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The Cenozoic volcanism in the Tyrrhenian Sea region shows a very wide
range of petrological, geochemical and isotopic compositions, which cover
almost entirely the field of igneous rock occurring worldwide. Volcanic
activity took place contemporaneously with the opening of the Ligurian-
Provengal and Tyrrhenian Sea basins, and with the formation of the
Apennine-Maghrebian chain. Its occurrence in the hearth of the Mediter-
ranean Sea and the spectacular eruptions of active volcanoes such as Etna and
Vesuvio, attracted the attention of scholars since ancient times. Modern
science has been interested to this volcanism because of its compositional
complexity and the variety of volcanological processes taking place at the
active and dormant centres. My book published by Springer in 2005 and
entitled Plio-Quaternary Volcanism in Italy. Petrology, Geochemistry,
Geodynamics summarised the state of knowledge of Tyrrhenian Sea vol-
canism at the time of publication. However, studies have been enormously
expanding in the last 10 years, and huge amounts of data and ideas have been
published on various aspects of this complex subject.

The present work is an extensively rewritten and expanded version of my
2005 book. Its objective is to update and integrate previous knowledge by
reporting on the voluminous body of data and ideas published in the last 10
years and to elucidate some aspects of volcanism, which had not been ade-
quately considered in the previous book. Therefore, information on vol-
canological and geophysical aspects of magmatism has been considerably
increased, and some topics such as the Oligo-Miocene orogenic activity from
Sardinia, Ligurian Sea and Provence are more fully treated. Moreover, a very
short summary is provided of the Alpine stage magmatic activity that took
place from Upper Cretaceous-Eocene to Miocene along the Alps and at some
localities of the Adriatic and Pelagian blocks. Such magmatism shares many
compositional characteristics with the Tyrrhenian-Apennine activity, but also
exhibits significant differences. The comparison between the two magmatic
suites is briefly discussed in Appendix 1, with the aim of stimulating further
comparative studies that may provide a better insight into petrogenesis and
geodynamics along the Africa-Europe converging boundaries.

The book is subdivided into thirteen chapters. The first one provides an
introduction to the main petrological and geochemical characteristics and
gives the rationale for subdivision of the magmatism into several distinct
igneous provinces. The last chapter is a summary of the petrological,
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volcanological and structural characteristics of the magmatic provinces and
of the most popular hypotheses that have been proposed to explain the
relationship between geodynamics and volcanism. The other chapters are
devoted to the volcanology, geochemistry, petrogenesis and geodynamic
significance of single magmatic provinces into which the Tyrrhenian Sea
magmatism has been subdivided.

The data discussed in the text have been generally taken from the most
recent literature. They have been carefully checked, and some have been
discarded because clearly incorrect. This, however, does not guarantee that the
resulting files are free of errors. A few representative analyses for the single
magmatic provinces have been reported in the tables attached to each chapter.
More data can be found at the publisher website or can be obtained by the
author on request (angelo.peccerillo@unipg.it; lathebiosas46 @tiscali.it).

In most diagrams, especially those showing major and trace elements, a
limited number of representative data have been plotted. Such a choice has
been dictated by the need of avoiding excessive crowding, which would
make diagrams difficult to read. It goes without saying that, in the choice of
data points, care has been taken to select representative compositions, in
order to preserve all necessary information.

Figures have been all drawn by the author, which explains the quality of
diagrams and maps. Photos are partly by the author and partly by colleagues
and friends. I thank Giampiero Poli, James T. Kirk, Federico Lucchi,
Gianfilippo De Astis, Luciano Giannini and Giovanni Marano for providing
some nice and informative images. The aerial photograph of Campi Flegrei
has been downloaded from the NASA website.

For classification and nomenclature of volcanic rocks, the IUGS scheme
of Le Maitre (2002) has been consistently adopted through the book. For
rocks related to volcanic arcs, the classification scheme of Peccerillo and
Taylor (1976) has been used. These classification schemes, together with a
few notes on the classification of potassium-rich rocks, have been explained
in Appendix 2. Rocks’ names not reported in these schemes and eventually
used through the book have been defined in footnotes or through the text.
Notes on classification and nomenclature of igneous rocks are trivial for
petrologists and geochemists, but may be useful for other potential readers
who are not familiar with petrological-geochemical issues and jargon.
Acronyms are unavoidable in modern petrology and geochemistry, but I have
tried to keep them to a minimum.

Papers cited through the text are reported in the attached reference lists.
These consist of about 1200 bibliographic entries, but are far from being
comprehensive of the large quantity of papers and books published on
magmatism and geodynamics of the Tyrrhenian Sea area. The bibliography
on this subject is enormous and would deserve a book by itself. Therefore,
many important contributions, especially in the field of mineralogy, physical
volcanology, geophysics and geodynamics, have been omitted. While
apologies are due to authors whose papers and books have not been cited, a
somewhat more extended list of papers has been reported on the publisher
website.
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Several colleagues reviewed the various chapters and made important
suggestions, corrections, and modifications, which significantly improved the
style of writing and quality of science. It is obvious, however, that the
responsibility for the contents of this book leans entirely on the author. I wish
to express my gratitude to Michele Lustrino, Alba Santo, Laura Pinarelli,
Gianfilippo De Astis and Marco Malusa for their help. I am also indebted to
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for providing precious information on Vulsini, Tolfa, Pontine Islands and
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also allowed the use of their unpublished data on the Pontine Islands, Vulsini
and Etna.

Special thanks are due to Simone Tarquini and to the Istituto Nazionale di
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maps of volcanoes. The kindness and expertise of Simone were fundamental
for map handling.

Professor Caterina Petrillo, Head of the Department of Physics and
Geology of the University of Perugia, was extremely helpful for kindly
allowing access to the library at the University of Perugia. Without the use of
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parents.
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The Tyrrhenian Sea region is a tectonically complex area sited at the
convergence between Europe and Africa. Because of its long-standing position
along plate margins, a complex series of fundamental geological features
developed in the area during the Cenozoic, including the Alps and Apennine
fold-thrust belts, and several extensional basins. A wide variety of magma
types erupted in the region, and their petrological, geochemical and isotopic
compositions cover almost entirely the field of igneous rock occurring
worldwide. Magmatism developed from Eocene to Present, exhibiting strong
time-related compositional variations as a result of modification of geody-
namic setting during Africa—Europe convergence. Most magmas originated
within the upper mantle testifying to very heterogeneous sources and complex
evolutionary processes during emplacement. Because of its position in the
hearth of Europe and the extremely large variety of magma types and styles of
eruptions, volcanism in the Tyrrhenian Sea region has attracted the attention of
scholars since early ancient times and has been the subject of several thousand
papers in the last few decades. The book is an up-to-date account of the
geochemical data and of the petrogenetic hypotheses on such a complex
geological issue.

The book is subdivided into 13 chapters plus Appendix 1 and Appendix 2.
The first chapter is an introduction to the main petrological and geochemical
characteristics of magmatism. Geochemical data are used to subdivide
Cenozoic magmas occurring in the Tyrrhenian Sea region into two main
families, respectively showing arc (orogenic magmas) and intraplate signa-
tures (anorogenic magmas). Based on ages and compositional characteristics,
several distinct magmatic provinces are recognised. The following chapters
are devoted to the volcanology, geochemistry, petrogenesis, and geodynamic
significance of single magmatic provinces into which the Tyrrhenian Sea
magmatism has been subdivided. The last chapter is a summary of the
petrological, volcanological and structural characteristics of the magmatic
provinces and of the most popular hypotheses that have been proposed to
explain the relationship between geodynamics and volcanism. Appendix 1
reports on a comparison between the Tyrrhenian Sea volcanics and the
igneous rocks emplaced from Eocene to Miocene along the Alps and
in nearby regions. Although the twofold orogenic and anorogenic subdivision
is also recognised for Alpine rocks, many differences are highlighted to show
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that Alpine magmas were generated in distinct mantle sources than the
Tyrrhenian Sea volcanism and such a variability might be related to the
different geometry (e.g. dipping angle) and/or compositions of the subduc-
tion systems along Alps and Apennines. Appendix 2 is a short summary of
classification and nomenclature of igneous rocks, with special emphasis on
ultrapotassic compositions.

Keywords Petrology - Geochemistry - Volcanology - Igneous rocks -
Geodynamics - Cenozoic « Tyrrhenian Sea - Apennines - Alps
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Abstract

Cenozoic magmatism in the Tyrrhenian Sea region exhibits a wide range
of major, trace element, and radiogenic isotope characteristics. Based on
petrological and trace element signatures, especially LILE/HFSE ratios of
mafic rocks, two main families of magmas are recognised respectively
showing arc-type (orogenic) and intraplate (anorogenic) compositional
features. Orogenic magmas have calcalkaline, shoshonitic and potassic
alkaline affinities, and are spread over the entire Tyrrhenian region
becoming younger eastward, from the Oligo-Miocene volcanic belt of
Sardinia to the young to active calcalkaline to potassic alkaline volcanoes
of the Italian peninsula and the southeastern Tyrrhenian Sea. Large
volumes of Quaternary potassic and ultrapotassic rocks in central Italy
represent the most important magma types of young orogenic activity.
Anorogenic rocks include tholeiites to Na-alkaline compositions and occur
in Sardinia, in the Tyrrhenian Sea basin and Sicily. No clear age polarity is
observed for anorogenic rocks. Areal distribution, ages, and major, trace
element and radiogenic isotope compositions allow recognising several
distinct volcanic provinces. Except for a few rhyolites and granitoid rocks
from Tuscany, the bulk of magmas is of mantle origin, testifying to
extremely heterogeneous upper mantle sources. Geochronological, petro-
logical and isotopic data suggest that multiple metasomatic events over
compositionally variable pre-metasomatic mantle rocks are responsible for
this heterogeneity.
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1.1 Introduction

The Tyrrhenian Sea region is one of the most
complex geological settings on Earth (e.g. Cavazza
and Wezel 2003; Cavazza et al. 2004; Beltrando
et al. 2010 and references therein). Such a com-
plexity is basically the result of its position at the
boundary between the converging plates of Europe
and Africa, from Cretaceous to Present. Two main
orogenic belts (Alps and Apennines), a number of
pull-apart and back-arc basins and a widespread
magmatic activity are the main effects of Late
Cretaceous-Cenozoic geodynamic evolution in
this region.

Magmatism developed almost continuously
from Upper Cretaceous-Eocene to Present.
Location of the main magmatic centres is shown
in Fig. 1.1.

Late-Cretaceous to Miocene activity along the
Alps and at few places of the Adria and Pelagian
blocks is here referred to as the “Alpine stage”
magmatic activity. Rocks in the Alps consist of
several stocks and plutons (Valle del Cervo,
Bregaglia-Bergel, Adamello, Vedrette di Ries-
Riserferner, etc.), abundant dykes and a few lavas
and volcanoclastic deposits, showing arc-type cal-
calkaline to ultrapotassic compositions (e.g.
Alagna et al. 2010; Lustrino et al. 2011). These are
collectively referred to as the Periadriatic Magmatic
Province. Magmatism developed in the Adriatic-
Africa plate away from the Adria-Europe colliding
margins (Pietre Nere, La Queglia, and southeastern
Sicily) shows tholeiitic to Na-alkaline composi-
tions and intraplate geochemical and isotopic sig-
natures (e.g. Avanzinelli et al. 2012).

