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Abstract The 3.7 ka year-old Averno 2 eruption is one
of the rare eruptions to have occurred in the northwest
sector of the Phlegraean Fields caldera (PFc) over the past
5 ka. We focus here on the fallout deposits of the pyro-
clastic succession emplaced during this eruption. We
present major and trace element data on the bulk pumices,
along with major and volatile element data on clinopy-
roxene-hosted melt inclusions, in order to assess the con-
ditions of storage, ascent, and eruption of the feeding
trachytic magma. Crystal fractionation accounts for the
evolution from trachyte to alkali-trachyte magmas; these
were intimately mingled (at the micrometer scale) during
the climactic phase of the eruption. The Averno 2 alkali
trachyte represents one of the most evolved magmas
erupted within the Phlegraean Fields area and belongs to
the series of differentiated trachytic magmas erupted
at different locations 5 ka ago. Melt inclusions record
significant variations in H,O (from 0.4 to 5 wt%), S (from
0.01 to 0.06 wt%), Cl (from 0.75 up to 1 wt%), and F
(from 0.20 to >0.50 wt%) during both magma
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crystallization and degassing. Unlike the eruptions occur-
ring in the central part of the PFc, deep-derived input(s) of
gas and/or magma are not required to explain the compo-
sition of melt inclusions and the mineralogy of Averno 2
pumices. Compositional data on bulk pumices, glassy
matrices, and melt inclusions suggest that the Averno 2
eruption mainly resulted from successive extrusions of
independent magma batches probably emplaced at depths
of 2—4 km along regional fractures bordering the Neapol-
itan Yellow Tuff caldera.

Keywords Phlegraean Fields - Averno 2 -
Melt inclusions - Volatiles - Trachyte

Introduction

Located in the Campanian Plain, along the Tyrrhenian
margin of the Southern Apennines (Italy), the Phlegraean
Fields is an active volcanic area dominated by a 12-km-
wide nested caldera. The Phlegraean Fields caldera (PFc)
results from successive collapses related to the eruption of
the Campanian Ignimbrite (CI: 39.3 + 0.1 ka; De Vivo
et al. 2001) and Neapolitan Yellow Tuff (NYT:
14.9 £ 0.4 ka; Deino et al. 2004; Orsi et al. 1996). The CI
and NYT units are both thought to be the residual portions
of older large-volume magma reservoirs generated 60 and
15 ka ago, respectively (Pappalardo et al. 1999). In the last
15 ka, volcanic activity has mainly been confined to the
PFc system (Fig. 1a), in which three main eruptive periods
occurred successively (1) 15-9.5 ka ago, (2) 8.6-8.2 ka
ago, and (3) 4.8-3.8 ka ago (Di Vito et al. 1999; Pappa-
lardo et al. 2002; Orsi et al. 2004; Mastrolorenzo and
Pappalardo 2006). The PFc system is one of the most
dangerous volcanic complexes on Earth, owing to the

@ Springer


http://dx.doi.org/10.1007/s00410-012-0720-1

1122

Contrib Mineral Petrol (2012) 163:1121-1137

Fig. 1 a Structural sketch map
of the Phlegraean Fields caldera
(PFc) (modified after Isaia et al.
2004). b View of Lake Averno.
c—e Maps showing the total
thickness (cm) distribution of
members A, B, and C of the
deposits from the Averno 2
eruption (modified after Di vito
et al. 2010) and sample location.
Numbers in plots 1c—e refer to
the names of the stratigraphic
sections: 1. Torretta (A0), 2.
Amministratore (A2b and A2t),
3. Monte Russo (Bt), and 4. La
Schiana (Cmb)

—/ Clcaldera (39 ka)
—o NYT caldera (15 ka)
AW Crater rims (< 15 ka)

++ Relicts of volcanic edifices
(<15ka)

intense urbanization within the caldera and in its sur-
roundings. Still active fumaroles and hot springs are
widespread. Since 2000, soil degassing of deep-derived
CO, at the Solfatara fumarolic field has increased and has
been associated with ground deformation and seismicity
(Allard et al. 1991; Caliro et al. 2007; Chiodini and
Frondini 2001; Chiodini et al. 2010). Unrest events (bra-
dyseism) have affected the area in the last 35 years (e.g.,
Barberi et al. 1989); the last bradyseism episode occurred
in the 1980s, resulting in a net 3.5 m uplift at Pozzuoli
harbor (Orsi et al. 2004; De Natale et al. 2006). According
to geodetic data, the 1982-1984 unrest may have been
related to shallow magma intrusion (Amoruso et al. 2008),
followed by upstreaming of magmatic CO,-rich gas and
low-pressure accumulation of mixed magmatic and
hydrothermal components (Arienzo et al. 2010; Caliro
et al. 2007). The existence of magma reservoir(s) at a depth
of ~4-5km was previously suggested on the basis of
thermal (Wohletz et al. 1999), magnetic (Orsi et al. 1999),
and seismological data (Ferrucci et al. 1992). More
recently, seismic discontinuities detected at depths of 2.7
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and 7.5 km were ascribed to the presence of a gas-bearing
fractured rock layer overlying a low velocity zone with
ponded partial melts (Zollo et al. 2008). The development
of a mid-crustal sill-like magma reservoir, as hypothesized
from seismic reflection profiles, is consistent with the
magma crystallization pressure (~200 MPa) derived from
petrological data on the Minopoli 2 eruption (10.2 ka;
Mangiacapra et al. 2008) and the 39 ka year-old CI
trachytic magma (Marianelli et al. 2006). It has been sug-
gested (D’Antonio et al. 1999) that smaller, possibly
shallower magma pockets fed the eruptions that took place
in the PFc system over the past 12 ka. Recent seismic
tomography studies did not detect magma pockets at depths
shallower than 4 km (Zollo et al. 2008).

