed by latitic to phonolitic magmas showing chemi-
cal disequilibria, a wide range of Sr-isotope compositions
(ca. 0.70504-0.70700) and complex geochemical trends
(Crisci et al. 1989; Civetta et al. 1991; Di Girolamo et al.
1995; Piochi et al. 1999; D’Antonio et al. 2007, 2013).
During the last 10 ka, volcanism on Ischia has generated
several effusive and explosive eruptions, mostly in the
eastern sector of the island (Vezzoli 1988; de Vita et al.
2010). Many of them (11 out of 24) were characterized by
both magmatic and phreatomagmatic explosions, whereas
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some were purely magmatic (6 out of 24) or phreatomag-
matic (7 out of 24) (Vezzoli et al. 2009).

The Zaro peninsula, in the northwestern corner of
the island (Fig. 1b), is characterized by the superposi-
tion of several lava domes and flows, likely emplaced
in a short time span, along a complex network of N-S,
NE-SW, and NW-SE trending faults (de Vita et al. 2010;
Fig. 2a). The lava complex lies on a~25 m-thick massive
to roughly stratified, poorly sorted, breccia-like deposit
(Fig. 2b), containing juvenile elements and heterogeneous
lithic clasts in a coarse-grained matrix. The juvenile ele-
ments are represented by poorly vesicular to very dense,

feldspar-rich pumiceous clasts (up to 15 cm in size). The
lithic clasts are heterogeneous and heterometric frag-
ments: yellowish to green lapilli tuff, cm- to dm-sized,
highly porphyritic to aphyric, angular to strongly flattened
and rounded lava blocks, cm-sized vesicular scoriae and
shallow-origin crystalline clasts. This sequence was inter-
preted as the initial explosive activity of the Zaro erup-
tive center (Sbrana et al. 2011, 2018). The lava complex
represents the largest volume of lava erupted during the
post-caldera volcanism on Ischia (Vezzoli 1988; Vezzoli
et al. 2009). The emplacement of Zaro lavas can be con-
strained between 4100 and 3740 BC (Vezzoli et al. 2009).

MEZZAVIA SECTION (+)

750-550 BC settlement*
16th cent. BC settlement*

Marine fossiliferous sand’ >
59704260 a BP** {
57501220 a BP** /‘

Sample type:
. Zaro lava O felsic enclaves

N . mafic enclaves‘ hybrid enclave

. pumices

Marine and continental
sediments

I:l Landslide deposits
I: Zaro lava field
- Pyroclastic deposits
7

m Volcanics >10 kaBP

_—==— Eruptive fissure rim

Lava paths margin

———> Flow direction
Cr—

Lava surface ogive

—— Lava front scarp
_/ Volcanic reverse fault
_—==— \Volcanic shear zone

_ .~ Tectonic normal fault

+ Buchner (1975)
*+ Buchner et al. (1996)
§ Archeomagnetic data from Vezzoli et al. (2009)

Older pyroclastic deposi!sl

———— 25 m contour

—-— = Main Road

Fig.2 a Geologic map of the Zaro volcanic complex at the north-
western edge of the Ischia Caldera, showing the location of the
sampled sites (modified after Vezzoli et al. 2009). Exact locality of
samples is listed in Supplementary Material 1. See text for a detailed
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In some cases, the extrusion occurred along the sides of
pre-existing hills, producing asymmetric domes and very
viscous, low-mobility and high-aspect ratio lava flows. The
flow surface is very irregular with extruded spines, domal
structures of thickening flow, concentric transversal ridges
(ogives), and longitudinal scarps and lineaments (inter-
preted as volcanic strike-slip faults; Vezzoli et al. 2009;
Fig. 2a). A fingered flow front, with folded and brecciated
internal structures, radiates from a 50 m high sub-verti-
cal lava front scarp. The vent area is a prominent crease
(500 m long, 50-100 m wide and 50 m deep), from which
the lava outpoured and spread laterally, accumulated near
the vent area in domes, and developed volcanic reverse
faults (Tibaldi 1996; Vezzoli et al. 2009; Fig. 2). The main
lava body (hereafter referred to as Zaro lava) hosts sev-
eral kinds of enclaves, from mafic to felsic in composition
(Fig. 2¢). In this work, different lithotypes have been col-
lected and analyzed from both the pyroclastic sequence
and the lava complex.

Methods and analytical techniques

Samples were crushed to lapilli-size grains through a jaw
crusher. Rock fragments were washed in an ultrasonic bath
(to remove marine salts) and then dried at 60 °C for 24 h.
Approximately 500 g of crushed sample were sieved using
a stack of sieves with meshes ranging from 1¢ to — 1¢
(where ¢ = — Log, d; d=particle diameter). From the
sieved aliquots, olivine, clinopyroxene and feldspar phe-
nocrysts were hand-picked under a binocular microscope.
Moreover, about 200 g of crushed and washed sample were
powdered in an agate ball mill for major and trace ele-
ments and isotopic analyses.

Major and trace elements on whole rocks

Major elements were analyzed by X-ray fluorescence
using a sequential X-ray spectrometer Philips PW2400 at
the Centres Cientifics i Tecnologics de la Universitat de
Barcelona (CCiTUB). Concentrations of trace elements
were determined by High Resolution-Inductively Coupled
Plasma-Mass Spectrometry (HR-ICPMS, Element XR,
Thermo Scientific). Whole-rock analysis by HR-ICP-MS
was performed on a split (0.1 g) of each sample. This was
digested with HNO;:HCIO,:HF (2.5:2.5:5 ml, v/v), doubly
evaporated to incipient dryness with addition of HNO;,
and finally made up to 100 ml with 1% (v/v) HNO,. The
precision and accuracy of analytical determinations were
monitored using reference materials of the Geological

Survey of Japan (rhyolite JR-3 and basalt JB-3). Loss on
ignition (LOI) was determined on 1 g sample at 1000 °C.

Major elements on glasses and minerals

Mineral and glass analyses were performed on polished
thin sections at DiSTAR, University of Napoli Federico
II, by a JEOL-JSM 5310 electronic scanning microscope
(SEM) equipped with an INCA X-Act detector using
Energy Dispersion System (EDS) microanalysis technique.
The following standards were used for calibration: diop-
side (Mg), wollastonite (Ca), anorthoclase (Al, Si), albite
(Na), rutile (Ti), almandine (Fe), Cr,05 (Cr), rhodonite
(Mn), orthoclase (K), apatite (P), fluorite (F), barite (Ba)
and strontianite (Sr), ilmenite (Nb), synthetic Smithsonian
orthophosphates (La, Ce, Nd, Sm, Y), pure vanadium (V),
sphalerite (S, Zn) and sodium chloride (Cl).