A distinct stage of magmatism developed
mainly form Upper Eocene-Oligocene to Present
in the Tyrrhenian Sea region, and was coeval
with the opening of the Western Mediterran
extensional basins and the formation of the
Apennine-Maghrebian chain (Lustrino et al.
2011). This younger phase is here referred to as
the “Apennine stage” magmatism.

Composition, origin and geodynamic signifi-
cance of the Apennine-stage magmatic activity
are the main focus of this book. Short informa-
tion on the Alpine-stage magmatism is given in
Appendix 1.

Magmatism in the Tyrrhenian Sea Region: An Introductory Overview

Magmas erupted during the Apennine stage
activity show a wide range of compositions, from
mafic to felsic and from subalkaline to
ultra-alkaline. The largest compositional varia-
tions are observed among the youngest rocks,
mainly erupted by the Plio-Quaternary volcanoes
of central-southern Italy. Most studies carried out
in the last three decades agree that such a vari-
ability testifies to magma origin in a strongly
heterogeneous and anomalous upper mantle,
whose composition is the result of continuous
input of various types of crustal materials,
accompanied by upwelling of asthenospheric or
deep mantle rocks, in some areas (e.g. Peccerillo
2005; Peccerillo and Frezzotti 2015 and refer-
ences therein). Intensive magma evolution at
several volcanic centres further complicates the
magmatic setting of the Tyrrhenian Sea area.

In this chapter, an introductory overview of
the geochronology, petrology and geochemistry
of the Upper Eocene-Oligocene to Present mag-
matism in the Tyrrhenian Sea region is given.
The scope is that of describing the main com-
positional characteristics of the rocks, regional
variations of magma compositions, major con-
straints for petrogenesis, and geodynamic setting
in which magmatism developed.

1.2 Geochronology and Petrology

Petrological characteristics and ages for the main
magmatic centres in the Tyrrhenian Sea region
are summarised in Fig. 1.1 and Table 1.1. The
oldest activity occurred in western Sardinia,
Ligurian Sea, and Provence (e.g. Réhault et al.
2012), and successively shifted to Tuscany, the
Tyrrhenian Sea basin, and to central-southern
Italy.

Early volcanism in Sardinia is mainly
Oligo-Miocene in age, with scanty Eocene
occurrences (Older Sardinia volcanism). This is
followed by Miocene to Quaternary activity in
the same area (Younger Sardinia volcanism).
Igneous rocks in Tuscany range from about 8.5
to 0.3 Ma, and generally young towards the east,
from the Tuscan archipelago to the mainland.
The age of this magmatism extends to about
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Table 1.1 Petrological characteristics and ages of Cenozoic volcanic provinces in the Tyrrhenian Sea region

Magmatic Province

Sardinia
Oligo-Miocene (33—
15 Ma; single dating at
38 Ma)

Tuscany (~ 14 to
0.3 Ma)

Intra-Apennine
(~0.8-0.25 Ma)

Roman (Latium)
(>0.8-0.02 Ma)

Main magmatic centers and ages (in Ma)

Bosa-Logudoro district (38—15), Arcuentu
(~30-17), Sarroch (~24-22), Sulcis
(~28-15). Volcanism extends to offshore
western coast of Corsica, to the Ligurian Sea
(20-7 Ma with a single dating at 43 Ma),
and Provence (33-7 Ma)

Acid intrusions: Elba (8.5-6.5), Montecristo
(7.1), Giglio (5), Campiglia-Gavorrano (5—
4.3), Vercelli Seamount (7.2) Hidden
intrusions in the Larderello area (<5)

Acid volcanoes: San Vincenzo (4.5),
Roccastrada (2.5), Amiata (0.3), Older
Cimini (1.3), Tolfa-Manziana-Cerite (3.5)
Mafic centres: Sisco (14.5), Capraia (7.6—
4.6), Eastern Elba (5.8), Campiglia (4.3),
Orciatico and Montecatini (4.1), Radicofani
(1.3), Younger Cimini (1.3-0.9), Torre
Alfina (0.8)

San Venanzo (0.26), Cupaello (0.64), Polino
(0.25), Acquasparta (0.39), Oricola (0.53),
Colle Fabbri (0.8), etc.

Vulsini (>0.6-0.13), Vico (0.4-0.1), Sabatini
(0.8-0.09), Colli Albani (0.6-0.02)

Petrology and geochemistry

- Dissected stratovolcanoes, ignimbrite
sheets, subvolcanic bodies, etc. formed of
dominant calcalkaline basalt to rhyolite
and a few tholeiitic, shoshonitic and
comenditic rocks. Variable isotope
signatures (e.g. 5’Sr/%°Sr ~ 0.704-0.710),
mostly resulting from crustal assimilation.
High LILE/HFSE ratios, typical of
subduction related magmas, with a very
few occurrences in the Ligurian Sea and
Provence, southeastern France, showing
intraplate-type trace element signatures

- Acid rocks: Peraluminous to
metaluminous monzogranite, granodiorite,
granites, aplites, pegmatites (Elba,
Montecristo, Giglio, etc.), lava flows and
domes (e.g. San Vincenzo, Roccastrada),
and a few ignimbrites (Cimini and Tolfa).
Crustal-type geochemical and radiogenic
isotope signatures suggesting crustal
anatexis plus mixing with
mafic-intermediate melts

- Mafic-intermediate rocks: monogenetic
extrusive and subvolcanic bodies
sometimes containing mantle xenoliths,
stratovolcano (Capraia), mafic enclaves in
silicic rocks, showing calcalkaline to
ultrapotassic (lamproite) compositions.
High Mg#, Ni and Cr, indicating a mantle
origin, coupled with crustal-like trace
element and radiogenic isotope signatures
(e.g. ¥Sr/*Sr up to about 0.717)

- Monogenic mafic to felsic pyroclastic
centres and rare mafic lavas with an
ultrapotassic melilititic (kamafugite)
composition. Calcite-rich pyroclastic and
subvolcanic rocks interpreted as
carbonatites. Melilitolites of dubious
origin at Colle Fabbri. Trace element and
radiogenic isotope compositions similar to
the Roman Province.

- Large volcanic complexes (Vulsini,
Sabatini) and stratovolcanoes (Vico, Colli
Albani) formed of potassic (trachybasalt to
trachyte) and ultrapotassic (leucite tephrite
to phonolite) pyroclastics and minor lavas.
High enrichments in incompatible
elements. *’Sr/*Sr around 0.709-0.711.

(continued)
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Table 1.1 (continued)
Magmatic Province

Ernici-Roccamonfina
(0.6-0.15 Ma)

Pontine Islands (4.2 to
less than 0.13 Ma)

Campania-Stromboli
(>0.2 Ma to Present)

Vulture (0.75—
0.14 Ma)

Western-Central
Aeolian arc (>0.27 Ma
to Present)

Main magmatic centers and ages (in Ma)

Ernici: Pofi, Ceccano, Patrica, etc.
(0.63-0.27)
Roccamonfina (0.55-0.15)

Ponza (4.2-1.0), Palmarola (1.64—1.54),
Zannone, La Botte islet (1.2), Ventotene
(0.8-0.13)

Somma-Vesuvio (0.03—-1944 AD), Campi
Flegrei (0.2-1538 AD), Ischia (0.15-1302
AD), Procida (0.07-0.014). About 2 Ma-old
volcanism buried beneath the Campanian
Plain. Stromboli (0.2 to Present)

Vulture stratovolcano with poligenetic
caldera and a few parasitic centres

Alicudi (0.1-0.03), Filicudi (0.25-0.03),
Salina (0.25-0.016), Lipari (0.27-1220 AD),
Vulcano (0.13-1888-1890 AD), Panarea
(0.15-0.009)

Petrology and geochemistry

- Monogenetic mafic pyroclastic and lava
centres at Ernici (Middle Latina Valley),
and a stratovolcano at Roccamonfina.
Calcalkaline and shoshonitic to potassic
and ultrapotassic compositions, with
variable incompatible element abundances
and radiogenic isotope signatures,
encompassing compositions of adjoining
Roman and Campania provinces

- Domes, cryptodomes, hyaloclastites and
pyroclastic rocks with rhyolite, peralkaline
rhyolite and trachyte compositions in the
western islands of Ponza, Palmarola,
Zannone, and La Botte, plus some
submarine mafic-intermediate calcalkaline
to potassic rocks. Basalt-trachybasalt,
latite, trachyte and phonolite lava flows,
pyroclastic layers and domes in the eastern
islands of Ventotene and Santo Stefano,
where trace element and radiogenic isotope
compositions are similar to the potassic
suites from Ernici-Roccamonfina

- Shoshonitic, potassic (trachybasalt to
trachyte) and ultrapotassic (leucite tephrite
to phonolite) rocks forming
stratovolcanoes and multi-centre
complexes. Lower incompatible element
contents, LILE/HFSE and radiogenic Sr
than ultrapotassic rocks from the Roman
Province, and similar compositions as
Stromboli. Mafic-intermediate calcalkaline
composition for volcanism buried beneath
the Campanian Plain. Stromboli consists of
mafic-intermediate calcalkaline to
leucite-bearing potassic volcanics

- Na-K-rich lavas and pyroclastics with
tephrite, foidite to phonolite compositions,
containing hatiyne as a main foid.
Occurrence of haiiynite lava at Melfi. Late
erupted carbonatite lavas and pyroclastics.
Coexisting arc-type and intraplate
OIB-type trace element signatures

- Stratovolcanoes with calcalkaline
compositions in the western-central sector
of the arc, and dominant shoshonitic to
potassic rocks in the central arc. Abundant
rhyolitic rocks in the central islands
(Lipari, Vulcano). Typical arc-type
geochemical signatures; Sr-isotope ratios
increase and Nd—Pb isotope ratios decrease
toward the eastern Island of Stromboli,
which shows isotope and trace element
compositions similar to the Campania
volcanoes

(continued)



Table 1.1 (continued)
Magmatic Province

Sicily (7 Ma to
Present)

Sardinia
Miocene-Quaternary
(12-0.1)

1 Magmatism in the Tyrrhenian Sea Region: An Introductory Overview

Main magmatic centers and ages (in Ma)

Etna (0.5-Present), Iblei (7-1.5), Ustica
(0.75-0.13), Pantelleria (0.3-0.01), Linosa
(1-0.5), Sicily Channel seamounts (Miocene
to 1891 AD)

Mio-Pliocene stage: Isola del Toro (11.8),
Capo Ferrato (~6.6-5), Guspini (6.4), Rio
Girone (4.4).