Magma evolution within the shallow portions of the
PFc magmatic system has been ascribed to several pro-
cesses: fractional crystallization (Armienti et al. 1983),
mixing and/or mingling (e.g., Civetta et al. 1997,
D’Antonio et al. 1999), and subordinate contamination
(e.g., Pappalardo et al. 1999; Tonarini et al. 2004;
Arienzo et al. 2009). More importantly, CO,-rich gas influx
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was recently suggested to play an effective role in trig-
gering explosive eruptions (Mangiacapra et al. 2008;
Arienzo et al. 2010).

The Averno 2 eruption (3.7 ka BP according to Alessio
et al. 1971) together with an older accretionary lapilli-rich
ash bed (Averno 1, 4.5 ka according to Di Vito et al. 1999)
and the neighboring Mt. Nuovo tuff cone dated to 1558 AD
(Troise et al. 2007; D’Oriano et al. 2005) are the only
examples of volcanic activity within the northwestern
sector of the PFc over the past 5 ka. The Averno 2 eruption
produced a well-exposed succession of pyroclastic deposits
(Rosi and Sbrana 1987; Mastrolorenzo 1994; Di Vito et al.
1999, 2010) that provide an opportunity to decipher the
processes governing the evolution of the youngest magma
pockets.

We present here a systematic study of (1) the major and
trace element geochemistry of bulk rocks and their glassy
matrices representative of the Averno 2 fallout episodes,
which complement recent literature data (Di Vito et al.
2010), and (2) major and volatile elements (H,O, S, Cl, and
F) in clinopyroxene-hosted melt inclusions. Melt inclusions
in sanidine (the most abundant mineral phase) are crypto-
crystalline, contain large bubbles and are not suitable for
analysis. We provide melt entrapment pressures and a
comprehensive scheme of the pressure-related evolution of
volatiles in the general framework of the evolution of
Phlegraean Fields magma.

Volcanological background and sampling

The Averno 2 eruption took place at the intersection of
NE-SW and NW-SE fault systems bordering the resurgent
block of the NYT caldera (Orsi et al. 2004). Averno was
possibly active at the same time as La Solfatara in the NE
sector (Isaia et al. 2009). The eruption built up a
100-meter-high pyroclastic ring with a roughly circular
crater filled by a 34-m-deep lake (Fig. 1b). This event was
of moderate magnitude relative to the 4.1 ka old Agnano
Monte Spina (AMS) Plinian eruption, with a total volume
of erupted magma of about 0.07 km® (DRE) (Di Vito et al.
2010).

The Averno 2 sequence, of which the stratigraphy is
detailed in Di Vito et al. (2010), consists of fallout and
surge deposits and is divided into three members named A
through C, from the base to the top. In this work, only the
fallout deposits were sampled at four different sites located
1-1.5 km from the vent (Fig. 1c). Member A is composed
of six main pumice fall deposits alternating with minor thin
ash-rich surge beds (Fig. 2a, b). We collected samples from
82-cm thick layer AO (sample A0) at Torretta (Fig. 2a) and
from the base and top of 70-cm thick layer A2 (samples
A2b and A2t; Fig. 2b). According to Di Vito et al. (2010),
the A2 sub-member was emplaced during the eruption
climax that produced an estimated column height of
10 km, with a mass discharge rate of 3.2 10° kg/s. Samples

Fig. 2 Snapshots of the Averno 2 deposits: a coarse-grained fallout bed (A0); b A1-AS5 fallout deposits intercalated in minor surge beds (s);
¢ Member C dominated by a surge sequence with a subordinate fallout bed
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Bt and Cmb (Fig. 2c¢) are pumice clasts from 13- and
19-cm thick fallout layers in the upper portion of member
B and in the middle portion of member C, respectively.

Sample preparation and analytical procedures

Samples (A0, A2b, A2t, Bt, and Cmb) for bulk rock
analysis were cleaned, washed in distilled water, crushed,
and finely ground in an agate mill. Dm-sized bombs (3, 4)
from each sampled layer were crushed, except for sample
A2t, which was found to be heterogeneous. For this specific
sample, four distinct dm-sized clasts were analyzed
individually.

Major, minor, and trace elements were measured (Code
4Lithoresearch; http://www.actlabsint.com) at the Activa-
tion Laboratories Ltd (Ancaster, Canada): major elements
using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), trace elements and REE using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Chlorine was analyzed by instrumental neutron activation
and F using a specific ion electrode.

The crystal content was determined in the five fallout
samples of the Averno 2 sequence. For each sample, ~20
pumice clasts ranging from ~5 to 7 cm in diameter were
crushed into <2-mm fragments and sieved. The 0.25-2-mm
grain fraction was then immersed in a solution of fluoro-
boric acid (48 wt% solution in water) for about 3 h. After
glass dissolution, crystals were dried and weighed in order
to assess their proportion in each sample. Clinopyroxene
crystals (110) were also hand-picked from the same sam-
ples under a binocular microscope in the 0.5-1-mm grain
size fraction and double-face polished for melt inclusion
study.