Sr- and Nd-isotopic analyses on whole rocks
and separated minerals

Sr and Nd isotopic analyses were performed at the Radio-
genic Isotope Laboratory of the Istituto Nazionale di
Geofisica e Vulcanologia, sezione di Napoli-Osservatorio
Vesuviano (INGV-OV) on whole rocks and separated min-
erals after dissolution. Whole rock powders (ca. 0.1 g) and
minerals were leached with warm HCI for 10 min before
dissolution. Selected minerals (ca. 0.1 g) were washed
with 7% HF and Milli Q® H,O to remove any potentially
remaining groundmass/glass film before dissolution. Sr
and Nd were separated using standard column chroma-
tographic methods, using Dowex AG50WX-8 (200-400
mesh) and Ln Spec cation exchange resins for Sr and Nd,
respectively (Arienzo et al. 2013) and measured by ther-
mal ionization mass-spectrometry (TIMS) using a Thermo
Finnigan Triton TI. Average 26,,.,,, i.€., the standard error
with N=175, was +0.000009 for Sr, and + 0.000007
for Nd measurements. During the time of isotopic data
acquirement, NIST-SRM 987 and La Jolla standards gave
mean values of 87Sr/%Sr=0.710231 + 0.000019 (20,
N=169) and "¥Nd/ "*Nd=0.511845 +0.000010 (20,
N=155), respectively. External reproducibility (20) during
the period of measurements was calculated according to
Goldstein et al. (2003). During acquisition, Sr and Nd iso-
topic ratios were normalized for within-run isotopic frac-
tionation to *°Sr/**Sr=0.1194, and '**Nd/'**Nd =0.7219,
respectively. The measured Sr and Nd isotopic ratios were
normalized to the accepted values of NIST-SRM 987
(®7Sr/%Sr=0.71025) and La Jolla (***Nd/'**Nd=0.51185)
standards.
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Results

Chemical and isotopic compositions of minerals and
whole rocks are listed in Electronic Supplementary Mate-
rial 1. In Figs. 4, 5, 6, 7, 10 and 11, the new data are
reported along with literature data on Zaro products from
Di Girolamo et al. (1995) and on other Ischia volcanics of
the last period of activity (<3 ka: Molara, Cava Nocelle,
Vateliero and Arso eruptions; D’Antonio et al. 2013;
Iovine et al. 2017).

Fig.3 Photomicrographs and
BSE images of Zaro rocks
showing the main textural and
mineralogical features. a BSE
image of a Zaro pumice show-
ing a sanidine phenocryst and
microlites of the groundmass;
b microphotograph showing
the texture of a mafic enclave,
made up of phenocrysts and
microphenocrysts of olivine,
clinopyroxene and plagioclase
in a fine grain size groundmass;
the enclave hosts segregation
vesicles; ¢ mafic enclave with a
coarse grain size groundmass;
d BSE image showing chilled
margins at the contact between
the Zaro lava and a mafic
enclave; e filaments of mafic
enclave intruded in the host tra-
chyte; f plagioclase phenocryst
with a K-feldspar rim in the
very coarse grain sized ground-
mass of the hybrid enclave; g
BSE image showing a sieve
texture in a plagioclase phe-
nocryst from the hybrid enclave.
ol olivine, cpx clinopyroxene,
pl plagioclase; san sanidine, phl
phlogopite

An_Ab,Or
An,Ab,.Or,
§ An,Ab, Or,
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Four samples of pumiceous clasts have been collected
from the breccia-like deposit underlying the lava complex
(Fig. 2). These pumices represent the juvenile fragments of
the pyroclastic deposit of the early phase of the eruption.
These are dense, porphyritic (P.I. ca. 20%) pumices made
up of sanidine phenocrysts (up to 85%) together with minor
clinopyroxene, phlogopite and opaque oxide immersed
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Fig.4 a An-Ab-Or classifica-
tion diagram for feldspars found a
in Zaro rocks. Data from Di
Girolamo et al. (1995) are used
for comparison. Ischia last 3 ka
refers to feldspar analysis from
Cava Nocelle, Vateliero, Molara
and Arso volcanic rocks. Data
for the compositional field of
minerals for comparison are
taken from D’Antonio et al.
(2013) and Iovine et al. (2017);
b classification diagram of
olivines found in the Zaro mafic
and hybrid enclaves (data for
comparison are taken from Di
Girolamo et al. 1995)

Albite

this work:
¢ trachytic lavas ¢ mafic enclaves

¢ hybrid enclave ¢ pumices

from Di Girolamo et al.(1995):
HEtrachytic lavas

B mafic enclaves

Ischia
last 3 ka

Na*

b

mafic enclaves: € core

hybrid enclave: < core

Mg?*

in a hypocrystalline groundmass. The pumices show low
vesicularity with spherical vesicles. SEM observation shows
a high abundance of feldspar microlites in the groundmass
(Fig. 3a). K-feldspar (Ans_,Abg;_5,01,4 5g) crystals from the
pumices are notably more sodic in composition with respect
to those of the overlaying lava flow (Fig. 4a). Clinopyrox-
enes are Fe-diopsidic in composition (Fig. 5a). Their Mg#
(molar Mg?*/(Mg?* +Fe,,) x 100) range from 76 to 57 and
are lower compared to the Mg# of clinopyroxenes from lavas
(Fig. 5b). Moreover, clinopyroxene crystals in pumices show
a significant higher content of FeO and Na,O in comparison
to clinopyroxenes from lavas (Fig. 5b). Ti-magnetite and
titanite are commonly found in the groundmass of the Zaro
pumices.

The Zaro lava

The Zaro lava facies is a white to grayish lava, showing
a porphyritic to seriate texture with a very high crystal
content (porphyricity index: P.I. ca. 50%). In total, 15
samples of Zaro lava have been collected for this study

Orim - Xgm [] from Di Girolamo et al. 1995
Orim X gm
451
+F—
71
Fe*

Forsterite (mol.%)

(Fig. 2). Phenocrysts of sanidine (up to 1 cm in size, up to
85%) together with minor phlogopite, clinopyroxene, pla-
gioclase and opaque oxide are immersed in a microcrys-
talline to hypocrystalline groundmass. Textures include
overgrowth of alkali feldspar on plagioclase, zoning of
clinopyroxenes and sanidines, and partial resorption of
feldspars, clinopyroxenes and phlogopite. Acicular micro-
lites of alkali feldspar describe a typical trachytic/fluidal
texture (Fig. la in Supplementary Material 2).