Plio-Quaternary stage: Montiferro (3.9-1.6),
Orosei-Dorgali (3.6-2), Monte Arci
(3.8-2.6), Logudoro (3.1-0.1), etc.

Petrology and geochemistry

- Stratovolcanoes, diatremes, small
plateaux, etc. formed of tholeiitic to
Na-alkaline rocks (nephelinite, basanite,
hawaiite, trachyte, peralkaline trachyte and
rhyolite). Several seamounts in the Sicily
Channel. Typical intraplate compositions,
with low LILE/HFSE ratios, low-moderate
Sr-isotope and high Nd-isotope ratios, and
variable Pb isotope signatures

- Miocene-Pliocene stage: small outcrops
of basanite-trachybasalt to trachyte in
Southern Sardinia. Low LILE/HFSE ratios
and moderately radiogenic Pb-isotope
compositions.

- Plio-Quaternary stage: Stratovolcanoes,

Tyrrhenian Sea Floor
(12 Ma to Present)
Palinuro, etc.

14.5 Ma if the ultrapotassic dyke from Sisco, NE
Corsica, is considered. Rocks cropping out from
Vulsini to the Ernici (Middle Latina Valley) and
Roccamonfina cover a time span of about 0.8 to
0.02 Ma. Active volcanism starts in Campa-
nia (Vesuvio, Campi Flegrei and Ischia) and
continues in the Aeolian Islands, in eastern
Sicily (Etna), and along the Sicily Channel
(Ferdinandea-Graham, Foerstner).

Magmatic rocks in the Tyrrhenian Sea region
exhibit a very large range of petrological char-
acteristics and cover almost all the different
compositional fields on Total Alkali vs. Silica
diagram (TAS; Le Maitre 2002), a scheme des-
ignated for classifying all the main volcanic
rocks occurring on Earth (Fig. 1.2a). Rocks
range from subalkaline to alkaline, and from
mafic to silicic. In several areas, mafic rocks

Cornacya (12), Magnaghi (3), Marsili (1.1-
0.1), Vavilov, Aceste, Anchise, Lametini,

basaltic plateaux and monogenetic centres
composed of subalkaline to Na-alkaline
rocks, sometimes with a K-affinity. Typical
intraplate compositions with low
LILE/HFSE ratios and low uranogenic Pb
isotope ratios similar to EM1, a unique
case in Europe

- Coexisting intraplate (MORB-type,
Na-transitional and alkaline OIB-type) and
arc-type (arc-tholeiitic, calcalkaline,
potassic) rocks, the latter showing a
decrease in age from west to the southeast

occur in subordinate amounts with respect to
intermediate and silicic volcanics. Most of the
evolved rocks represent daughter magmas
derived from mafic parents by complex evolu-
tionary processes. Notable exceptions are repre-
sented by some silicic rocks in Tuscany, which
were formed by crustal anatexis or by mixing
between crustal anatectic and mantle-derived
melts (Poli and Peccerillo 2016 with references).

Although present in small amounts in most
volcanic centres, mafic rocks (here defined as
those with MgO > 4.0 wt%) are particularly
interesting since they represent poorly to mod-
erately evolved compositions, which may pro-
vide important information on primary (i.e.
unmodified) mantle-derived melts, on the nature
of the sources and on mechanisms of magma
formation.
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Fig. 1.2 a Total alkali vs. silica (TAS) classification
diagram (Le Maitre 2002) for representative Cenozoic
volcanic rocks from the Tyrrhenian Sea region. The thick
dashed line is the divide between the subalkaline and the
alkaline fields of Irvine and Baragar (1971). Older
Sardinia and Younger Sardinia are Oligo-Miocene and
Miocene-Quaternary volcanic stages, respectively. Anal-
yses normalised to 100 % on a LOI-free basis; b AQ

A classification scheme, modified after Sahama
(1974), shows the AQ versus K,0/Na,O
(expressed as wt%) relationships for mafic rocks
(Fig. 1.2b; Peccerillo 2002, 2003). AQ is the
algebraic sum of normative quartz, minus under-
saturated minerals (nepheline, leucite, kalsilite,
and olivine). It quantifies the degree of silica sat-
uration: saturated magmas have AQ ~ 0, under-
saturated magmas have AQ <0, whereas
oversaturated magmas have AQ > 0. The diagram
shows that mafic rocks range from strongly
undersaturated to oversaturated in silica. The lar-
gest compositional variability is observed among
Plio-Quaternary mafic rocks, which cover the
tholeiitic, calcalkaline, shoshonitic, and the K-,
Na-alkaline and ultra-alkaline fields. Carbonatitic
rocks also occur at some volcanoes, but are not
plotted in the diagram. Among potassic and

AQ = g-(ne+lc+kls+0l),0rmative

versus K,O/Na,O classification diagram for mafic vol-
canic rocks (MgO > 4.0 wt%) from the Tyrrhenian Sea
region. AQ is the algebraic sum of normative quartz,
minus undersaturated minerals (nepheline, leucite, kalsi-
lite, and Mg-olivine). The yellow field encloses the
Miocene to Quaternary rocks from Sardinia and Sicily.
For further explanation see text and Appendix 2

ultrapotassic rocks, various groups can be distin-
guished on the basis of silica saturation and
K,0/Na,O ratios. These include lamproites, ka-
mafugites, potassic series (or KS) and
Roman-type ultrapotassic series (HKS). Lam-
proites are characterised by SiO, (~56-58 wt%)
and CaO (~3-5 wt%) contents typical of
intermediate-silicic magmas, but show high MgO
(up to 10 wt%), and relative depletion in Al,O3
(~10-13 wt%) and Na,O (~ 1.0-1.5 wt%). The
latter two oxides also show low abundances in
kamafugites, which, however, are enriched in CaO
(~ 15 wt%), MgO (~ 10-15 wt%) and depleted in
SiO, (~40-45 wt%). Because of their chemistry,
both lamproites and kamafugites are plagioclase-
free rocks. Roman-type rocks show higher Al,O5
and Na,O and SiO, than kamafugites, with con-
sequent occurrence of plagioclase in the
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phenocryst mineralogy (see Appendix 2;
Foley et al. 1987; Peccerillo 1992; Conticelli
et al. 2015).

1.3 Regional Distribution of Magma
Types

Tholeiitic and Na-alkaline rocks occur in eastern
Sicily at Etna and Iblei, in the Sicily Channel,
in Sardinia (Miocene-Quaternary or Younger
Sardinia volcanism) and in the Tyrrhenian Sea
basin (e.g. Vavilov, Magnaghi, Prometeo sea-
mounts). A few arc-tholeiites have ben found at
some Aeolian seamounts. Calcalkaline and
shoshonitic rocks are concentrated in the Aeo-
lian arc and in Sardinia (Oligo-Miocene or
Older Sardinia volcanism), with minor occur-
rences in the Naples area, in Central Italy (e.g.
Ernici, Capraia, Radicofani), and in the
Tyrrhenian Sea basin.

Potassic and ultrapotassic compositions are
typical of Central Italy, although a few
leucite-bearing potassic rocks also occur in the
Aeolian arc (e.g. Conticelli et al. 2002; Peccer-
illo 2002; Peccerillo et al. 2013). Ultrapotassic
rocks from Tuscany are nearly saturated to
oversaturated in silica and are classified as
lamproites. Older lamproites occur at Sisco
(Corsica; about 14.5 Ma), and in the Western
Alps, where ages are around 30 Ma (see
Appendix 1). Strongly undersaturated ultra-
potassic rocks (kamafugites) make up a few
monogenetic centres in the internal zones of
northern-central Apennines (Umbria, Abruzzi),
but are also found as small outcrops at other
volcanoes in Central Italy. Volcanism extending
from Vulsini to Vesuvio is formed by dominant
potassic and Roman-type ultrapotassic rocks.
Mount Vulture volcano, east of Vesuvio, is
composed of undersaturated alkaline rocks that
are rich both in K,0O and Na,O (e.g. De Fino
et al. 1986).

Magmatism in the Tyrrhenian Sea Region: An Introductory Overview

1.4 Regional Variation of Trace
Element and Sr-Nd-Pb-O
Isotopic Compositions

Abundances and ratios of incompatible’ elements
are best illustrated by normalised diagrams
(spider-diagrams), where concentrations of single
elements in the rocks are divided by the abun-
dances of the same elements in the primitive
mantle. Spider-diagrams of representative mafic
rocks are shown in Fig. 1.3. Samples from eastern
Sicily, Sicily Channel, Younger Sardinia and
some Tyrrhenian seamounts have a rather smooth
pattern with a maximum at Ta and Nb, and neg-
ative anomalies of K and Rb for some samples
(Fig. 1.3a). These features are typical of magmas
erupted in intraplate tectonic settings or along
diverging plate margins. Therefore, rocks show-
ing these patterns have been referred to as
“anorogenic”. In contrast, the mafic rocks from
the Aeolian arc, the Italian peninsula, Older Sar-
dinia and some Tyrrhenian seamounts are more
enriched in Large Ion Lithophile Elements (LILE:
Rb, Cs, Ba, U, Th, K, Light REE, and Pb) and
display depletion of the High Field Strength
Elements (HFSE: Ta, Nb, Zr, Hf and Ti;
Fig. 1.3b). Negative anomalies of HFSE and
enrichments in LILE are typical of magmas
erupted along converging plate margins (e.g. Gill
1981). Therefore, rocks with these characteristics
have been defined as “arc-type” or “orogenic”
(e.g. Peccerillo 2001, 2005; Carminati et al. 2010;
Lustrino et al. 2011, 2013).

Mafic magmas erupted in different tectonic
settings, especially anorogenic vs. arc-type vol-
canic rocks, can be well discriminated by their
relative abundances of LILE and HFSE. A dis-
criminant diagram, in which Th and Ta are nor-
malised against a non-discriminant element (Yb),
is shown in Fig. 1.4 (Pearce 1982). Mafic rocks

lIncompatible elements are not hosted by common
igneous rock-forming minerals and prefer to go into the
liquid during melting and magma crystallization.
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Fig. 1.3 Patterns of incompatible elements normalised
against primitive mantle composition (Sun and McDo-
nough 1989) for some mafic rocks from the Tyrrhenian
Sea region. Patterns of average Ocean Island Basalts
(OIB; Sun and McDonough 1989) and Normal

Fig. 1.4 Th/YDb vs. Ta/Yb
discriminant diagram
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Mid-Ocean Ridge Basalts (N-MORB, Gale et al. 2013)
are shown for comparison. Older Sardinia and Younger
Sardinia indicate Oligo-Miocene and Miocene-Quaternary
volcanic activity, respectively
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from the Tyrrhenian Sea region span intraplate
(anorogenic) and volcanic arc (orogenic) com-
positions. Rocks from Etna, Iblei, Ustica,
Younger Sardinia, and Sicily Channel plot in the
field of intraplate basalts, whereas the Aeolian
arc, Central Italy, and Older Sardinia plot in the

field of arc basalts. Rocks from the Tyrrhenian
seamounts plot in both the fields.