Melt inclusions were analyzed using a CAMECA SX50
electron microprobe (Camparis, Jussieu, France). Major
element concentrations were measured with a 10 nA beam
current, a counting time of 10-25 s, and a 10 pm defo-
cused spot to minimize the loss of Na that was analyzed
first with Si. A minimum of four spots were analyzed per
melt inclusion and averaged. Analytical reliability was
controlled against a reference glass: trachyte obsidian
(CFA47) from the Phlegraean Fields (Métrich and Cloc-
chiatti 1989). Minor elements (P, S, Cl, and F) were
measured using a 30 nA beam current, a 15 pm spot size,
and a peak counting time of 140 s. Two coupled TAP
crystal analyzers were used to determine fluorine contents.
Calibration was performed against reference silicic glass
standards: a rhyolite (VNM50, F = 940 ppm), a trachyte
(CFA47, F =2,000 ppm), and a pantellerite (Kel2,
F = 4,250 ppm) (Mosbah et al. 1991; Spilliaert et al.
2006). Under these analytical conditions, the relative error
in Cl and F determinations was, respectively, 5 and 10%.
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To avoid water loss, H,O concentrations were deter-
mined prior to electron probe analyses using a Nicolet
Magna-IR 550 Fourier-transform infrared spectrometer
(Saclay, France) equipped with a globar source a MCT/A
detector, a KBr-XT beam splitter, and coupled with a
Spectra-Tech microscope. Broadband absorbance at
3,535 cm ™! was measured after curved baseline subtrac-
tion. Concentrations (C, wt%) were calculated according to
Beer-Lambert’s law as C = (M x A)/(e X p X ¢), where
A is the absorbance and M the molar mass of the species
(g molfl). The molar absorptivity (¢ = 62 L mol ™! cmfl)
and glass densities (from 2.40 to 2.44 g cm ™) are from Di
Matteo et al. (2004). The sample thickness, varying from
15 to 63 pum, was accurately determined (£3 pm) by
repeated measurement under the microscope. The analyti-
cal error in H,O measurements (3—4 times) is estimated to
be £10%. Carbon was not detected, neither as molecular
CO, nor as carbonates.

Phenocrysts were analyzed using EDAX X-4I on a
Philips XL30 scanning electron microscope at the
Dipartimento di Scienze della Terra (Pisa, Italy). A total
of 100 juvenile pumice fragments were also separated
from the 1.4-2 mm and 4-8 mm fractions of samples AQ,
A2b, A2t, Bt, and Cmb. They were repeatedly analyzed (a
total of 164 analyses) in order to test their homogeneity.
Backscattered electron (BSE) imaging allowed us to
verify that the pumice matrices were microlite-free.
Analytical conditions were 20 keV accelerating voltage,
0.1 nA beam current, and a working distance of 10 mm.
We used a raster window of about 10 x 10 um? to avoid
Na migration under the electron beam during analysis. A
diopside and the CFA47 trachytic glass were used as
internal standards (Electronic appendices 1 and 2). Hal-
ogen (Cl, F), S, and P were analyzed in glass fragments
selected on the basis of the SEM dataset using an SX50
electron probe at the analytical conditions described for
melt inclusions. Apatite crystals were also analyzed using
an SX50 electron probe to determine major and trace
element contents under the same analytical conditions
described previously.

Texture and chemical composition of Averno products
and minerals

Bulk pumices

We report here the main textural features of coarse juvenile
samples from the base (A0, A2b, and A2t), the middle (Bt),
and the top (Cmb) of the Averno 2 sequence; these are
described in detail elsewhere (Fourmentraux 2009). Juve-
nile clasts show fairly large variability in density, vesicu-
larity, and texture. Three main types of clasts were
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observed: (1) low-density, light-colored, microvesicular,
and microlite-free clasts that were analyzed for major
elements, P, S, Cl, and F, (2) high-density, dark-brown,
microlite-rich clasts, and (3) banded clasts consisting of
mm-thick stripes of types (1) and (2).

As a whole, the Averno pumices contain few crystals:
contents vary from 0.2 to ~1 wt% in the pumice of
Member A and reach 4 wt% in those of intermediate
Member B and upper Member C, which often contains
crystal aggregates and K-feldspar clusters. Averno pumices
display an alkali-trachyte composition, as defined on the
basis of the differentiation index (D.I. from 91 and 87) and
the normative nepheline content (4—7 wt%) (Table 1). The
base samples (AO, A2b, and A2t) have a peralkaline
affinity, with an agpaitic index [(Na,O + K,0)/Al,03] of
0.98-0.96 (Table 1). The Averno 2 sequence is thus
chemically zoned from nearly peralkaline trachyte to alkali
trachyte, in agreement with previous studies (Rosi and
Sbrana 1987; Civetta et al. 1988; Di Vito et al. 2010).
Averno 2 pumices also show significant variations in
highly incompatible elements such as Th (94.9-42.8 ppm),
Ta (8.2-3.9 ppm), and As (72-34 ppm) and in HFSE,
which define positive correlations passing through 0
(Fig. 3a, c). In contrast, V, Co, and Ba are significantly
fractionated as differentiation progresses (Fig. 3e, g). In
each diagram, the A2t sample displays a bimodal compo-
sition, testifying to the syn-eruptive mingling of two
magma batches forming the fallout deposits of the base
(A0) and the top (Cmb) of the sequence, respectively. This
feature is further confirmed by SEM analysis of individual
glassy shards (Electronic Appendix 2).