Zaro lava rarely exhibits a plagioclase core in alkali
feldspar phenocrysts, sanidine (An;s 4Abgs 34014, 50;
Fig. 4a) being the most common feldspar phase (both
as phenocryst and microphenocryst in the groundmass).
Clinopyroxenes from Zaro lava are diopsidic/Fe-diopsidic
(Woy;_44Enzg 3,Fs 9 155 Fig. 5a) in composition, with Mg#
ranging from 77 to 67 (Fig. 5b). Groundmass contains
subordinate phlogopite, clinopyroxene, opaque oxide and
plagioclase microlites. Some samples host microcrystal-
line aggregates made up of alkali feldspar, plagioclase,
phlogopite and clinopyroxene.
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«Fig.5 a Di-Hd-En-Fs classification diagram of clinopyroxenes found
in Zaro rocks; b—d Chemical variation diagram showing difference
between clinopyroxenes of mafic and evolved rocks. Data from Di
Girolamo et al. (1995) are used for comparison. Ischia last 3 ka refers
to clinopyroxene data from Cava Nocelle, Vateliero, Molara and
Arso volcanic rocks. Data for the compositional field of minerals for
comparison are taken from D’Antonio et al. (2013) and Iovine et al.
(2017)

Enclaves

Paragenesis and textures of felsic enclaves are like those of
Zaro main lava, including the fluidal texture and resorbed
crystals but differing for a dark-grayish color of the ground-
mass due to a higher amount of glass (Fig. 1a, b in Sup-
plementary Material 2). This facies is found in rounded and
dimly flattened, centimeter- to decimeter-large enclaves,
embedded in the lava along the sides and front of the com-
plex (Fig. 2c). In some outcrops such felsic enclaves host
in turn rounded decimeter-sized lava blobs, showing sharp
contact (Fig. 2d). Two samples have been collected for this
study (Fig. 2).

Sanidine (An, 3Abyg 4,Or 5;_5,; Fig. 4a) and clinopyrox-
enes (Woy;.45En 4 3gFs 7135 Fig. 5a) from felsic enclaves
are very similar in composition to those from Zaro lava.
Clinopyroxenes from both felsic enclaves and Zaro lava are
often reversely zoned, showing an Fe-rich core and a slightly
Fe-poor rim (Fig. 5b).

Mafic enclaves are embedded both in Zaro lava and felsic
enclaves (Fig. 2c). Three mafic enclaves have been sam-
pled (Fig. 2). Mafic enclaves consist of dark gray/blackish,
round-shaped, slightly vesicular, centimeter-to decimeter-
large lava blobs (Fig. 2e). Enclaves are ellipsoidal, have a
sharp contact with host rocks, often with cuspate borders.
Mafic enclaves are porphyritic rocks (P.I. < 15%) with phe-
nocrysts and microphenocrysts of olivine, plagioclase and
clinopyroxene (Fig. 3b) forming glomeroporhyritic clusters.
The groundmass is variable, from very-fine grained micro-
crystalline with acicular crystals (Fig. 3b), to coarse-grained
holocrystalline (Fig. 3c). It is made up of alkali-feldspar,
plagioclase, clinopyroxene, olivine, opaque oxide and rare
phlogopite, apatite and titanite. One sample (Fig. 3c) has a
coarse grain size, holocrystalline groundmass, and contains
more plagioclase phenocrysts compared to other samples
of the same lava facies. Some enclaves show chilled mar-
gins at the contact with the host trachyte, i.e., fine-grained
edges along the borders, possibly representing quenching of
magma along contacts with cooler material (Fig. 3d). Segre-
gation vesicles (from few millimeters up to one centimeter
in size) are very common in the enclaves (Fig. 3b). Most of
these are filled with feldspar microlites. One of the samples
shows inter-fingering of the mafic enclaves with the host tra-
chyte: Fig. 3e shows filaments of mafic material intruded in
the host trachyte. Moreover, the enclave displays disruption

of its boundary due to infiltration and engulfment of the host
trachyte (Fig. 1c¢ in Supplementary Material 2).

Plagioclase phenocrysts, often optically zoned, range
from AnggAb;0r; to An,,Ab,,Ory (Fig. 4a) Generally,
plagioclase cores have higher anorthite content, often
falling in the bytownite field. Microphenocrysts in the
groundmass range from bytownite (Ans4Ab,,Or) to sani-
dine (AbsoOrs4An,). Clinopyroxene (Woug 4,Eny, 37Fs5; 10)
occurs as idiomorphic to allotriomorphic dark green phe-
nocrysts and microphenocrysts in the groundmass. Several
clinopyroxene crystals are optically zoned. Olivine hosted
in mafic enclaves occurs as idiomorphic to allotriomorphic
phenocrysts and microphenocrysts with forsterite (Fo) con-
tents variable from 87 to 75 (Fig. 4b). Typically, phenocrysts
cores are Mg-rich (Fo=_87-81) while rims and microlites
have a lower amount of forsterite. Olivine phenocrysts show
abundant Cr-Al-spinel inclusions. Spinel Cr# (molar Cr/
(Cr+ Al) x 100) ranges from 51 to 30, while Al,O; ranges
from 37 to 23 wt%. The new data confirm that the Ischian
chromiferous spinels hosted in olivine are the most Al-rich
among those found in the Roman Magmatic Province (Mel-
luso et al. 2014). Phlogopite generally occurs as euhedral
phenocrysts and microphenocrysts. Some phlogopite and
olivine phenocrysts show partial resorption (Fig. 1d in Sup-
plementary Material 2). F in phlogopite crystals can be >4
wt% (Supplementary Material 1) indicating a F-rich environ-
ment in the Ischia magmas. Sodalite is an accessory phase
found in the groundmass of the mafic enclaves. Melluso
et al. (2014) found also phosphates and Zr—Ca—Na—-REE-F-
rich disilicates in the groundmass.

The hybrid enclave (Fig. 3f) is a peculiar kind of enclave
showing mineralogical (but also chemical and isotopic; see
text below) characteristics intermediate between those of the
mafic enclaves and those of the felsic lavas, characterized
by a lower abundance of mafic and felsic minerals compared
with mafic and felsic rocks, respectively. It was found at the
contact between a mafic enclave and the host trachyte. The
contact between the mafic enclave and the hybrid one is gra-
dational. The crystal assemblage is composed of phenocrysts
of plagioclase, sanidine, clinopyroxene, olivine and phlogo-
pite (in order of decreasing abundance). The groundmass is
holocrystalline, made up of sanidine and subordinate plagio-
clase, clinopyroxene and opaque oxide. This enclave shows
a coarser groundmass, a greater abundance of sanidine and
plagioclase, a lower amount of olivine (always showing par-
tial resorption; Fig. le in Supplementary Material 2) and
no vesicles with respect to the mafic enclaves. It shows a
lower abundance of K-feldspar with respect to the felsic lava
facies. Feldspars from hybrid enclaves are both plagioclase
(Ang, 54Abg; 170r,,4,) and sanidine (An, ,Abg; 390157 37)
with a chemical range similar to those of feldspar from mafic
enclaves. Plagioclase, often optically zoned, frequently
shows sieve texture with an inclusion-free rim (Fig. 3g),

@ Springer



International Journal of Earth Sciences

both in mafic and hybrid enclaves. Moreover, some plagio-
clase crystals show a reversely zoned core (Fig. 1f in Sup-
plementary Material 2). Some plagioclase phenocrysts show
a K-feldspar rim, a common feature in volcanics of mildly
potassic series. Clinopyroxene from hybrid enclave ranges
from Wo,gEn;sFs;; to Woy,EnysFs 5 (Fig. 5a). Clinopyrox-
enes from mafic and hybrid enclaves have larger variations
in TiO,, Al,05 and MgO compared to those from felsic rocks
(Fig. 5b, c). Moreover, higher AlY! contents of clinopyrox-
enes from mafic and hybrid enclaves suggest crystallization
at higher pressure conditions (Fig. 5d), compared to those
from felsic rocks. Olivine from hybrid enclave ranges from
Fo86 to Fo72 (Fig. 4b). Cr—Al-rich spinel has also been
found in olivine from hybrid enclaves (Fig. 6a). Iimenite
(FeTiOs;) is another opaque oxide occasionally found in the
groundmass of the hybrid enclave.