Incompatible element and radiogenic isotope
ratios furnish additional information, especially
on rocks classified as orogenic. Plots of
LILE/LILE, LILE/HFSE and *’Sr/**Sr ratios
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Fig. 1.5 Variation diagrams of incompatible trace ele-
ment ratios and ¥’St/*°Sr for Cenozoic mafic volcanic
rocks (MgO > 4.0 wt%) from the Tyrrhenian Sea region.
Older Sardinia and Younger Sardinia indicate

show that mafic rocks from the Tyrrhenian Sea
region define distinct trends that are closely
related to the geographic position of volcanoes
rather than to petrological characteristics of
magmas (Fig. 1.5). For instance, Tuscany rocks,
which include calcalkaline, shoshonitic and
ultrapotassic compositions, plot along different
trends than the equivalent association from
Stromboli-Campania.

Radiogenic isotope signatures (Sr, Nd, Pb, Hf)
show large variations (e.g. Conticelli et al. 2002,
2010; Gasperini et al. 2002; Bell et al. 2004,
2013 and references therein). However, various
regions exhibit rather restricted and distinct iso-
topic signatures, which further highlight region-
ality of rock compositions (Fig. 1.6).

Oligo-Miocene and Miocene-Quaternary volcanic activ-
ity, respectively. GLOSS composition (Global Subducted
Sediments) is from Plank and Langmuir (1998)

1.5 Magmatic Provinces
in the Tyrrhenian Sea Region

The strong regionality for major, trace element
and isotopic compositions of volcanism in the
Tyrrhenian Sea region allows subdivision into
several compositionally different magmatic pro-
vinces. For the purpose of this review, a “mag-
matic province” is defined as a restricted zone in
which a significant amount of igneous activity
has been going on over a relatively short period
of time, for a few Ma or less. The rocks of
each province show peculiar compositional
characteristics, such as petrochemical affinity,
geochemical signatures, or even a particular
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Fig. 1.6 Sr-Nd-Pb isotope variations for Cenozoic mafic
volcanic rocks (MgO > 4.0 wt%) from the Tyrrhenian Sea
region. The dashed line on Pb-isotope diagrams (NHRL)
is the Northern Hemisphere Reference Line (Hart 1984).
Some mantle end-member compositions are also indicated
(FOZO = Focal Zone; HIMU = High-p, i.e. high
238U/2%pp; EM1 = Enriched Mantle 1; EM2 = Enriched
Mantle 2; DMM = Depleted MORB Mantle; Zindler and
Hart 1986; Hofmann 1997; Stracke et al. 2005). (EM1,

association of magma types, which make them
different from rock associations occurring in
other zones. However, magmas of a given pro-
vince might not be strictly cogenetic, i.e. do not
necessarily derive from a single source or magma
type. The underlying assumption of this defini-
tion is that magmas closely associated in space
and time and showing distinctive compositional
characteristics, are likely related to specific geo-
logical processes, which are somewhat different
from those occurred in other areas. Based on the
present definition, the Cenozoic igneous activity
in the Tyrrhenian Sea region has been grouped

EM2, HIMU, FOZO, and DMM compositions are
deduced from isotopic measurements on intraoceanic
volcanoes. They developed as a result of ageing of mantle
rocks that had undergone very ancient melt extraction
or contamination by different types of crustal materials,
such as sediments, altered oceanic crust, or lower conti-
nental crust. These processes imparted variable Rb/Sr,
Sm/Nd, Lu/Hf, Th/Pb and U/Pb to the mantle rocks, which
developed distinct isotopic signatures with ageing)

into the following magmatic provinces (Fig. 1.7,

Table 1.1; Peccerillo 2002, 2005):

o The Tuscany Province
It extends from the Tuscan archipelago to the
mainland of southern Tuscany and to the
Tolfa-Manziana-Cerite area, about 80 km
northwest of Rome. A potassic alkaline sill
cropping out at Sisco, NE Corsica, is also
included in the Tuscany Province, because of
its ultrapotassic petrogenetic affinity similar
to some Tuscany occurrences. Mafic to silicic
magmas occur in this province. Silicic rocks
are polygenetic: some are of crustal anatectic
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Fig. 1.7 Magmatic provinces in the Tyrrhenian Sea
region, as identified from major, trace element and
isotopic characteristics of mafic rocks. Some major
tectonic lines across the Tyrrhenian Sea, the Apennines
and Sicily (Ancona-Anzio, Ortona-Roccamonfina, 41°
Parallel, Sangineto, Tindari-Letojanni) are also indicated.

origin; others are mixtures of crustal magmas
and minor amounts of mantle-derived melts; a
few minor bodies represent daughter products
derived from mafic-intermediate magmas by

Inset: distribution of volcanism with orogenic (i.e. high
LILE/HFSE ratios) and anorogenic (i.e. low LILE/HFSE
ratios) compositions. The arrow indicates south-eastward
migration of orogenic magmatism from Upper
Eocene-Oligocene to Present. See text for further
explanation

fractional crystallization or other evolutionary
processes. Mafic rocks range from calcalka-
line and shoshonitic to potassic and ultra-
potassic. Some ultrapotassic rocks contain
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high-pressure ultramafic xenoliths and xeno-
crysts (e.g. Peccerillo et al. 1988; Conticelli
and Peccerillo 1990). The mafic rocks from
this province show compositions that are
closer to typical crust-derived than to
mantle-derived magmas (e.g. ¥’Sr/*°Sr up to
0.717, "*Nd/'"*Nd ~ 0.5122; *°Pb/**Pb ~
18.80; Poli et al. 1984; Conticelli and Pec-
cerillo 1992; Conticelli et al. 2002; Poli and
Peccerillo 2016 and references therein).
A similar association of calcalkaline, shosh-
onitic and lamproitic mafic rocks occur in
southeastern Spain and in the Western Alps
(e.g. Peccerillo and Martinotti 2006).

The Intra-Apennine Province

This province comprises a number of small
centres (e.g. San Venanzo, Cupaello, Polino,
Oricola etc.) scattered through the internal
zones of Apennines, from Umbria to Abruzzi.
The best known occurrences consist of ultra-
potassic kalsilite-pyroxene and olivine melil-
itite lavas (kamafugites) cropping out at San
Venanzo and Cupaello. Many pyroclastic
rocks contain abundant calcite and have been
classified as carbonatites (Stoppa and Woolley
1997). Incompatible element ratios and iso-
topic signatures are similar to those of volcanic
rocks from Latium. However, the petrological
characteristics are different, with the
intra-Apennine kamafugites displaying lower
Al,O3 and Na,O, and higher CaO, K,0O/Na,O
and degree of silica undersaturation.

The Roman Province or Latium Province
This is part of the belt of potassic and ultra-
potassic rocks running from northern Latium
to the Neapolitan area, which was defined as
the Roman Comagmatic Region by Wash-
ington (1906). The Roman Province (or
Latium Province) defined here only includes
Vulsini, Vico, Sabatini and Colli Albani
(Alban Hills) volcanoes. The newly defined
Roman Province is limited at its southern end
by an important tectonic line that crosses the
Apennines and the Italian peninsula and is
known as the Ancona-Anzio line, or
Olevano-Antrodoco line (e.g. Castellarin
et al. 1982; Turtu et al. 2013). Potassic rocks
(KS) basically consist of trachybasalts,
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shoshonites, latites and trachytes; ultrapotas-
sic rocks (HKS) are represented by leucite-
tephrites, leucitites to leucite-phonolites.
Evolved rocks largely prevail over mafic
ones, and mainly occur as caldera-forming
ignimbrite and fallout deposits. Isotope com-
positions are still close to crustal values, but
are less extreme than in Tuscany (for example
7Sr/*°Sr ratio is around 0.7090-0.7110;
Hawkesworth and Vollmer 1979; Conticelli
et al. 2002, 2010 and references therein).
The Ernici-Roccamonfina Province

The Ernici-Roccamonfina volcanoes erupted
minor volumes of magmas, relative to the
adjoining volcanic provinces. They consist of
several monogenetic centres (Ernici or Mid-
dle Latina Valley) and the strotovolcano of
Roccamonfina. Rock compositions range
from calcalkaline to KS and Roman-type
HKS. A few kamafugites have also been
found (Frezzotti et al. 2007; Boari et al.
2009). The least potassic rocks display
incompatible trace element and radiogenic
isotope ratios that are close to those of the
Neapolitan volcanoes (Vesuvio, Campi Fle-
grei, Ischia). On the contrary, ultrapotassic
rocks resemble the Colle Albani and other
Latium volcanoes. Therefore, the
Ernici-Roccamonfina Province is considered
as a sort of transition zone between the
Roman and the Campania provinces (Pec-
cerillo 2001; Peccerillo and Frezzotti 2015).
Pontine Islands

The volcanoes of this province developed
along the eastern segment of the 41° Parallel
line, a main tectonic feature across the
Tyrrhenian Sea (e.g. Bruno et al. 2000).
Compositions of rocks exposed at the surface
are silicic (rhyolite, peralkaline rhyolite, tra-
chyte) in the western islands of Ponza, Pal-
marola, Zannone and La Botte, but
mafic-intermediate submarine calcalkaline to
potassic rocks have been recently recovered
(Conte et al. 2016). Basalt and trachybasalt to
trachyte and phonolite crop out in the eastern
islands of Ventotene and Santo Stefano. Ages
are older in the western (4.2—1.0 Ma) than in
the eastern islands (0.8 to <1.3 Ma).
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Ventotene mafic magmas show geochemical
affinity with the moderately potassic rocks
from Ernici-Roccamonfina.

The Campania Province and Stromboli
Somma-Vesuvio, Campi Flegrei (Phlegracan
Fields) and Ischia are the largest and best
known volcanoes in this province (see
Giacomelli and Scandone 2007). All gave
eruptions during the historical time and are
presently quiescent. Magmas are potassic to
ultrapotassic; calcalkaline rocks are also found
by borehole drillings and among lithic ejecta.
The mafic rocks have lower concentrations of
several incompatible elements and lower
Sr-isotope ratios than the equivalent rocks of
the Roman Province (e.g. ¥’Sr/*°Sr ~ 0.705
to 0.708). Overall, trace element and radio-
genic isotope ratios basically coincide with the
rocks from Stromboli in the eastern Aeolian
arc. This has led to the conclusion that Vesu-
vio and adjoining volcanoes do not represent
the southern end of the Roman Province as
suggested by Washington (1906) but rather the
northern extension of the eastern Aeolian arc
(Peccerillo 2001).

Mount Vulture or Apulian Province

This volcano is located east of the southern
Apennines and is composed of alkaline rocks
that are enriched in both Na,O and K,O (De
Fino et al. 1986). Haiiyne is common in these
rocks. Vulture is petrologically and geo-
chemically different from any other Italian
volcano. Such diversity was early recognised
by Washington (1906) who established a
separate magmatic province for this volcano
(Apulian Region). Carbonatitic pyroclastics
and lavas also erupted at Vulture, a unique
case for orogenic settings (Stoppa and
Woolley 1997; D’Orazio et al. 2007).