Fluorine is positively correlated with Th, and its bulk
distribution coefficient (Dg) is 0.25, as derived from the
Rayleigh distillation law (Fig. 3d). In contrast, Cl behaves
as a moderately compatible element (D¢ = 0.9; Fig. 3h)
possibly due to its partitioning into the mineral or gas
phases. On the basis of Th and P,Os contents in the bulk
rocks, we estimate that the crystallization of only 0.003
wt% apatite would have removed ~840 ppm F and
350 ppm Cl from the melt. The effect of apatite crystalli-
zation on halogens dissolved in the trachytic melt is thus
limited, implying that Cl is dominantly buffered by the gas
phase, as explained later. Lastly, all samples display sim-
ilar REE patterns, LREE enrichment (La/Yb = 23-24),
and a pronounced negative Eu anomaly (Fig. 4). The
simultaneous lowering of the K,O content (from 8.5 to
7 wt%) and Eu/Eu” ratio (from 0.6 to 0.4) in the more
differentiated terms reflects K-feldspar fractionation. Sim-
ilar features have been previously described for the
Campanian Ignimbrite, although Averno pumices display
an even more evolved trachytic composition since their
Zr/Sr ratio varies from 90 to 100 against <0.1-45 in CI
samples (Civetta et al. 1997).

Minerals

The mineral assemblage consists of dominant sanidine with
subordinate amounts of clinopyroxene and plagioclase
(Supplementary material 1), whereas biotite, apatite, and
iron oxides represent only accessory minerals, in agree-
ment with data from the literature (Di Vito et al. 2010).
Sanidine compositions vary from Orgz to Orgy, but each
individual crystal is homogeneous, as revealed by BSE
imaging; the highest value (Orgy) was found in the last
eruptive products (Cmb). The composition of plagioclase
ranges from bytownite (Angg) to oligoclase (Ansp), with no
zoning, but plagioclase (Anys_gy) preferentially occur in
Cmb samples. Plagioclase frequently shows corroded cores
(Anys_41) mantled by sanidine (Orgg_7¢), i.€., the so-called
anti-rapakivi texture commonly described in trachytes from
the Phlegraean Fields (e.g., Armienti et al. 1983; D’Oriano
et al. 2005). Clinopyroxene spans a compositional range
from Mg-rich diopside (Woy47, Engg, Fss) to hedenbergite
(Woyug, Enyy, Fs3q), with the Fe richest one (Fs;;_31) in AO
pumices (Fig. 5). Clinopyroxenes showing oscillatory
zoning and Mg-rich diopside or Fe-rich resorbed cores are
uncommon. Biotite occurs as rare isolated crystals and in
crystal aggregates with clinopyroxene and sanidine. Flu-
orapatite is frequently found as solid inclusions in clino-
pyroxene and more rarely as discrete phenocrysts in the
most evolved terms (A0 and A2). It is slightly zoned with F
contents varying from 2.4 to 2.8 and from 2.8 to 3.2 wt% in
samples Cmb and Bt, respectively; Cl concentrations in the
same samples range from 0.72 to 0.75 and from 0.74 to
0.67 wt%, respectively.

Pumice matrices and melt inclusions

In each fallout deposit, the glassy matrices of the light-col-
ored, microvesicular, microlite-free pumice clasts display a
compositional range from the base to the top of the sequence
(Fig. 6a), which matches that of the bulk rocks (Tables 1 and
2). This observation is in agreement with the low quantity of
crystals in the pumice. In samples AO, A2b, and Cmb, the
average composition of each set of matrices is very homo-
geneous (Table 2). The glassy matrices of pumices A0 and
A2b have an alkali-trachyte composition (K,O ~7 wt%),
whereas those of the top Cmb samples are slightly less
evolved (K,O ~8.5 wt%), as are the bulk pumices and the
obsidian clasts. In contrast, A2t matrices are heterogeneous
at the micrometer scale, as revealed by SEM analysis of 40
individual clasts from the 1-2- and 4-8-mm grain size
fractions (Electronic appendix 2). Their compositional
bimodality (K,O = 8.3 & 0.1 and 7.0 £ 0.2 wt%; Fig. 6a
and Table 2) is in keeping with that of the bulk clasts.
However, note that the dominant composition of the bulk
rocks and that of their matrices are closely similar to the
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Table 1 Major oxide and trace element compositions of the Averno 2 bulk rocks