Fe3* this work: ¢ trachytic lavas
¢ mafic enclaves
¢ hybrid enclave
¥ pumices

a

from Di Girolamo et al.(1995):
O mafic enclaves

Cr-Magnetite

Al-Chromite

Cr-Spinel

Cr3+ A|4+

TiO,
b (polymorph)

Fe0.2TiO,

FeO. TiO,
(ilmenite)

2Fe0.TiO,

(ulvospinel) Fe,0,.TiO,

Fe,0,

FeO FeO. Fe,0,
(hematite)

(magnetite)

Fig.6 a Crt-Al*"-Fe** and b FeO-TiO,-Fe,0; classification dia-
grams for Zaro opaque oxides. Data from Di Girolamo et al. (1995)
are used for comparison

@ Springer

@ mafic enclaves <) Zaro pumices Zaro pumices glass

< hybrid enclave ¢ trachitic lavas g Zaro from literature:
mafic enclaves and Zaro lava

16

phonolite

X

E 4

2 124 melilitites/ _<tephriphonolite ’ i

(o) foidites Nlschia
N i last 3 ka

% 10 phonotephriters

o) 1 , AN trachyte .
N 84 7 . rhyolite

© » basanite/

Z tephrite

(o]
1

40 45 50 55 60 65 70 75
SiO, (wt %)

Fig.7 TAS (total alkali vs silica) classification diagram for Zaro
compared to Ischia recent products (<3 ka). Literature data for com-
parison are from Di Girolamo et al. (1995), D’Antonio et al. (2013),
Melluso et al. (2014) and Iovine et al. (2017)

Ti-magnetite is the most common opaque oxide found
in both mafic and felsic compositions, showing a continu-
ous compositional range between magnetite and ulvospinel
(Fig. 6b). It occurs as microphenocrysts and microlites in the
groundmass or as frequent inclusions mostly in clinopyrox-
ene and less in olivine and biotite phenocrysts. Apatite is a
rare accessory phase of Zaro rocks.

Whole-rock composition

Geochemical composition of the Zaro volcanic rocks is
presented below considering our new analyses (Electronic
Supplementary Material 1) and literature data (Di Girolamo
et al. 1995; Melluso et al. 2014). In the TAS (total alkali
vs silica) classification diagram (Fig. 7), the Zaro lava and
felsic enclaves are trachytes. The mafic enclaves are classi-
fied as shoshonites and latites, whereas the hybrid enclave
plots at the boundary between latite and trachyte. The Zaro
pumice whole rocks straddle the boundary between trachyte
and phonolite and pumice glass is in the phonolite field.
In the Zaro lavas and felsic enclaves, Mg# (molar Mg>*/
(Mg?* +Fe?") x 100, calculated assuming Fe,0,/FeO=0.4)
varies from 39 to 30. Evolved lavas are generally silica rich
(60.2-61.9 wt%), as they are composed by a large amount
of feldspar and have alkali content (Na,O+ K,O) up to 13
wt.%.

Mafic enclaves (SiO,=51.5-55 wt%; Na,0=3.7-4.4
wt% and K,0=2.8-4.1 wt%) have MgO and CaO ranging
from 5.4 to 3.9 wt.%, and from 8.2 to 6.2 wt%, respectively.
Mg# (calculated assuming Fe,05;/FeO =0.2) varies from
63 to 60. The hybrid enclave exhibits values intermedi-
ate between those of the mafic enclaves and those of the
felsic lavas (Mg#=48; SiO,=58.1 wt%; MgO=1.8 wt%;
Ca0=3.6 wt%; Na,0=>5.1 wt% and K,0=5.9 wt%). The
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Zaro pumices are more evolved rocks (Mg#=26-23) when
compared to felsic lavas.

All samples are CIPW Ne-normative (0.6-7.8 wt%;
Electronic Supplementary Material 1). At increasing dif-
ferentiation degree (decreasing CaO content), the major
and trace elements of Zaro samples increase in SiO,, Na,O,
K,0, Al,O5, Rb, Zr, Nb, Hf, Ta, Th, U, Pb and REE and
decrease in MgO, FeO(t)’ P,0s, Sr, Ba, Cr, Ni, Co, Sc and
V (Electronic Supplementary Material 3). Even though
the trachytic lithotypes keep homogenous SiO, values,
they display notable variation for some trace elements
(e.g., Rb, Y, Yb, Zr, Th, Hf) due to the high phenocryst
amount of the lava (especially feldspar). Mafic enclaves
exhibit higher Ni (40-74 pg g'), Cr (60-145 pg g™"), V
(130-181 pg g71), Sc (13-20 pg g71), Sr (453-557 pg g™h)
and Ba (708-811 pg g~!) concentrations compared to fel-
sic rocks (Ni<11 pg g7!, Cr<36 pg g7, V<56 pg g7,
Sc<4, Sr=69-158 pg g~!, Ba=143-327 pug g~). Rb
ranges from 236 to 428 pg g~! in the evolved rocks and
from 111 to 166 pg g~! in mafic enclaves. As for major
elements, the hybrid enclave exhibits intermediate values
between those of the mafic enclaves and those of the fel-
sic lavas (Ni=16 pg g™'; Cr=40 pg g7 '; Rb=173 pg g™';
Sr=356 ug g7").

Chondrite normalized REE patterns (Fig. 8a) show
enrichment in light REE compared to heavy REE (La/
Luy= ~10 for mafic, and from 11 to 18 for evolved rocks).

1000

== trachitic lavas ==rmafic enclaves

hybrid enclave

a

100

Rock/Chondrite

10000

1000

Rock/Primitive Mantle

Procida mafic rocks

RbBaTh U Nb Ta K La CePb Pr Sr P Nd Zr Hf SmEu Ti Gd Tbo Dy Y Ho Er Tm Yb Lu

Fig.8 a Chondrite normalized REE patterns of Zaro rocks (normali-
zation values from Boynton 1984) and b Primordial Mantle normal-
ized (normalization values from Sun and McDonough 1984) trace
elements distribution for Zaro rocks compared to mafic Solchiaro lith-
ics (D’Antonio et al. 1999)

The Eu negative anomaly in trachytes and trachyphonolites
is due to crystallization of feldspar during evolution. In
the Primordial Mantle-normalized trace elements diagram
(Fig. 8b), mafic enclaves are characterized by smooth pat-
terns, showing enrichment in some incompatible elements
(Rb, Th and K), positive picks at Pb and U, and slightly
negative Nb, Ta and Ti anomalies.