The Aeolian arc Province

The Aeolian arc has been subdivided into a
western, central and eastern sector. The west-
ern arc (Alicudi, Filicudi, Salina) consists of
dominant calcalkaline mafic and intermediate
rocks, with minor silicic volcanics. The central
islands (Vulcano and Lipari) are dominated by

calcalkaline to shoshonitic mafic to silicic
rocks; mafic rocks from this sector show
radiogenic isotope compositions similar to the
western islands. The eastern arc (Panarea and
Stromboli) consists of calcalkaline to potassic
alkaline rocks. Stromboli shows geochemical
and isotopic signatures akin to the Neapolitan
volcanoes, as mentioned earlier. The Island of
Panarea, located between Stromboli and
Lipari, has intermediate characteristics
between these two volcanoes (Calanchi et al.
2002).

The Sicily Province

This includes several recent to active volca-
noes occurring in eastern Sicily (Etna, Iblei),
Sicily Channel (Pantelleria, Linosa and sev-
eral seamounts) and in the southern Tyrrhe-
nian Sea (Ustica and Prometeo lava field).
Compositions range from tholeiitic to
Na-alkaline, and from mafic to silicic, with
abundant peralkaline rhyolites (pantellerites)
at Pantelleria. All these volcanoes display
intraplate geochemical signatures, although
Etna and Ustica exhibit some petrological and
geochemical features (e.g. relatively low
TiO,, high H,O and volatile element con-
tents) that recall arc-rock compositions.

The Sardinia Provinces

Sardinia is the site of three stages of magma-
tism, showing distinct petrogenetic affinities
and geochemical-isotopic signatures (e.g.
Lustrino et al. 2013). The older volcanism (here
simply indicated as Older Sardinia) devel-
oped during Oligo-Miocene, with very scarce
Eocene activity. Compositions are dominated
by arc-type calcalkaline basalt, andesite, dacite
and rhyolite, with minor tholeiitic and shosh-
onitic volcanics. Calcalkaline to shoshonitic
rocks occurring in the Corsica-Liguria basin
and in Provence are considered as part of
this magmatic stage. Two younger volcanic
stages (Younger Sardinia) developed during
Miocene-Pliocene in the southern Sardinia, and
during Plio-Quaternary in the northern sector of
the island. Both have OIB-type geochemical
signatures, but differ strongly for volumes of
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erupted products, petrogenetic affinity, and

radiogenic isotope signatures.
e The Tyrrhenian Sea basin

Several volcanoes with arc-type and anoro-

genic affinity coexist in the Tyrrhenian Sea

basin. According to some authors (Savelli

1988; Locardi 1993; Argnani and Savelli

1999), the calcalkaline and shoshonitic sea-

mounts developed along arc-shaped struc-

tures that become younger from west to
southeast. Ponza and adjoining volcanoes
may represent the northern end of

Plio-Quaternary arcs developed from the

Anchise seamount in the southern Tyrrhenian

Sea to the Pontine Islands and northern

Campania (see Chap. 6).

The magmatic provinces outlined above are
often separated from each other by tectonic lines,
such as the Tindari-Letojanni-Malta Escarpment
fault, dividing western and eastern Aeolian arc,
and the Ancona-Anzio (or Olevano-Antrodoco)
line, separating the Roman and the Ernici-
Roccamonfina provinces (Fig. 1.7). It has been
demonstrated that these provinces are also char-
acterised by different geophysical features of the
crust-mantle system, such as thickness of the
crust, mechanical characteristics of the lid, and
depth of earthquake foci (Peccerillo and Panza
1999; Panza et al. 2007; Chiarabba et al. 2008;
Neri et al. 2009).

1.6 Petrogenesis and Geodynamic
Setting: A Preliminary
Perspective

The extreme variability of petrological and geo-
chemical characteristics of volcanism in the
Tyrrhenian Sea region calls for complex genetic
and evolutionary processes for magmas. These
will be discussed in the following chapters. Here,
the main issues relevant to petrogenesis and
geodynamics will be introduced.

As stated earlier, two broad groups of rocks
can be distinguished, respectively with orogenic
(i.e. high LILE/HFSE) and anorogenic (i.e. low
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LILE/HFSE) geochemical signatures (Figs. 1.3
and 1.4). Orogenic rocks have variable ages,
decreasing from Sardinia to the Southern
Tyrrhenian Sea. Active orogenic volcanoes are
associated with a zone of deep-focus earthquakes
defining a steep Benioff zone that extends from
the eastern Aeolian arc to Campania (e.g. Neri
et al. 2009; Orecchio et al. 2014). Rocks with
anorogenic geochemical affinity (i.e. low
LILE/HFSE ratios) were erupted from Miocene
to Present, and active volcanism occurs in eastern
Sicily and Sicily Channel.

Sr-Nd-Pb isotopic data (Fig. 1.6) show that
orogenic rocks define rather regular trends
between upper continental crust and upper
mantle compositions. This clearly highlights an
interaction between mantle- and crust-derived
components in the origin of magmatism. Such
an interaction could have occurred either by
introduction of upper crust into the mantle
(source contamination) or/and by assimilation
of crustal rocks during magma ascent to the
surface (magma contamination). Many studies
(e.g. Hawkesworth and Vollmer 1979; Peccer-
illo 2002; Conticelli 1998) demonstrated that,
although magma contamination has played an
important role in many volcanoes, it is unable to
explain the large range of Sr-Nd-Pb isotopic
compositions encountered throughout Italy and
the Tyrrhenian Sea basin. Therefore, mantle
contamination or metasomatism by upper crus-
tal components has been widely accepted as an
explanation for the geochemical and isotopic
variability of the orogenic magmas. Timing and
modalities of these processes, and compositions
of crustal and mantle end-members are still
open problems. Some authors favour a two-end
member mixing between extreme mantle com-
positions, such as FOZO and crustal-like mantle
rocks occurring beneath Tuscany and the Wes-
tern Alps (e.g. Bell et al. 2013). Others suggest
multiple mantle contamination events by dif-
ferent types of crustal material for various
magmatic provinces (Peccerillo 1999). These
issues will be discussed in detail in the fol-
lowing chapters.
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In contrast, anorogenic rocks have poorly
variable Sr-Nd isotopic ratios, indicating little or
no role of upper crustal components in their
origin. In contrast, they show large Pb-isotope
variation (Fig. 1.6), which plot between various
mantle end-member compositions, especially
FOZO, DMM, and EMI1. These variations sug-
gest intense intra-mantle mixing processes in the
source region of anorogenic magmas.

Therefore, the overall history of Cenozoic
magmatism in the Tyrrhenian Sea region can be
viewed as related to a complex interplay of
several distinct processes, including interaction
among various mantle components and mixing
between these and different amounts and types
of upper crustal materials. Additional complex-
ity to the all picture was added by evolution
processes, which took place during magmas
ascent within the crust.

1.7 Summary and Conclusions

Eocene to Present magmatism in the Tyrrhenian
Sea region exhibits a wide range of major, trace
element, and isotopic characteristics. Single vol-
canic provinces, however, have more restricted
variations. Since most of the volcanic rocks
occurring in the Tyrrhenian Sea region are of
ultimate mantle origin, this extreme magmatic
diversity requires heterogeneous upper mantle
Geochronological, petrological and
isotopic data suggest that multiple metasomatic
events over compositionally variable pre-
metasomatic mantle rocks are responsible for
this heterogeneity.

Quaternary rocks occurring in central-
southern Italy show the widest range of petro-
logical and geochemical signatures. Moreover,
large volumes of extremely enriched potassic
and ultrapotassic rocks characterise this young
volcanism. Compositions and age constraints,
therefore, indicate that mantle metasomatic
anomalies and heterogeneities increased with
time, reaching a maximum during the latest
stages of geodynamic evolution of the Tyrrhe-
nian Sea region.

sources.
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Abstract

The Tuscany Magmatic Province consists of various intrusive and
extrusive bodies ranging in composition from mafic to felsic and from
calcalkaline to ultrapotassic lamproitic. Rock age ranges from about 8 to
0.3 Ma, and decreases eastward from the Tuscan Archipelago to the
Southern Tuscany mainland. An isolated sill from Sisco (Alpine Corsica,
14.5 Ma) is also included in the Tuscany Province. Silicic magmas make
up several granitoid bodies and minor lavas. They are polygenetic and
have been formed by crustal melting, mixing between crustal anatectic and
minor amounts of mafic melts, and fractional crystallisation or AFC of
intermediate-mafic parents. Except for the Capraia Island stratovolcano,
mafic-intermediate rocks mostly occur as small subvolcanic and extrusive
bodies, and as mafic enclaves in the silicic rocks. Mafic magmas
originated within the upper mantle but have striking crustal-like trace
element and radiogenic isotope signatures, resembling closely some upper
crustal rocks such as metapelites. The coexistence of both crustal and
mantle signatures in these magmas reveals an origin from anomalous
sources, consisting of a mélange of mantle and crustal rocks. Such a
particular type of source in Tuscany probably formed during the Late
Cretaceous to Eocene subduction of the European plate beneath the
African margin. Partial melting of subduction mélange took place much
later, during the Miocene to present opening of the northern Tyrrhenian
Sea behind the west dipping and eastward retreating Adriatic subducting
slab. Age polarity of Tuscany magmatism reflects the timing of backarc
extension that migrated from west to the east.

Keywords

Tuscany magmatism - Crustal anatexis - Granitoids - Calcalkaline
magmas - Lamproites - Adakite - Mantle contamination - Subduction
mélange - Northern Apennines - Geodynamics
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2 The Tuscany Province

2.1 Introduction

The Tuscany Magmatic Province (Fig. 2.1)
consists of several mafic to silicic intrusive and
extrusive centres scattered through southern
Tuscany, the Tuscan Archipelago and northern
Latium. An older mafic ultrapotassic sill from
Sisco (northeastern Alpine Corsica) is here
included into the Tuscany Province, because of
its lamproitic composition similar to some Tus-
cany occurrences.

The Tuscany igneous rocks form stocks, dikes,
necks, lava flows and domes, and the large volca-
noes of the Island of Capraia, Monte Amiata, and
Monti Cimini. Pyroclastic rocks occur as ign-
imbritic deposits at Monti Cimini and Cerite area
(e.g. Polietal. 2003; Cimarelli and De Rita 2006a,
b; LaBerge et al. 2006), but are scarce or absent in
other Tuscany centres. Ages range from
about 8.5 Ma for some rocks in the Elba island to
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(8.5-5.8) O Oe

Montecristo O
(7.1)

10°00' E

[ Montecatiniie
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about 0.3 Ma for Monte Amiata and show a ten-
dency to decrease from west to east (Fig. 2.1). The
Sisco rock is about 14.5 Ma old (Civetta et al.
1978).