Member A A A A Bt Cmb
Sample A0 A2b A2t A2t Bt Cmb
Location 1-Torreta 2-Amm. 2-Amm. 2-Amm. 3-Mte Russo 4-La Schiana
SiO, (wWt%) 60.43 59.89 60.27 59.79 59.36 59.12
TiO, 0.41 0.43 0.42 0.49 0.46 0.45
Al,05 17.33 17.50 17.60 17.04 18.11 18.19
Fe; 03¢ 3.10 3.09 3.06 3.44 3.38 3.51
MnO 0.20 0.19 0.20 0.14 0.15 0.14
MgO 0.23 0.24 0.21 0.42 0.45 0.50
CaO 1.72 1.70 1.63 2.26 2.14 2.27
Na,O 6.02 5.81 5.98 4.18 491 4.79
K,O 6.68 6.90 6.65 7.58 7.98 8.43
P,05 0.04 0.04 0.04 0.09 0.08 0.10
L.O.IL 3.74 3.31 3.87 3.64 2.88 2.80
Total 99.90 99.10 99.93 99.07 99.89 100.30
S <0.01 0.01 0.02 nd 0.04 0.02
Cl 0.81 0.70 0.71 nd 0.67 0.72
F 0.30 0.25 0.28 nd 0.16 0.17
Be (ppm) 26 23 26 13 14 13
v 10 16 10 48 39 48
Zn 110 90 100 60 90 80
Ga 27 25 27 19 22 20
Ge 1.8 1.7 1.9 1.4 1.5 14
As 72 53 69 56 44 34
Rb 530 468 517 320 405 379
Sr 12 19 11 211 140 220
Y 78.0 66.0 75.6 33.8 43.2 38.0
Zr 1,096 982 1,118 477 558 501
Nb 131.0 111.0 132.0 59.6 69.4 61.8
Cs 60.4 51.0 59.9 26.0 35.1 31.3
Ba 5 <3 <3 110 52 108
La 180.0 152.0 178.0 97.4 103.0 924
Ce 326 281 326 170 191 170
Pr 35.0 30.2 349 16.9 20.5 18.2
Nd 115.0 100.0 114.0 55.2 70.1 61.5
Sm 19.1 17.0 19.4 10.7 12.3 10.7
Eu 1.5 1.4 1.3 1.8 2.0 2.0
Gd 14.6 12.8 14.5 8.1 9.5 8.3
Tb 24 2.1 2.3 1.1 1.5 1.3
Dy 13.0 11.1 12.7 6.1 7.8 6.7
Ho 2.5 2.1 2.4 1.2 1.5 1.3
Er 7.5 6.3 7.5 3.7 4.2 3.8
Tm 1.2 1.0 1.2 0.6 0.6 0.6
Yb 7.8 6.6 7.7 3.6 4.2 3.8
Lu 1.2 1.0 1.2 0.5 0.6 0.6
Hf 22.5 18.9 22.6 10.3 11.6 10.3
Ta 8.2 7.0 8.2 39 4.5 39
w 8.5 8.4 8.4 8.3 7.8 9.1
Pb 87 67 80 27 80 68
Th 94.9 719 94.4 41.7 48.1 42.8
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Table 1 continued

Member A A A A Bt Cmb

Sample A0 A2b A2t A2t Bt Cmb
Location 1-Torreta 2-Amm. 2-Amm. 2-Amm. 3-Mte Russo 4-La Schiana
U 324 26.7 31.9 14.9 16.5 14.6

Ne 4.3 4.7 4.1 4.2 5.3 7.0

D.IL 91 90 90 90 87 87

AL 0.98 0.97 0.96 0.97 0.91 0.93

Differentiation Index, D.I.: normative (Or + Ab + Ne); CIPW norms are calculated assuming FeO/Fe,O; = 0.5 (Armienti et al. 1983)

Agpaitic index, A.l. = [(Na,O + K,0)/Al,03] molar ratio
L.O.1. loss on ignition, nd not determined, Ne normative nepheline

alkali trachyte end member (A0Q). Intermediate compositions
are ascribed here to very small-scale syn-eruptive mingling
(<10 pm, the analytical spot/window size) or mixing, as
modeled by Perugini et al. (2010). Lastly, the Bt pumices and
their matrices are essentially comparable to the less evolved
trachyte (Member C), although a micro-scale heterogeneity
was observed (Electronic appendix 2). We therefore con-
clude that two distinct magma batches were present before
the Averno 2 eruption; these were intensively mingled in the
course of the eruption, with an increasing proportion of the
less evolved trachyte from the A2t to Bt fallout deposits.

All the matrices of the vesicular pumice are significantly
degassed with respect to sulfur (S < 0.02 wt%; Fig. 6d).
Water was not analyzed. Their F content varies from 0.23
to 0.46 wt%, whereas Cl averages at 0.89 = 0.04 wt%
(Fig. 6e). With the exception of the Campanian Ignimbrite
(Signorelli et al. 1999, 2001), there is little F data available
for Phlegraean Field trachytes. The Cmb trachytic matrices
plot on the F-Cl trend delineated by CI trachytes (Fig. 6e),
and the divergent behavior of CI and F is fully in agreement
with the higher solubility of F in hydrous silicic melts with
respect to Cl (e.g., Carroll and Webster 1994). During
crystal fractionation of highly evolved trachytic melts, F
and Cl behave as incompatible elements but only CI
reaches its solubility limit (Signorelli et al. 2001) and is
strongly partitioned into the H,O-rich vapor phase (e.g.,
Webster et al. 2009).

Melt inclusions trapped in clinopyroxene were analyzed
in each fallout sample from the three tephra units (A—C).
Several melt inclusions are present in both the homogenous
and in the zoned crystals. They have faceted shapes, with a
maximum size of 70 pum (Fig. 7a), as commonly observed
in pumice from the Phlegraean Fields (e.g., Métrich 1983;
Signorelli et al. 1999). The melt inclusions consist of
brown glass, with one shrinkage bubble, and may contain
apatite needles. Some isolated melt inclusions also occur at
the diopside Fss_jg —Fs3_14 interface of crystals showing
oscillatory zoning (Fig. 7b).