Isotope compositions

The isotopic range of Zaro products is very variable
(Electronic Supplementary Material 1). However, all
samples plot into the Phlegraean Volcanic District iso-
topic field (Fig. 9). Zaro lavas and felsic enclaves are
isotopically homogenous and show a small range of
isotopic composition. They are more enriched in radio-
genic Sr (0.70607-0.70615) and show lower **Nd/"**Nd
(0.51255-0.51256) ratios compared to mafic enclaves. The
hybrid enclave shows isotopic features (3’Sr/%6Sr=10.70584
and '"*Nd/"Nd =0.51258) intermediate between those of
the mafic and those of the felsic rocks, but closer to the
felsic ones.

The Sr-isotopic signature of minerals separated
from Zaro products shows wide variations (Fig. 10a).
Olivines exhibit very low Sr isotopic compositions
(0.70485-0.70493), whereas clinopyroxenes have a wider
range (from 0.70560 to 0.70623) that is slightly corre-
lated with the degree of magma evolution of their host
rock. Feldspars have the highest and most homogeneous
87Sr/30Sr ratios (0.70602-0.70623).

0.51275
0.51270 @ Zaro lava
& evolved enclaves

0.51265 ¢ mafic enclaves
E 0.51260 < hybrid enclave
ig 0.51255
¢ 0.51250 . .
= Ischia + Procida

0.51245

0.51240 Campi Flegrei

0.51235

0.7044 0.7050 0.7056 0.7062 0.7068 0.7074 0.7080 0.7086

“'Sr/*Sr

Fig.9 Sr-Nd isotopic composition of Zaro samples within Ischia,
Procida and Campi Flegrei isotopic fields, modified after Brown et al.
(2014)
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Fig. 10 a Sr-isotopic composition of Zaro whole rocks and minerals
compared to isotopic fields of Molara, Vateliero, Cava Nocelle and
Arso eruptions; b Oxygen isotopic compositions of Zaro minerals
compared to other Ischia recent (<3 ka) eruptions, §'30,, is calcu-
lated using the Bindeman et al. (2004) approach. The error of each
measurement is calculated as standard deviation of the S. Carlos oli-
vine standard and is~0.15%0 (Iovine et al. 2018). Literature data are
from D’Antonio et al. (2013), Iovine et al. (2017, 2018)

Discussion

Magmatic components in the Zaro magmatic
system: a comparison with Procida and Ischia mafic
rocks and implications for the feeding systems

The Zaro mafic enclaves are among the few poorly evolved
igneous products of the whole Phlegraean Volcanic Dis-
trict, although some of them are intermediate in terms
of silica content. They display major and trace elements,
and especially isotopic similarity with high-Mg, K-basal-
tic scoriae and lithic lava fragments dispersed within the
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hydromagmatic tuff of the Solchiaro eruption from Procida
Island (ca. 22 ka; Morabito et al. 2014). These lava frag-
ments are alkaline, nepheline normative K-basalts with sho-
shonitic affinity, and show near primary characters (MgO
up to 11 wt%, Ni up to 200 ug g=!, Cr up to 500 ug g,
representing the least-evolved magma of the whole PVD
(D’Antonio et al. 1999). Mazzeo et al. (2014) demonstrated
that the Procida primitive melts were produced by partial
melting of an amphibole/phlogopite-bearing enriched source
derived from addition of slab-derived components (sub-
ducted melt and fluid from the Tethys Ocean) to an enriched
MORB-like mantle wedge. Having ¥’Sr/%0Sr in the range
0.70505-0.70515 and '**Nd/"**Nd from 0.51270 to 0.51275,
these products are similar to the Zaro mafic enclaves, which
in comparison exhibit slightly less radiogenic Sr and more
unradiogenic Nd signatures.

A0 isotopic composition of whole rocks and separated
minerals from Zaro lava, felsic and mafic enclaves and from
the products of other eruptions from the Neapolitan area,
have been recently published by Iovine et al. (2018). Even
in terms of O-isotopic composition, the olivine from Procida
mafic lithics (6.27-6.38 %o; lovine et al. 2018) is compara-
ble to the olivine from the Zaro mafic enclaves (6.43 %o;
Fig. 10b). A mass balance calculation (Electronic Supple-
mentary Material 4) suggests that Zaro mafic magmas could
have been derived from ca. 50% fractional crystallization
of a primitive magma having the composition of Procida
K-basaltic lithic fragments. Starting from a parental magma
represented by Procida mafic whole rocks (D’Antonio et al.
1999), the removal of a mineral assemblage, made up of
7% of olivine (Fogg), 23% of clinopyroxene (Wo,,En,sFsy),
16% of plagioclase (Ang;Ab,4Or;) and 3% of Ti-magnetite,
matches well (ZR?=0.21) the composition of the Zaro mafic
enclaves.

The Zaro trachytes show Sr- and Nd-isotopic compo-
sitions (*’Sr/*Sr>0.70607 and '*Nd/"**Nd <0.51257)
significantly different compared to the mafic enclaves
(37S1/3%Sr < 0.70505 and '**Nd/'**Nd > 0.51267). Thus,
a simple fractional crystallization process appears to be
unlikely. To establish a genetic link between mafic and felsic
Zaro magmas (mafic enclaves and trachytes, respectively),
we hypothesize a process of crustal assimilation, able to
change the isotopic signature. The EC-AFC (energy-con-
strained assimilation plus fractional crystallization; Spera
and Bohrson 2001) process has been modeled to explain the
evolution of Zaro lava and felsic enclaves (Sr=~150 ug g';
87Sr/%6Sr>0.7060; Nd= ~55 pg g~'; "*Nd/'**Nd =0.51255;
8'80> 5.5 %o; Iovine et al. 2018) starting from a parental
magma with isotopic and chemical composition of the mafic
enclaves (Sr=519 ppm; ¥’Sr/2Sr=0.7050; Nd=55 pg g~ ;
IBNJ/M*Nd=0.51268; §'% 0 =5.19 %0). The results (Table 2
in Electronic supplementary Material 4) suggest that such
an open-system process can be ruled out because, assuming
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a granodiorite crust as the local deep basement, as sug-
gested by many authors (Pappalardo et al. 2002; Di Renzo
et al. 2007; D’Antonio et al. 2013; Gebauer et al. 2014,
Mazzeo et al. 2014;), it would require more than 24% of the
assimilant. Such a high percentage is completely unrealis-
tic because it would imply drastic changes in the chemical
composition of the evolved lavas (e.g., towards a metalu-
minous composition). Therefore, the mafic enclaves cannot
represent the parental magma from which the Zaro trachytes
evolved, hence we deduce that two distinct components with
different origin must have fed the Zaro magmatic system. At
Ischia, besides the Zaro mafic enclaves, mafic components
have been found in products of recent eruptions (<3 ka)
resulting from interaction between chemically and isotopi-
cally distinct batches of magma (Cava Nocelle, Vateliero,
Molara and Arso eruptions; Piochi et al. 1999; D’Antonio
et al. 2013; Iovine et al. 2017). These products, latitic to
trachytic in composition, were emplaced in different zones
of the island, mostly located in the eastern sector (Fig. 1b).
Among these products, the mafic ones show compositional
features comparable to those of Zaro mafic enclaves: Cava
Nocelle and some Molara whole rocks are shoshonitic to
latitic in composition; glass in olivines and clinopyroxenes
from Vateliero Tephra show trachybasalt to shoshonite
compositions (D’Antonio et al. 2013; Moretti et al. 2013).
Despite the chemical similarities, the isotopic compositions
of Zaro mafic enclaves are completely different from those
of all the other products, as well as those of olivine: the
Zaro olivines have 8"Sr/%6Sr ratios from 0.70485 to 0.70493
while those of the other < 3 ka eruptive centers of Ischia vary
from 0.7062 to 0.7068. Also, the 30 values of olivines
from mafic enclaves are slightly higher (6.43 %o) than that
of olivines from all other < 3 ka products (gray and red boxes
in Fig. 10b). These isotopic differences between magmas
with similar degree of evolution can be explained by either
different mantle sources or open system shallow evolution
processes.