Although volumetrically subordinate with
respect to other volcanic provinces in Italy, the
Tuscany magmatism exhibits an extreme com-
positional complexity, which calls for the inter-
play of several mechanisms of magma genesis
and evolution, and various types of mantle and
crustal sources. An overview of magmatic cen-
tres is given in Table 2.1. Representative whole
rock analyses are given in Table 2.2.

2.2 Regional Geology

The geology of Tuscany consists of stacked tec-
tonic thrust units, mostly verging eastwards,
overlain by Mio-Pleistocene post-orogenic neo-
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Fig. 2.1 Location of intrusive and extrusive centres of the Tuscany Magmatic Province. Numbers in parentheses
indicate ages (in Ma). Relief shaded map from Tarquini et al. (2012)
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Table 2.1 Petrological characteristics and ages (in Ma) of magmatic centres in the Tuscany Province

Magmatic
centres

Age
(Ma)

Silicic volcanic centres

San 4.5
Vincenzo

Tolfa- 3.5
Manziana-

Cerite

Roccastrada 2.5
Monte 0.3
Amiata

Silicic plutonic centres

Island of 8.5-
Elba 5.8
Vercelli 7.2
Seamount

Island of 7.1
Montecristo

Island of 5
Giglio

Campiglia 5
Gavorrano 4.3
Hidden 5-0?
intrusions

Occurrence

— Lava flows and domes

— Dome complex and pyroclastic deposits
strongly affected by secondary alteration

— Lava flows and dome

— Central cone made of prevailing silicic lava
flows and domes, with a few late mafic lavas

— Monzogranite stock with aplites and
pegmatites (Mt. Capanne) and various
laccoliths, dikes and sills. Late mafic dikes

— Seamount with summit at a depth of about
58 m bsl

— Monzogranite stock cut by aplite and
pegmatite veins and porphyritic dikes

— Multiple intrusions of monzogranite,
leucocratic monzogranite, and
aplite-pegmatite

— Stock mostly hidden beneath surface.
Younger felsic and mafic porphyritic dikes in
the same area

— Intrusive body forming a 3 km NNW
elongated outcrop

— Various bodies near Campiglia and
Gavorrano, and in the Larderello area, the
latter being still partially molten

Mafic volcanic and hypabyssal centres

Sisco 14.5

— Thin sill cutting through high-P Alpine
metamorphic units

Petrology-geochemistry

— Calcalkaline peraluminous rhyolites
containing latite enclaves. Variable Sr isotope
ratios (¥7St/%°Sr ~ 0.713-0.725) resulting
from mixing of crustal anatectic rhyolites and
mafic magmas

— Trachydacites to high-silica rhyolites,
containing abundant mafic enclaves. Formed
by crustal melting plus fractional
crystallisation and mixing with mafic magmas

— Calcalkaline peraluminous rhyolites with
87S1/%6Sr ~ 0.7182 to 0.7198, originated by
crustal melting

— Dominant trachydacites with minor
olivine-latites and shoshonites. Origin by
mixing of crustal anatectic melts and mafic
Roman-type potassic alkaline magmas

— Dominant acid peraluminous monzogranites
and granodiorites containing microgranular
mafic enclaves, formed by crustal anatexis
plus interaction with calcalkaline
mantle-derived magmas, and fractional
crystallisation. Late intrusion of
mantle-derived shoshonitic dikes

— Syenogranitic composition, based on a single
sample

— Peraluminous monzogranite stock cut by
andesitic dikes. Origin by mixing of crustal
anatectic and mafic calcalkaline magma, plus
late intrusion of shoshonites

— Calcalkaline peraluminous rocks with variable
87S1/%0Sr (~ 0.7163-0.7203) increasing from
monzogranites to leucogranites. Similar origin
to other Tuscany granitoids

Intensely altered monzogranite to
alkali-feldspar granite depleted in Fe by
secondary processes

Monzogranite to tourmaline-rich alkali
feldspar granite. Same origin as other Tuscany
granitoids

Granitoid rocks (monzogranites,
syenogranites, granodiorite etc.) with
878188t ~ 0.7145-0.7222. Formed by
crustal anatexis plus probable mixing with
mafic melts

— Peralkaline high-silica lamproite originated in
mantle sources contaminated by siliceous
rocks

(continued)
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Table 2.1 (continued)

2 The Tuscany Province

Magmatic Age Occurrence Petrology-geochemistry

centres (Ma)

Island of 7.6-4.6 | — Remnants of a large stratovolcano formed — Dominant high-K calcalkaline andesites and
Capraia mainly of intermediate lavas. Final mafic dacites, and final shoshonitic basalts, showing

lavas and scoriae

Campiglia 4.3 — N-S trending strongly altered mafic dikes

Montecatini | 4.1 — Phologopite-rich plug permeated by abundant

Val di leucocratic veinlets
Cecina

Orciatico 4.1 — Mafic hypabyssal body

Monti 1.3-0.9 | — Early felsic lava domes and flows, and

the least radiogenic Sr isotope composition in
Tuscany (¥’St/*°Sr = 0.7073-0.7102).
Occurrence of Sr-Ba- LREE rich adakite-type
intermediate magmas. Formed by melting of
sources less contaminated than at other
Tuscany mafic centres

Ultrapotassic rocks showing trace element and
Sr isotopic compositions similar to Capraia
calcalkaline rocks. Ultrapotassic composition
probably related to secondary processes

High-silica lamproite with higher Sr isotope
ratios than Sisco (¥’Sr/*’Sr = 0.7169).
Formed by melting of anomalous lithospheric
mantle, contaminated by crustal siliceous
rocks. Veinlets generated by unmixing from
the partially crystallised host intrusion

— High-silica lamproite with composition and
origin similar to Montecatini Val di Cecina

— Shoshonitic to ultrapotassic trachytes,

Cimini ignimbrites followed by intermediate to mafic trachydacites, latites and shoshonites showing

lavas

Radicofani 1.3 — Mafic neck and remnants of lava flows

variable *’St/*°Sr (~0.7122-0.7157) in the
mafic rocks. Melting of heterogeneous mantle
sources and mixing with crustal anatectic
melts

Basaltic andesite to shoshonite formed by
mixing between high-silica lamproite and
calcalkaline basalt magmas

Torre Alfina | 0.8 — Mafic necks and lava flows containing crustal = — High-silica lamproite with composition and
xenoliths and some high-P ultramafic nodules origin similar to Montecatini and Orciatico

autochthonous sediments (e.g. Abbate et al. 1970;
Barchi et al. 2001; Carmignani et al. 2001). The
main tectono-stratigraphic units include:

1. Paleozoic metamorphic rocks
(quartz-metaconglomerates, quartzites, phyl-
lites, metavolcanics and micaschists) that
have been affected by Alpine metamorphism
and are superimposed over a gneiss complex;

2. The Tuscan units consisting of Late Triassic
to early Miocene sedimentary rocks (con-
glomerates, evaporites, limestones, marls and
arenaceous flysch) overlying the metamor-
phic basement, and affected by Alpine meta-
morphism in some places (e.g. Alpi Apuane);

3. The Ligurian complex tectonically superim-

posed on the Tuscan units, consisting of
middle to late Jurassic ophiolites and radio-
larites plus Cretaceous to Eocene pelagic
limestones and flysch sequences;

. Oligo-Miocene clastic marine sediments

resting unconformably over the Liguride
sequences;

. Neo-autochthonous Miocene to Pleistocene

sediments (evaporites, lignite, fresh water
limestones, conglomerates, clays, sands, etc.)
infilling tectonic depressions.

These rock units were formed during a com-

plex series of tectonic events, which include
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Table 2.2 Compositions of representative igneous rocks from Tuscany

Magmatic
centre

Rock type

Data source
SiO, wt%
TiO,
AlLO5
FeOrorat
MnO
MgO
CaO
Na,O
K,O
P>05
LOI

Sc ppm
\Y

Cr

Co

Ni

Rb

Sr

Y

Zr

Nb

Cs

Ba

La

Ce

Nd

Sm

Eu

Tb

Yb

Lu

Hf

Ta

Pb

Th

U
87Sr/%0Sr
143N 4/ Nd
206p},204ppy

Roccastrada

Rhyolite

412
72.48
0.24
13.56
1.91
0.03
0.36
1.02
2.61
4.86
0.14
1.56

5

12

10

2

19

395

68

33

113

14
(13.8)
172

30

68

29

6.8

0.6

1.1

3.1

0.3

38
(1.83)
45

24

17
0.71799
(0.51221)
(18.68)

San
Vincenzo

Rhyolite

4,12
68.76
0.38
14.94
233
0.03
0.91
1.96
2.86
4.63
0.20
1.93

6

36

28

5

21

310
223

24

149

13

400

43

91

43

8.9

13

1.0

1.8

0.2

4.1
(1.9)
50

20

11
0.71558
(0.51225)
(18.71)

Tolfa

Latite

64.61
0.66
16.45
3.57
0.04
1.40
3.18
2.47
5.23
0.12
1.98

305
264
28
275
19

567
51
97
36
6.7
1.2
2.4
0.5

56
30
8.7
0.71383

18.74

Manziana

Rhyolite

71.66
0.39
14.50
2.19
0.03
0.31
1.51
3.28
4.99
0.03
0.81

385
91
35
214
10

231
71
133
50
9.4
0.82

3.4
0.63

75
53
10
0.71308

18.723

Mt. Amiata

Trachydacite

13
64.90
0.57
15.90
3.88
0.06
1.74
2.97
2.08
52
0.2
1.92
(12)
59

31

14
369

282

27

265

17

26.01
343

71

142

57

10.28
1.16

1.02

27

0.41

7.49

17

57

43

112
0.712574
0.512096
18.721

Mt. Amiata

Mafic
enclave

13
53.76
0.72
17.16
6.02
0.10
4.64
6.85
1.64
5.27
0.28
2.76
(37
141
121

40
295
663
32

288

18.09
781

74

146

68
12.19
2.18
1.15
261
0.39
721
112

52

36

8.36
0.71139
0.51209
18.731

Mt. Cimini

Trachydacite

20
64.16
0.69
16.60
441
0.08
2.18
3.16
2.31
5.18
0.21
0.83
10.7
57

32

20

290
416

31

262

19
(33)
764

95

155

55
12.8
1.69
0.99
2.40
0.50
7.0

1.8

69

45

6.9
0.713902
0.512139
18.708

23

Mt.
Cimini

Latite

20
56.94
1.10
15.39
4.80
0.10
7.65
5.50
1.33
5.77
0.27
1.01
@n
103
389

154
382
409

23

429

24
@7
756

93

193

85
15.9
2.32
1.10
1.96
0.34
10.9
1.9

49

58

8.5
0.715648
0.512063
18.723

(continued)
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Table 2.2 (continued)

Magmatic Roccastrada  San Tolfa Manziana = Mt. Amiata  Mt. Amiata  Mt. Cimini Mt.