The major- and volatile element composition of clino-
pyroxene-hosted melt inclusions is reported in Table 2 and

in the auxiliary materials; their evolution is depicted in
Fig. 6b—f. Fluorine (0.20-0.61 wt%) is here considered to
be a good tracer of melt differentiation due to its low bulk
repartition coefficient, as shown above. As F increases,
K5O concentrations decrease steadily, in accordance with
the crystallization of K-feldspar (Fig. 6b). Na,O increases
up to 6 wt% (F = 0.43 wt%) and then decreases to 5 wt%,
a feature in agreement with plagioclase fractionation. The
lowering of P,Os (from 0.16 to <0.04 wt%) recorded in
melt inclusions is ascribed to the crystallization of apatite
(Fig. 6¢). Taken as a whole, the compositional range of
melt inclusions is wider than that of the glassy matrices and
the bulk rocks (Fig. 6a, b). The most evolved ones have
much higher F contents (up to 0.61 wt%) and are found in
the Fe richer clinopyroxene (Fs,p_»s) of samples AO and
A2b (Fig. 6¢). Interestingly, they are even more evolved
than the glassy matrices (Fig. 6b). The least evolved
trachytic terms (F < 0.25 wt%) are commonly found either
at the interface between Mg- and Fe-rich diopside (Fss_jo—
Fsi3_14) or in Mg-Fe diopside (Fsj;_j6) in Cmb pumice
(Fig. 6¢). Most melt inclusions in samples A2b and A2t
have a similar composition to that of melt inclusions in
Cmb clinopyroxenes, testifying to the mechanical entrain-
ment of crystals by the ascending magma.

Melt inclusions display variable total volatile contents
(H,O + Cl +F + S) ranging from <3.0 up to 6.5 wt%.
Carbon (CO, or carbonates) was not detected in melt
inclusions (CO, < 40 ppm). The H,O content of melt
inclusions ranges between 0.4 and 5.0 wt%. The highest
contents were observed in the most evolved MI
(F = 0.5 wt%) in sample A2b (Fig. 6f). However, inclu-
sions in samples AO and A2b (with similar degrees of
evolution) may have lower H,O concentrations
(3.3 & 0.08 wt%, Fig. 6f). The least evolved inclusions
(F < 0.25 wt%) from samples Cmb and A2t display a
decreasing abundance of H,O (from 3.1 to 1.3 wt%),
whereas those from sample Bt are totally depleted in H,O
(0.8-0.4 wt%). The lowest values most likely indicate that
the melt inclusions were opened. Sulfur is strongly
degassed (Fig. 6d), with the highest and lowest S
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concentrations (0.05 and 0.02 wt%) measured, respec-
tively, in the least and most evolved melt inclusions from
Cmb and AO pumices. The Cl concentrations remain
constant, as observed in the matrices, with an average
concentration of 0.90 £ 0.02 wt%; only a few inclusions
in sample AQ show a slight increase in CI to 1.0 wt%
(Fig. 6e). As presented above, the effect of apatite crys-
tallization on the behavior of halogens is marginal, whereas
the behavior of Cl during magma evolution is most likely
controlled by the effect of pressure-related Cl solubility
and/or its partitioning between fluid and melt.

@ Springer

Discussion
The dominant process: crystal fractionation

The comparison between Averno 2 pumices and the PFc
trachytic products erupted over the last 39 ky raises some
interesting questions. Averno samples are among the most
evolved PFc products, as they are more evolved than the
NYT trachytes and even than the evolved CI alkali
trachytes (Fig. 8a). The Averno alkali trachytes belong to
the magma series emplaced during the last period of high
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PFc activity dated between 4.8 and 3.8 ka (Orsi et al.
2004), filling the compositional gap between Astroni,
AMS, and Monte Nuovo (Fig. 8a, b). They all display
nearly constant Nb/Th (1.4) and Nb/Zr (0.15) ratios
(Table 1), as measured in Minopoli 1 shoshonites erupted
at 11.1 ka (Di Vito et al. 1999; Cannatelli et al. 2007). Such
features strongly suggest that the trachytes were preva-
lently generated by crystal differentiation from a common
parental magma. A process of crystal fractionation is
supported by the chemical evolution of both Averno 2
pumices and melt inclusions (Figs. 3 and 6). From the base
(samples AO and A2b) to the top (sample Cmb), the alkali
trachytes have parallel trace element patterns but an
increasing negative Eu anomaly that is accounted for by

sanidine fractionation (Fig. 4). In order to illustrate the
evolution path of the Averno melt, we used the “ANA-
MORPHOSIS” program, a method for projecting geo-
chemical data by tracing the compositional variability of a
sample set within a tetrahedron; details of the method are
given by Armienti and Gasperini (2007). We assign here
the four end members Albite (Ab), Anorthite (An), Orthose
(Or), and Diopside (D) to the different vertices of the tet-
rahedron. For each member (A, B, and C) of the Averno 2
sequence, we projected the major element data on melt
inclusions and glassy matrices, along with those of the
coexisting feldspars, onto the anorthite-albite-orthoclase
plane (Fig. 9). For each sample set, the melt compositions
move along the plagioclase-alkali-feldspar cotectic curve
(BC). However, the common rimming of plagioclase by
alkali feldspar (anti-rapakivi texture) observed in the
Averno samples indicates that plagioclase reached the
“critical composition” corresponding to the termination of
the plagioclase-alkali-feldspar surface (Armienti et al.
1983). Beyond this point, the boundary between the sta-
bility fields of plagioclase and alkali feldspar is a reaction
curve (peritectic) along which plagioclase reacts with the
liquid to produce alkali feldspar. The anti-rapakivi texture
found in the Cmb sample indicates that crystals were
transported mechanically. The K-feldspar clusters probably
formed on the walls of the magma chamber and were
subsequently entrained during the magma’s ascent to the
surface.