On the other hand, the whole-rock Sr isotope composi-
tions of Zaro lava and felsic enclaves (Fig. 10a) are similar
to the lowest values recorded by the Cava Nocelle, Vateliero
and Molara products (’Sr/®6Sr ranging from 0.7061 to
0.7064), while Arso lavas are more enriched in radiogenic
Sr (0.7063-0.7066). The ¥7Sr/3Sr values of feldspars from
all Zaro facies, on the other hand, overlap those of feldspars
from the other < 3 ka Ischia products, but show a narrower
range. Previous works (D’Antonio et al. 2013; Iovine et al.
2017) explained the isotopic signature of Cava Nocelle,
Molara, Vateliero and Arso products through modeling
an open-system evolution process in which primary mag-
mas (Sr=>500 pg g~'; ¥’S1/%0Sr=0.7063), derived from an
enriched mantle source previously modified by the addition
of 0.5-2.5% subducted sediments, assimilate a maximum
of ~7% of granodiorite crust. Here we hypothesize similar

evolution processes for the magmac(s) leading to the forma-
tion of Zaro lava and felsic enclaves. Thus, the Zaro tra-
chytes, similarly to the products of the Ischia eastern sector,
may result from the evolution of a mafic magma already
enriched in radiogenic Sr (and unradiogenic Nd) by source
processes and later arrived in a shallower magma chamber.
Mafic enclaves instead, being depleted in radiogenic Sr and
unradiogenic Nd, could derive from a less enriched source,
similar to the one that generated the Solchiaro melt at Pro-
cida, in which the Sr- and Nd-signature was less consid-
erably modified. Probably, the magma that generated the
mafic enclaves has changed its isotopic signature very little
in the upper crust, suggesting that this magma stationed for
a short time at a mid-low storage region, as also suggested
for Solchiaro mafic magmas (Moretti et al. 2013; Perinelli
et al. 2019; Bonechi et al. 2020). Ascent and emplacement
of magmas at shallower depth, where they evolve to tra-
chyte and phonolite, could be controlled by the intersec-
tion of NE-SW transverse and NW-SE normal regional
fault systems (Acocella and Funiciello 2006; Moretti et al.
2013). In the PVD, slightly differentiated magmas, i.e.,
shoshonite and latite, have been erupted mostly by vents
located along faults of the NE-SW system (Arso, Vateliero
and Cava Nocelle eruptions at Ischia, and Minopoli and
Fondo Riccio eruptions at Campi Flegrei). Conversely, the
Procida volcanic field has erupted relatively small volumes
of mainly poorly evolved magma (K-basalt to shoshonite)
through vents aligned along faults of the NW-SE transfer
system (Moretti et al. 2013). The latter are the prevailing,
but not the sole, tectonic lineaments affecting the Zaro pen-
insula. These structures can be responsible for the uprising
of a small volume of mafic magma in an area characterized
by a high vertical permeability, just as hypothesized for the
Procida feeding system. At Zaro peninsula, as well as in the
eastern sector of Ischia, the presence of such deep tectonic
structures can justify the emission of mafic magmas; in all
other sectors of the island these deep structures are lacking
and fast rising of mafic magmas does not occur.

Mineralogical and isotopic disequilibria

We tested chemical equilibrium between Zaro minerals and
their host rocks. Based on the compositional dependence
between a liquid and a coexisting mineral phase, the tests
for equilibrium (Fig. 11a—d) show the equilibrium field
(between dotted lines in Fig. 11a—d), through the distribu-
tion coefficients (Kp), defined as the molar ratio between
selected elements of the liquid divided by the molar ratio
between the same elements of a coexisting mineral. Chemi-
cal disequilibrium between mafic and felsic mineral phases,
and between them and host rocks at Ischia, particularly for
the last eruptive phase (<3 ka), is well documented (Di
Girolamo et al. 1995; Piochi et al. 1999; D’Antonio et al.
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2013; Tovine et al. 2017). Similar disequilibria occur in
the investigated Zaro products. Given the published (Kp),
only few olivines, ("&Kd, ,=0.30 £0.03; Roeder and
Emslie 1970; Matzen et al. 2011; Fig. 11a) and pyroxenes
(*™Kd ey 1iq =027 £0.03; Grove and Bryan 1983; Putirka
et al. 2003; Mollo et al. 2013; Fig. 11b) can be considered
in equilibrium with their host rocks. In particular, the cores
of olivines from mafic enclaves are in equilibrium with
the host rock. The olivine cores from the hybrid enclave
are xenocrystic, whereas the rim is in equilibrium with the
host rock; this implies that they were probably inherited
from a more mafic magma and have grown later in a more
evolved one. Notably, clinopyroxenes from mafic enclaves
have low Mg# and fall outside the equilibrium field; on the
other hand, most of clinopyroxenes of evolved rocks exhibit
higher Mg# than expected if supposed in equilibrium with
the host rocks (Fig. 11b). Another indication of disequilib-
rium is the reverse zoning of many clinopyroxenes from
trachytes (Fig. 5b). Similar observations concern the feld-
spars of Zaro mafic and hybrid enclaves. Plagioclase crystals
are reversely zoned (Fig. 1f in Supplementary Material 2)
and most plagioclase phenocrysts from mafic and hybrid
enclaves show a sieve texture (Fig. 3g), commonly inter-
preted to represent open-system processes (Streck 2008).
Moreover, most of the plagioclase phenocrysts, particu-
larly those with An <70 mol.%, plot outside the equilib-
rium range ("¢ K d ypp, = Napj,, X XAly, X XCay; /XCa-
plag X XNay;q X XSi};;=0.1+0.05; Putirka 2008; Fig. 11c).
Sanidine from trachytes is in equilibrium with its host rock
(1:1 line of measured K-feld=meltgq = Nap,, x XAl-
tig X XCay o/ XCapelq X XNayq X XSiy, vs predicted K-feld—meltge_
dorap=—0.67+ (Kliq/KFeld2 +1In (exp (K]iqZ/N ajiq +K;;)/10
according to the Mollo et al. (2015) approach; Fig. 11d),
whereas several K-feldspars of mafic enclaves in the ground-
mass are in equilibrium with a much more evolved magma.
This suggests that many of these minerals (outside the equi-
librium field) crystallized from magmas different from that
represented by the host rock. Since equilibrium tests have
well known limits (e.g., Matzen et al. 2011; for example,
K, values are also temperature and pressure dependent) we
tested mineral-melt equilibrium also through Sr-isotopic
data. Notwithstanding the chemical disequilibria observed
in clinopyroxenes from trachytes, they show isotopic val-
ues similar to those of their host rocks (Fig. 10a). Similarly,
mafic enclaves have olivine containing melt inclusions fea-
tured by ’Sr/%Sr ratios like those of the host rocks sug-
gesting mineral-melt isotopic equilibrium; clinopyroxene
and feldspar from this lava facies, instead, show 87Sr/80Sr
values higher than those of their host rock. 8’Sr/*Sr ratios of
feldspars from mafic enclaves are similar to those of the tra-
chytic rocks, while not all the clinopyroxenes show %7Sr/2°Sr
values within the range of trachytes (Fig. 10a). These char-
acteristics suggest that clinopyroxene and feldspar of mafic