centre Vincenzo Cimini

Rock type Rhyolite Rhyolite Latite Rhyolite | Trachydacite = Mafic Trachydacite | Latite

enclave

297pp/*%*ph (15.65) (15.66) 1570 15.663 15.681 15.678 15.671 15.689

208pp/2%4ph (38.91) (38.88) 38.79  38.859 39.003 39.002 38.959 39.023

Magmatic Capraia Capraia Sisco Montecatini Orciatico Torre Radicofani

centre Val di Cecina Alfina

Rock type Shoshonitic Andesite Lamproite Lamproite Lamproite Lamproite Shoshonite
basalt

Data source 14 14 12,15,17 12,15, 17 12,15, 17 18,17 18,10

SiO, wt% 50.65 61.90 58.50 56.86 57.79 55.50 54.30

TiO, 1.65 0.69 227 1.37 1.51 1.36 0.91

AlL,O; 15.50 15.30 10.84 12.61 11.79 13.40 17.21

FeOrotal 9.18 4.85 3.15 5.76 5.13 5.78 6.07

MnO 0.13 0.07 0.06 0.1 0.08 0.10 0.11

MgO 6.41 3.48 6.63 7.15 8.23 9.36 7.77

CaO 7.92 5.48 3.12 3.47 3.46 4.70 7.59

Na,O 2.83 3.14 1.02 1.2 1.31 1.18 2.02

K,0 2.42 3.33 10.73 791 8.06 7.46 2.89

P,Os 0.48 0.18 0.67 0.92 0.85 0.54 0.25

LOI 1.13 1.36 2.09 2.43 1.55 0.58 0.84

Sc ppm 23 - 11 20.2 18.5 17 (23)

\% 166 128 84 137 116 118 173

Cr 400 177 340 380 500 641 417

Co 30 11.9 19 27 28.1 36 29.4

Ni 69 29 230 140 280 349 124

Rb 115 116 318 768 612 453 163

Sr 399 733 640 408 577 726 339

Y 20 19.3 19 28 23.8 33 22.6

Zr 221 185 1040 491 749 674 216

Nb 15 11.9 55 30.1 39 31 11.7

Cs 4 9.2 2 14 25.2 30 9.46

Ba 540 711 1450 1370 1400 1293 579

La 29 58.5 183 79.8 148 98 414

Ce 68 109 367 206 352 294 92.6

Nd 51.9 43.6 146 133 193 127 43.6

Sm 9.6 8.01 19.1 235 26.9 20.7 7.7

Eu 2.09 1.76 35 4.02 432 3.51 1.75

Tb 1 0.77 1.09 1.31 1.27 1.2 0.81

Yb 2.3 1.84 1.59 2.19 1.85 2.38 1.97

Lu 0.35 0.28 0.21 0.3 0.25 0.39 0.32

Hf 5.6 5.4 32.1 134 21.4 15.5 5.48

Ta 1.2 0.9 3.96 2.17 2.93 2.3 0.95

Pb 12 61 12 19 30 57 29

Th 24 23.1 37.9 112 119 61 24.7

U 3.8 6.43 4.61 18.2 14.9 14.2 4.62

(continued)
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Table 2.2 (continued)

Magmatic
centre

Rock type

87S1/%6Sr
143Nd/144Nd
206Pb /204Pb
207 Pb /204Pb
ZOSPb /204Pb
176Hf/1 77Hf

Magmatic
centre

Rock type

Data source
Si0, wt%
TiO,
Al,O4
FeO
MnO
MgOrotal
CaO
Na,O
K,O
P,0s5
LOI

Sc ppm

Capraia

Shoshonitic
basalt

0.708135
0.512254
18.652
15.663
38.963
Elba
Monzo- Syeno-
granite granite
9,16,1 19
67.49 70.79
0.52 0.32
15.69 15.74
2.68 2.18
0.05 0.04
1.57 0.74
2.7 1.65
3.53 3.16
4.13 445
0.2 0.17
1.14 1.21
8.3 5.0
36 24.0
30.6 15.0
72 4.0
13.4 10.0
275 294
229 126
20 12.1
13.1 11.8
415 34
402 257
33.7 28.9
68.9 60.0
29.7 24.8
5.96 5.0
0.92 0.68
0.63 0.48
1.35 0.73

Capraia

Andesite

0.708719
0.512346
18.735
15.702
39.086

Andesitic
dike

21
62.77
0.66
15.25
451
0.07
3.79
2.42
3.03
3.08
0.17
3.32

91
190
14
20
65
316
18
143
10.5
2.6
425
29.2
56
25.7
5.19
1.18
0.63
1.75

Sisco

Lamproite

0.712264
0.512149
18.808
15.696
39.190
0.282504

Montecristo

Monzo-
granite

6,8
70.55
0.36
14.94
2.10
0.04
0.66
1.76
3.71
4.77
0.22
0.64
6.1
28

5

357
122

Montecatini
Val di Cecina

Lamproite

0.71672
0.512086
18.624
15.638
38.947
0.282435

Giglio

Monzogranite

6,7
67.63
0.66
15.56
3.73
0.08
1.24
2.13
2.81
4.79
0.17
1.11
10.7

44
8.5

337
131
30
223
12

318
44
9%
41
8.8
1.1
1.0
27

Orciatico

Lamproite

0.71579
0.512094
18.697
15.698
39.062
0.282404

Leucogranite

6,7
73.54
0.21
14.07
1.47
0.05
0.38
0.82
2.38
6.04
0.14
0.89

&~ B

372
65
21
92

74

39
18.6
4.6
0.48
0.55
2.8

Torre
Alfina

Lamproite

0.71579
0.51212
18.677
15.678
38.918
0.282398

Larderello

Granite
Monteverdi
Drilling

11
70.06
0.37
15.53
2.39
<0.02
0.76
1.90
2.94
4.66
0.16
0.80
34.3
25.7
5.3
13
238
305
13.2
148
8.8
13.7
601
28
58.8

4.7

0.87
0.44
1.17

25

Radicofani
Shoshonite

0.71333
0.51218
18.711
15.665
39.049
0.282554

Vercelli
Seamount

Syenogranite

72.60
0.23
14.23
1.59
0.04
0.50
1.05
391
451
0.26
0.90

17
12

440
302
19
87

112

(continued)
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Table 2.2 (continued)

Magmatic Elba Montecristo

centre

Rock type Monzo- Syeno- Andesitic = Monzo-
granite granite dike granite

Lu 0.18 0.09 0.26 0.30

Hf (3.3) 0.33 38 -

Ta 1.79 2.30 1.03 -

Pb 43.7 33 18 -

Th 19.5 11.6 12.6 30

U 14.4 7.4 6.17 -

87Gr/%0Sr 0.71461  0.722800  0.708129 | (0.71466)

SNd/'Nd | 0512182 | 0.512117 | 0.512209 | —

206pp2%ph | (18.68) - - -

207pp %Py (15.67) | - - -

208pp2%%pPh | (38.87) - - -

Source of data: (1) Vollmer (1977); (2) Hawkesworth

2 The Tuscany Province

Giglio Larderello Vercelli
Seamount
Monzogranite | Leucogranite | Granite Syenogranite
Monteverdi
Drilling
0.45 0.46 0.17 -
55 2.8 435 -
2.5 1.1 1.07 -
- - 44.7 -
21 10 21.2 11
— — 10.3 7
(0.7173) (0.7195) 0.719075 0.71140
(0.5122) (0.5121) 0.512086 -

and Vollmer (1979); (3) Barbieri et al. (1986); (4) Giraud et al. (1986);

(5) Pinarelli (1991); (6) Poli (1992); (7) Westerman et al. (1993); (8) Innocenti et al. (1997); (9) Dini et al. (2002); (10) Gasperini et al.
(2002); (11) Dini et al. (2005); (12) Conticelli et al. (2007); (13) Cadoux and Pinti (2009); (14) Conticelli et al. (2009a, b);
(15) Conticelli et al. (2010); (16) Farina et al. (2010); (17) Prelevic et al. (2010); (18) Conticelli et al. (2011); (19) Farina et al. (2012);

(20) Conticelli et al. (2013); (21) Pandeli et al. (2014)

rifting, oceanic convergence, continental colli-
sion and post-orogenic extension. Early rifting
occurred during Triassic-Jurassic times; conti-
nental to littoral clastic sediments, evaporitic
deposits and carbonate rocks, as well as ophi-
olitic sequences of the Liguride units were
formed during this phase (e.g. Principi and
Treves 1984; Balestrieri et al. 2011). Compres-
sion started during Cretaceous in the Liguride
units and continued during the Lower Oligocene
when the Tuscan units were tectonically
emplaced over the Umbria sequences on the east.
Successively, the compressive front shifted
eastward involving progressively more external
sectors of the Adriatic foreland (Brunet et al.
2000; Barchi 2010 with references). Contempo-
raneously, extension and magmatism affected the
backarc area, migrating from west to east behind
the shifting compressive front of Northern
Apennines (e.g. Civetta et al. 1978; Peccerillo
et al. 1987; Serri et al. 1993; Pauselli et al. 2006;
Pandeli et al. 2010). According to Boccaletti
et al. (1997), extensional tectonic regime west of
the compression front was interrupted by Mes-
sinian, Late Pliocene and Middle Pleistocene
compressive tectonic phases, which would be

responsible for interruption of magmatic activity
in these periods.

Syn-tectonic terrigenous turbidite and pelagic
sedimentation, thrusting and HP-LT to Barrovian
metamorphism took place during the compres-
sional tectonic phases. Synorogenic metamorphic
rocks are exposed at various localities of the
mainland Tuscany, Tuscan archipelago and
northeastern Corsica (Alpine Corsica). Peak
pressures of 1.3—1.6 GPa at temperatures of about
300-420 °C were found for the Schistes Lustrés
in the Corsica and Gorgona islands, whereas
lower pressures of 0.6-0.85 GPa have been
determined for the same units in the Giglio area
(Franceschelli et al. 2004 with references), and
for Cretaceous metabasites at Elba (P ~ 1 GPa,
T = 300-350 °C; Bianco et al. 2015). A younger
metamorphic phase took place in the Miocene
during extension and rapid exhumation
(Balestrieri et al. 2011).

Moho is about 20 km deep and asthenosphere
occurs at 40-50 km beneath the Tyrrhenian
border of southern Tuscany; crustal thickness
increases eastward reaching a maximum of about
40 km beneath the axial zone of the Apennines
(e.g. Gianelli et al. 1997; Piromallo and Morelli
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2003; Mele and Sandvol 2003; Mele et al. 2006;
Di Stefano et al. 2011; Carannante et al. 2013;
Buttinelli et al. 2014). A vertical zone with high
seismic-wave velocity has been detected beneath
the Northern Apennines (e.g. Panza and Mueller
1979; Benoit et al. 2011). This has been inter-
preted as a remnant lithospheric slab from the
Adriatic plate (east of the Apennine chain),
which is passively sinking into the upper mantle.
According to recent studies, the slab extends to
about 300 km depth, with its southern edge at
about 43°N, with no deep continuity with any
slab segment to the south (Benoit et al. 2011). An
additional important geophysical feature is
denoted by the occurrence of a high-Vp anomaly
at about 40-50 km depth beneath the western-
most sector of the Tuscany Magmatic Province.
This may represent the remnants of the European
lithosphere subducted during Alpine orogenic
phase (Finetti et al. 2001; Pauselli et al. 2006; Di
Stefano et al. 2011; Giacomuzzi et al. 2012;
Carannante et al. 2013).