The overall variation of Th in Averno bulk pumices
(from 42.8 to 94.9 ppm) and the constant ratios between
highly incompatible elements allow us to assess the extent
of differentiation using Rayleigh’s distillation law
C; = Co f PV, Considering that Th has a very low bulk
partition coefficient (Villemant 1988), the A0 and A2b
pumices could have derived from the Cmb trachyte
through ~55 wt% removal of solids, with feldspar as the
dominant phase. We also calculated the bulk distribution
coefficients (D) for Sr and Ba, two elements highly
fractionated by the K-feldspars. For Sr, the derived D
values are 4.9 and 4.7 when using the Nb and Th as
incompatible elements, respectively (Fig. 8c, d). These
values are in agreement with the Dg, (2-6.6) measured for
feldspars in PFc trachytes (Villemant 1988). Dg, is higher
and equal to 5.5.

Some clinopyroxenes in Averno 2 samples show
Mg-diopside zones or relict cores, as commonly described
in the products of the Phlegraean Fields (e.g., Arienzo et al.
2009, 2010). Mg-rich diopside (Wo47.5, Fsg_g) from the
trachybasaltic magma of the Minopoli 2 eruption in the
Phlegraean Fields was found to crystallize at
1,150-1,160°C (Métrich 1983; Cannatelli et al. 2007).
Their occurrence in Averno pumices is consistent with a
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process of crystal fractionation from less evolved parental
melts.

We therefore conclude that the evolution of Averno 2
trachytic magmas is accounted for by fractional crystalli-
zation. This does not exclude the contribution of mixing
(Perugini et al. 2010) between melts belonging to the same
differentiation series. This conclusion most likely holds for
trachytic magmas erupted over the last 4,000 years in the
Phlegraean Fields area.

Lastly, we found a direct relationship between the
chemical composition of the erupted magmas and their
volume, even taking into account that the error in volume
estimation is much larger than that in the geochemical
parameters (Biass and Bonadonna 2011). Note that the
volumes of the most evolved trachytic magmas are the
smallest, and this supports the hypothesis of a common
source for all Phlegraean magmas and their differentiation
by crystal fractionation (Fig. 8b).

@ Springer

Averno melt saturation pressures and ascent dynamics

The dominant volatile species in Averno melt inclusions is
water. The absence of detectable dissolved molecular CO,
and carbonate ions suggests that CO, was lost before low-
pressure crystallization and melt entrapment. This feature
was observed not only in Averno samples but also in CI
(Signorelli et al. 1999, 2001; Marianelli et al. 2006) and
AMS (Arienzo et al. 2010) trachytes.

Assuming that Averno trachytes mainly derived through
fractional crystallization of a deep-settled trachybasaltic/
shoshonitic magma containing 2.8 wt% H,O (Mangiacapra
et al. 2008), their H,O content would largely exceed
5 wt%. Most Averno melt inclusions contain between 1.5
and 5 wt% H,0, instead, which is the range prevalently
reported for PFc trachytes (Fig. 10). Actually, CO, fluxing
could be a very efficient process to remove water from
deep melts (>10 km) in the Phlegraecan Fields plumbing
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Fig. 7 Transmitted light photomicrographs of typical melt inclusions
in the pyroxene of Averno 2 magma. a melt inclusion with typical
faceted shape. b isolated melt inclusion at the Mg—Fe-rich diopside
interface

system, as previously suggested by Mangiacapra et al.
(2008), a process not recorded in Averno samples.

A trachytic melt containing 5 wt% H,O but negligible
amounts of CO, achieves saturation at a total fluid pressure
(Pror = Pu,0) of 100 MPa according to experimental
solubility data available for trachytic melts at 875°C (Di
Matteo et al. 2004). This Py,o value would correspond to
the emplacement of a trachytic magma batch (A2b

Fig. 8 Variation diagrams of

a La versus Ce, b Nb versus Zr,
¢ log(Sr) versus log(Nb), and

d log(Sr) versus log(Th). The Sr
repartition coefficient between
mineral and melt (Dg,) was =
deduced from the slopes (1-D;) if ‘3
of linear trends in log—log plots. 80
For comparison, we have b
plotted the available data on the 40
Phlegrean Fields from the .
literature: (/) Campanian ;

a 200 -

160 -

120 -

La ppm
*

samples) at a lithostatic depth of 4.4 km for a host-rock
density of ~2,300 kg m~ (Rosi and Sbrana 1987). Such a
high H,O content was measured in two melt inclusions
only (Figs. 6f and 10). Alternatively, an average H,O
content of ~3 wt% and F content ranging from 0.25 to
0.5 wt% (Fig. 6f) may indicate magma saturation with
respect to a H,O-rich vapor phase, for a total pressure
(Puz0) of 50 MPa. Magmas would be water-saturated and
thus stored and/or emplaced at a depth of ~2 km, as often
reported in the Phlegraean Fields (e.g., Signorelli et al.
2001; Arienzo et al. 2009).