enclaves were inherited at least partly from magma(s) with
Sr isotopic ratio higher than that of host magma.

Magmatic processes inside the Zaro magmatic
system

Mafic enclaves hosted in the Zaro lava flows show an ellip-
soidal shape, cuspate margins (Fig. 2e), a high grain size
variability of the groundmass (Fig. 3b, c¢), occurrence of
chilled margins (Fig. 3d), segregation vesicles (Fig. 3b) and
inter-fingering with the trachytic host lava (Fig. 3e; Fig. Ic in
Supplementary Material 2). All these textural features pro-
vide evidence of a magmatic origin: presumably, these mafic
inclusions were in a partially molten state when they were
incorporated in the trachyte. Additionally, we can exclude
they may have been entrapped and transported as lithic clasts
during the lava flowing, as they are not engulfed within the
pyroclastic deposit outcropping below the Zaro lava com-
plex. Moreover, clinopyroxenes from mafic enclaves are in
chemical disequilibrium with the hosted liquid and show an
isotopic range (0.7056-0.7058) intermediate between that
of mafic and felsic glass (Fig. 10a), thus they presumably
formed as a consequence of the mingling/mixing process.
Feldspars from mafic enclaves are chemically similar to
those included in trachytes and exhibit the same Sr-isotopic
signature as that of the trachytic whole rocks, so they may
have originally grown within the host trachyte and subse-
quently been taken up into the mafic enclaves.

All these features are indications of open system behav-
ior of the magma bodies. Indeed, the enclaves themselves
behave as an open system providing evidence of mixing/
mingling processes occurred inside the Zaro magmatic
system. Mechanical transport of crystals (mingling) indi-
cates that hybridization was not extensive, and that mixing
affected the magmas only to a limited extent. In particu-
lar, one of the places where the mixing process between
mafic and trachytic end-members occurred with the high-
est efficiency is probably represented by the hybrid enclave.
This sample, showing chemical, mineralogical and isotopic
features intermediate between those of mafic enclaves and
those of trachytes, provides strong evidence that a process of
hybridization must have occurred among magmas at various
evolution degrees determining variable isotopic signatures.

Concerning the trachytic end-member(s), few consid-
erations can be made. The Zaro pumices are representative
of a magma more differentiated with respect to the lavas:
this is evident from the whole rock, the glass composition
(Fig. 7; Supplementary Material 3) and the mineral chem-
istry of these products that show more sodic composition
(e.g., clinopyroxene; Fig. 5b). Thus, we can hypothesize a
zoned magma reservoir (Fig. 12a) that was composed by a
trachytic crystal-rich (mushy) magma (the Zaro lava) and an
upper more differentiated layer (the Zaro pumices). Both the

@ Springer



International Journal of Earth Sciences

trachyphonolitic magma

trachytic magma

bav 4, @& - ¢ &

mafic magma

wobl e lay

o”noﬂooouo

s A0
S 209
Ol5
g
ol
o

o O
°od
o o9
|
oo
S o

o

o

°

o

0 clinopyroxene

Fig. 12 Magmatic processes occurred inside the Zaro plumbing
system; a injection of mafic magma inside the zoned Zaro magma
chamber made up of a partially crystallized trachytic magma (Zaro
lava) underlying a trachyphonolitic magma (pumices from pyroclas-
tic deposit); b heating of the trachyte causes a reduction in crystallin-
ity leading to the growth of a subjacent buoyant mobile layer (felsic
enclaves); ¢ the mobile layer, becoming sufficiently buoyant, pen-
etrates the overlying viscous mushy magma, promoting the formation
of magmatic blobs rapidly exported from the lower mobile layer to

Zaro pumices and lavas show a very abundant phenocrysts
content. Moreover, the Zaro pumices are very dense juvenile
fragments, with low vesicularity and very high abundance
of feldspar microliths. These observations suggest that the
magma body was already partially crystallized at the time
of the eruption. The input of hot mafic magma could have
caused perturbation of the system, heating and remobiliz-
ing the cool magma (e.g. Murphy et al. 2000; Couch et al.
2001). Heating and remobilization of the trachyte may have
caused a mechanical separation of different parts of the same
magma. According to Burgisser and Bergantz (2011), when
a stiff mushy magma is reheated from below, a reduction
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the top of the system, and leads to partial overturn. Heating of the
resident magma and blob migration caused volatile release which
could represent the driving force for the fragmentation and rise of the
more evolved magma layer (pumices) thus triggering the early phase
of the Zaro eruption; d detailed picture showing the dynamics of
clinopyroxene and feldspar crystals entrapment from trachytic mag-
mas to the mafic enclaves, together with enclave disaggregation. The
Sr isotope values of the magmas are reported

in crystallinity leads to the growth of a subjacent buoyant
mobile layer (the felsic enclaves in our case; Fig. 12b). When
the thickening mobile layer becomes sufficiently buoyant, it
penetrates the overlying viscous crystal mush. This second
stage rapidly exports homogenized material from the lower
mobile layer to the top of the system (Fig. 12c), and leads to
a partial overturn within the viscous mush itself as an addi-
tional mechanism of mixing. This model perfectly explains
the occurrence of felsic enclaves in the Zaro lava flows, their
texture (higher amount of glass in the groundmass) and the
frequent occurrence of mafic enclaves and lava blobs in the
felsic enclaves (Fig. 2c, d). Moreover, this model explains
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the isotopic signature of clinopyroxene and feldspar crys-
tals due to their entrapment from trachytic magmas into the
mafic enclaves (Fig. 12d).

Heating of the resident magma may also have resulted
in volatile release that could represent the driving force for
fragmentation and rise of the more evolved magma layer
(pumices) thus triggering the early explosive phase of the
Zaro eruption, which generated the breccia-like pyroclastic
density current deposit. Once the volatiles were released
from the system, the transition to an effusive phase, with
emplacement of the lava flows and domes, was favored.

Despite the small volumes of magmas involved, the Zaro
eruption could have caused casualties to the prehistoric
population that inhabited that area of Ischia. Archaeological
artefacts dated to the 4th millennium B.C. (Buchner 1969)
have been found exactly in the Zaro peninsula. In particular,
the early explosive phase of the eruption, in which pyro-
clastic density current where emplaced, with the seismic
activity that presumably accompanied the eruption, should
have produced the greatest damages to neolithic people and
their settlements. It is well known that the eruptive dynamics
can be strongly affected by magmatic processes occurring
in crustal reservoirs. Mingling/mixing processes, involving
mafic and evolved magmas that fed recent eruptions of the
PVD have been investigated in some detail. Several stud-
ies (Montagna et al. 2015; Perugini et al. 2015; Astbury
et al. 2018) concerning the interaction between mafic and
evolved end-members, like at Zaro, provided short (minutes
to days) timescales of mixing processes leading to historical
eruptions occurred in the PVD. As an example, the Astroni
eruption at Campi Flegrei caldera, being featured by the
emplacement of five lava domes during the final phases of
explosive episodes (Isaia et al. 2004), was characterized by
eruptive dynamics comparable with those of the Zaro erup-
tion. Identifying the magmatic end-members involved in the
mingling/mixing processes becomes hence fundamental for
a better understanding of pre-eruptive magmatic processes
and their timescales. Thus, an assessment of the timescale
of the magmatic processes that preceded the Zaro eruption,
through element diffusion in phenocrysts, would be impor-
tant. This knowledge is vital for predicting the future behav-
ior of the volcano and for a correct evaluation of volcanic
hazard especially in a densely populated area such as the
Ischia island.

There are several known examples worldwide of felsic
volcanic rocks characterized by the occurrence of mafic
enclaves. They include: Santa Barbara eruption at Sete
Cidades volcano, Sao Miguel, Azores (Marifio et al. 2017);
Pietre Cotte eruption at Vulcano, South Italy (Perugini et al.
2007); Kaharoa eruption at the Tarawera Volcanic Complex,
New Zealand (Leonard et al. 2002); 1570-1573, 1925-1928,
1940-1941 and 1950 eruptions at the Kameni islands, San-
torini, Greece (Martin et al. 2006); Chaos Crags eruption at

the Lassen Volcanic National Park, California (Andrews and
Manga 2014). In all those volcanic products, the enclaves
show textural, chemical and/or isotopic disequilibrium with
the host evolved lava, due to mingling/mixing processes,
as for the studied Zaro eruption products. Therefore, the
detailed knowledge of the geochemical features and the
inferred pre-eruptive magmatic processes that occurred prior
to the Zaro eruption at Ischia can be efficiently integrated
with that provided by other case-studies worldwide to build
a unique behavioral model of similar active volcanoes useful
for risk assessment.

Conclusions

In this work, geochemical and isotopic features of pum-
ices and lava types (mafic enclaves, felsic enclaves, hybrid
enclave and main felsic lava body) of the Zaro volcanic
complex were explored also in the context of the last 10 ka
volcanic activity at Ischia, which is the reference period for
the current state of the volcano and its related hazards. The
whole set of acquired data allows a better understanding of
the magmatic processes that occurred before and during the
Zaro eruption.

— The strong isotopic difference between mafic enclaves
and trachytes rules out a simple crystallization process
for linking the various facies of the Zaro lava complex.
Moreover, a process of crustal assimilation appears to be
unlikely, since it requires a too high percentage of assim-
ilant (more than 24%) to match the large isotopic gap
between Zaro mafic enclaves and trachytes. Therefore,
these magmas are not genetically related. A small amount
of crust assimilation for the mafic magma(s), however,
cannot be ruled out.

— Therefore, distinct magmatic components result to have
fed the Zaro magmatic system:

— one is represented by the Zaro trachytes (whole rocks;
87Sr/36Sr > 0.706, 1**Nd/"** Nd < 0.51257) and feldspars
from all the Zaro facies (¥’St/%Sr> 0.706) which exhibit
an isotopic signature comparable to the Ischia products of
the last 3 ka (Cava Nocelle, Vateliero, Molara and Arso
eruptions; D’Antonio et al. 2013; Tovine et al. 2017).
According to the hypotheses formulated for the latter, we
believe that these magmas were derived by partial melt-
ing of a mantle wedge previously enriched in variable
proportions by subducted slab-derived components, and
subsequent evolution through fractional crystallization
processes occurred at mid-lower depths.

— another magmatic component is represented by the mafic
enclaves (whole rocks; 878r/80Sr < 0.7051 and '*3Nd/'#
Nd>0.51268) and their olivines (¥’Sr/%°Sr <0.7050).
This component, displaying significantly lower Sr and
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higher Nd isotopic ratios compared to the Ischia mafic
products of the last 3 ka, shows the lowest evidence of
mantle source contamination. We hypothesize an origin
from a magma similar to that represented by the Solchi-
aro primitive products of Procida island, sharing similar
Sr- and O-isotopic signatures (Iovine et al. 2018).

These two components are mingled inside the Zaro mafic
and hybrid enclaves.

—We suggest that the mafic enclaves might represent blobs
of mafic magma that rapidly raised, due to the high verti-
cal permeability of this sector of the island and reached
a shallower reservoir filled by trachytic magma. Here
the mafic magma induced thermo-chemical instability,
favoring the exsolution of a volatile phase, thus trigger-
ing the eruption. The mafic intrusion might have caused
a mechanical interaction and a mineral cargo entrap-
ment from trachytes into the mafic blobs (Fig. 12d), thus
explaining the chemical and isotopic features of clinopy-
roxenes and feldspars of the mafic enclaves.

The two felsic lava facies do not display isotopic disequi-
libria between phenocrysts and host rocks. Nevertheless,
field (Fig. 2d) and textural (resorbed crystals and a lower
degree of crystal content in the groundmass) observations
suggest they could be the product of an auto-mingling pro-
cess between slightly different physical layers of the same
magma body. They could represent the result of a sort of
segregation, in the slightly zoned trachytic reservoir, induced
by the input of mafic magma.

Our results offer the opportunity to investigate how
magma mixing plays a significant role in triggering explo-
sive eruptions. Moreover, this work provides a focus on a
part of the Ischia plumbing system during its last period
of activity. In this study, the comparison with other Ischia
recent volcanic products shed some light on the differences
among magmas deriving from heterogeneous mantle sources
and feeding the Ischia plumbing system. The geochemical
features of the volcanic products can provide also inferences
on the deep lithospheric structures through which mafic
magmas has risen. In this way, the rising of mafic magmas
and the subsequent interaction within an evolved reservoir
can occur fast along NW-SE transfer system faults, so the
areas were these structures are located are more hazardous.

The knowledge of magmatic processes able to trigger
explosive eruption is of paramount importance for the evalu-
ation of volcanic hazard at Ischia, island in which a mitiga-
tion plan is still lacking although being in the present-day
inhabited by more than 60,000 people.
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