A vertically extended magma reservoir, with the top
level saturated in a H,O-rich vapor phase at a depth of
2—-4 km is inconsistent with the geochemistry of Averno 2
magma and with the coexistence of magma batches with
differing degrees of differentiation. We thus conclude that
two distinct magma pockets stored at a depth of 2—4 km
and evolving independently, with no direct connection with
the deepest portions of the PFc reservoir, were successively
involved in the Averno 2 eruption. This interpretation is
sustained by (1) the conclusions drawn by Di Vito et al.
(2010), who identified two magma batches with distinct
87Sr/%0Sr ratios (0.707507 and 0.707531), and by (2) the
syn-eruptive mingling between two distinct magma bat-
ches, as illustrated by the coexistence of pumice clasts of
different composition in the intermediate fallout layers of
the Averno 2 sequence. In the Phlegracan Fields area,
magma mingling is commonly invoked to explain the
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Fig. 9 Projection of Averno 2 Member C
melt and feldspar compositions A
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onto the Ab-An-Or plane
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Fig. 10 Distribution histogram of H,O contents in Averno 2 trachytic
melt inclusions. We also report available data from the literature: (/)
Campanian Ignimbrite (CI) from Signorelli et al. (2001), Marianelli
et al. (2006), (2) Solfatara from Cipriani et al. (2008), and (3) Agnano
Monte Spina (AMS) from Arienzo et al. (2010)

coexistence of melts differing either in their degree of
evolution or their Sr—Nd isotopic ratios (e.g., Orsi et al.
1995; Civetta et al. 1997; Di Vito et al. 1999; Tonarini
et al. 2004, 2009; Arienzo et al. 2009). However, note that
during the Averno 2 event, magma mingling corresponded
to the climactic phase of the eruption and to the maximum
magma discharge rate. These features are consistent with a
new magma influx or the withdrawal of independent
magma ponding zones.

In the case of Averno 2 samples, the absence of melt
inclusions with a less differentiated composition (shosho-
nite), such as those found in Minopoli 2 (Mangiacapra et al.
2008), suggests that a deep-derived magma was not
involved in the eruption. This is a particularly interesting
point because in the last 5 ka, only the AMS eruption that

@ Springer

Or Ab Or

produced 1.2 km®> (DRE) of magma is known to have
involved a deep CO,-rich gas component. Monte Nuovo
products (0.02 km®) show no evidence of deep magma
input (D’Oriano et al. 2005), and the La Solfatara eruption
did not involve a CO,-rich component (Cipriani et al.
2008). The latter observations are strongly supported by the
fact that both the Averno 2 and La Solfatara eruptions
occurred within the same time span along the main eruptive
fractures of the NYT caldera (Isaia et al. 2009). The former
took place in the NW sector, the latter in the NE area. We
therefore propose that small-sized eruptions such as
Averno 2 do not involve the arrival of a deep-derived
magma with or without a CO,-rich gas. The mechanisms
triggering these eruptions could thus be a complex inter-
play between the pore pressure of the surrounding rocks,
the rupture threshold, and possibly the flux of heat and gas
preceding the ascent of the magma batch.

Lastly, we note the divergent behavior of Cl and F in
Averno trachytic magmas, in agreement with the higher
solubility of F with respect to Cl in hydrous silicic melts
(e.g., Carroll and Webster 1994). The experimentally
determined solubility of chlorine in hydrous trachytes at
860-930°C indicates that the amount of Cl dissolved in the
melt decreases from 0.90 to 0.37 wt% as the pressure
increases from 25 to 250 MPa (Signorelli and Carroll
2002). Based on these solubility experiments, the Averno
trachytic melts, containing on average 0.90 wt% Cl, would
have been saturated at 25 MPa (Signorelli et al. 2001), a
pressure lower than that deduced from the H,O data. This
finding suggests that Cl is mainly controlled by its parti-
tioning in the H,O-rich vapor phase prior to eruption rather
than the saturation pressure. This hypothesis is supported
by the similarity between the CI contents measured in melt
inclusions and glassy matrices. Using the proportion of
each of the volatile species in the least and more evolved
trachytic melt inclusions, respectively, we assessed that the
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gas phase released at the onset of the eruption would have
been hydrosaline, with 0.81 mol % H,O and 0.18 mol %
CL

Conclusions

Detailed mineralogy and melt inclusion studies on pumice
fallouts accurately positioned in the stratigraphic column
have provided a framework for the interpretation of the
sub-Plinian eruption that built the Averno 2 tuff ring 3.7 ka
ago. Averno magma differentiation was prevalently con-
trolled by a process of crystal fractionation. Emitted
products fill the composition gap between trachytes erupted
5 ka ago and the youngest trachy-phonolites of the neigh-
boring Monte Nuovo cone. Even though the volumes of the
most evolved trachytic magmas are the smallest, the total
volume of products emitted during an eruption is not
directly correlated with their degree of differentiation. The
chemical heterogeneity recorded in the Averno 2 sequence
testifies to the coexistence of trachytic magma batches with
different degrees of crystallization that mingled at the time
of eruption.. The successive extraction of magma batches
independent of one another occurred when the magma
discharge rate was greatest.

We suggest that the Averno 2 eruption resulted from the
successive ascent of two small-volume magma pockets
emplaced at shallow depth (2-4 km), without a significant
contribution from deep-seated magmas. These results have
important implications for hazard assessment in the area,
because magma batches of similar size cannot be detected
by classical geophysical methods.
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