Heat flow is high in southern Tuscany (around
100-200 mW/m? in some areas), with peaks of
600 mW/m? recorded in the Larderello area, i.e.
at the site of the well-known active and long
exploited geothermal fields (Della Vedova et al.
1991, 2001, 2006; Minissale 1991; Brogi et al.
2005 with references). Geophysical and field data
suggest that much of the heat is provided by
partially molten dome-shaped intrusions sited at
a minimum depth of about 5000 m (Boccaletti
et al. 1997; Gianelli et al. 1997).

CO, degassing in southern Tuscany is around
4.8 x 10° mol y71 kmfz, about five times the
baseline of terrestrial emission (Frondini et al.
2008). Geochemical and isotopic data indicate
significant contributions from the upper mantle,
as testified by He-isotope signatures of gas
manifestations, which show  values of
R/Rp = 2.4 at Orciatico, Montecatini Val di
Cecina and Larderello (Minissale et al. 2000).

Tuscany hosts an important metallogenic
province that is related to magmatism (e.g.
Tanelli and Lattanzi 1986; Dini 2003). Main
mineralized districts occur at Elba, in the hilly
area of southwestern Tuscany known as “Colline
Metallifere”, and at Monte Amiata. Important
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quantities of iron, lead, copper, zinc, silver,
antimony, mercury, and gold, have been extrac-
ted from Etruscan times until a few decades ago
when mines were closed.

2.3 Composition and Classification
of Tuscany Magmatism

The igneous activity of the Tuscany Province
emplaced a wide variety of intrusive and extrusive
bodies. Volcanic and dike rocks mostly fall in the
fields of shoshonite, latite dacite-trachydacite, and
rhyolite (Fig. 2.2a). Plutonic rocks partially
overlap volcanic compositions, but show moder-
ate enrichment in potassium and mostly concen-
trate in the acidic field. They span the alkali
feldspar granite to diorite field, according to Q’-
ANOR classification scheme of Streckeisen and
Le Maitre (1979); granodiorites and monzogran-
ites are largely dominating rock types, whereas
mafic samples exclusively occur as microgranular
enclaves within plutonic rocks (Fig. 2.2b). Sev-
eral acid intrusive and extrusive rocks show a
peraluminous character (Alumina Saturation
Index, ASI' > 1)

Mafic rocks are mostly represented by dikes,
lavas, and enclaves. They are generally saturated
to oversaturated in silica, and show variable
enrichments in potassium and K,O/Na,O ratios,
from calcalkaline to ultrapotassic (Fig. 2.2¢). An
overview of Tuscany rock compositions is shown
by variation diagrams reported in Fig. 2.3. These
highlight a wide range of major and trace ele-
ment abundances, with mafic rocks showing very
high concentrations of Cr, Ni and Co, typical of
unmodified mantle-derived magmas.

Sr—Nd-Pb—Hf isotope ratios display partially
overlapping range of values for the silicic and
mafic rocks, and all are closer to crustal than to
mantle compositions (Fig. 2.4; Vollmer 1977,
Hawkesworth and Vollmer 1979; Conticelli et al.
2002, 2010; Gasperini et al. 2002; Farina et al.
2010). This is obvious for the silicic rocks but is
rather surprising for the mafic magmas.

"Molar ratio of Al,O5/(CaO + K,0 + Na,O).
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Fig. 2.2 a Total-Alkali versus Silica (TAS) classification
diagram of Tuscany igneous rocks (Le Maitre 2002). Data
recalculated to 100 % on a LOI-free basis. Note that TAS
nomenclature applies to volcanic and hypabyssal rocks
only. The dashed line divides the subalkaline and alkaline
fields (Irvine and Baragar 1971). A limited number of
representative samples are reported in this and the
following plots, to avoid excessive symbol crowding;
b Q' versus ANOR classification diagram of Tuscany

Therefore, the Tuscany Magmatic Province is a
petrologically anomalous area, where mafic
magmas (and their mantle sources) look like the
upper continental crust, for radiogenic isotope
ratios. Such a statement also applies to incom-
patible trace elements, as it will be demonstrated
later in this chapter.

plutonic rocks; Q, Or, Ab, and An are CIPW normative
contents of quartz, orthoclase, albite and anorthite
(Steckeisen and Le Maitre 1979); ¢ K,O/Na,0O wt%
versus AQ diagram for mafic rocks (MgO > 3.5 wt%).
AQ is the algebraic sum of normative quartz, minus
undersaturated minerals (foids and Mg-olivine). Silica
undersaturated magmas have AQ < 0, whereas oversatu-
rated magmas have AQ > 0

2.4 Silicic Magmatism

The silicic rocks of the Tuscany province occur
as intrusive, hypabyssal and extrusive bodies.
Intrusive rocks crop out essentially in the islands
of the Tuscan Archipelago (Elba, Montecristo,
Giglio), whereas they occur mainly as hidden
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Fig. 2.4 Plots of Sr, Nd, Pb and Hf isotopes of Tuscany magmatic rocks. Compositions of other magmatic provinces
(restricted to mafic compositions) from central-southern Italy are shown for comparison. Symbols as in Fig. 2.2

bodies beneath the surface in the mainland of
southern Tuscany (e.g. Colline Metallifere, Lar-
derello and Amiata areas). Some seamounts in
the northern Tyrrhenian Sea are made of grani-
toid rocks (e.g. Vercelli; Barbieri et al. 1986;
Savelli 2000; Cocchi et al. 2015). Extrusive
rocks consist essentially of lava domes and
flows, whereas pyroclastic rocks occur only in a
few places. Main volcanic silicic centres include
San Vincenzo, Roccastrada, Tolfa-Manziana-
Cerveteri area and Monte Amiata. Silicic lavas
and ignimbrites erupted during the early phases
of activity at Cimini volcano where, however,
mafic rocks are the most interesting magma
types. A few dacites crop out at Capraia, and
trachyte veinlets are found within the Monteca-
tini Val di Cecina minette.

2.4.1 Effusive Rocks
San Vincenzo. Rhyolitic lava flows and dome
(about 4.5 Ma; Feldstein et al. 1994) crop out at
San Vincenzo, on the Tyrrhenian coast of
southern Tuscany. Rocks form a small plateau
that covers an area of about 10 km?.
Petrography and mineralogy. Rock texture is
porphyritic with phenocrysts of K-feldspar,
quartz, plagioclase and biotite, and minor cor-
dierite. Zircon, apatite, epidote, monazite are
present as accessories; the groundmass is glassy
to microcrystalline. Metasedimentary xenoliths
are present in the rhyolites; latite enclaves,
megacrysts of diopside (EnygFssWoy4) and
glomeroporphyric aggregates of clinopyroxene,
orthopyroxene  (En,gFs;gWo,),  plagioclase
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Fig. 2.5 REE patterns of selected silicic a and mafic b rocks from Tuscany. Normalising values are from Sun and

McDonough (1989)

(~ Angs_45) and biotite are found in some lavas.
Plagioclase phenocrysts are strongly zoned
(about Angp to Anzg from core to rim), with the
highest anorthite contents being found in the
rocks that contain latite enclaves. Alkali feldspar
(Orsg_75) shows minute inclusions of biotite and
plagioclase. Biotite occurs as phenocryst and
groundmass phase in the rhyolites and in the
latite enclaves. Composition is variable
(Mg#* ~ 0.38-0.78), with maximum Mg#
being found in biotites from enclaves (Poli and
Perugini 2003a). Cordierite occurs as both
euhedral magmatic (Mg# = 0.47-0.59) and
anhedral restitic crystals (Pinarelli et al. 1989;
Ridolfi et al. 2014).

Petrology and geochemistry. The San Vin-
cenzo rhyolites are peraluminous (ASI=1.1-
1.3), and exhibit important variations for many
geochemical parameters. Based on Sr absolute
abundances and Sr-isotope ratios, two groups of
rocks have been distinguished (Ferrara et al. 1989;
Pinarelli et al. 1989). One group of rhyolites,
mostly coming from the western sector of the
plateau, has relatively lower Sr abundance (Sr ~
100-150 ppm), and higher initial Srisotope ratios
®7Sr/*°Sr ~ 0.7190-0.7248) than the rhyolites
from the eastern plateau (Sr ~ 200-300 ppm;
87S1/%°Sr ~ 0.7126-0.7154). Nd isotope ratio
("Nd/'™Nd ~ 0.51215-0.51227)  increases

2Mg# is the molar ratio of MgO/(MgO + FeO).

from low-Sr to high-Sr group. Pb-isotope ratios are
poorly variable (**°Pb/”**Pb ~ 18.66-18.74;
27pbPMPb ~ 15.65-15.68;  **°Pb/*'Pb ~
38.82-38.95) (Vollmer 1976, 1977; Ferrara et al.
1989; Cadoux et al. 2007). Latite enclaves and
pyroxene clots only occur in the high-Sr rhyolites
and show high Sr abundances (Sr ~ 1000-
1500 ppm), relatively low initial Sr isotope ratio
*7Sr/*°Sr ~ 0.7081-0.7088) and high
3Nd/'*Nd in the range 0.51245-0.51252; Fer-
rara et al. 1989; Feldstein et al. 1994). 8"* 0smow
of whole rocks and separated quartz and feldspar
ranges from +11.7 to +14.6 %o (Turi and Taylor
1976; Masuda and O’Neil 1994). Data for sepa-
rated phases highlight marked Sr- and O-isotope
disequilibrium. REE have variable abundances,
increasing from the low-Sr to the high-Sr group,
and show fractionated patterns with negative Eu
anomalies (Fig. 2.5a).

Petrogenesis. Geochemical and isotopic data
on whole rocks, enclaves and separated minerals
indicate that the San Vincenzo rhyolites are
mixtures between crustal anatectic and
mafic-intermediate magmas. Crustal anatectic
melts are represented by low-Sr rocks, whereas
the mafic end-members had a composition close
to that of the latitic enclaves (Ferrara et al. 1989;
Pinarelli et al. 1989; Feldstein et al. 1994). Such
a mixing process is well highlighted by the
hyperbolic trend defined by the San Vincenzo
rocks on ¥7Sr/*®Sr versus Sr diagram (Fig. 2.6).
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Fig. 2.6 ®’Sr/*Sr versus Sr for Tuscany silicic rocks.
The full line is a mixing trend between the most
radiogenic San Vincenzo rhyolite and average mafic
enclave from the same centre. Numbers along the line
indicate the amounts of mafic melt involved in the mixing.

Roccastrada. Rhyolitic lava flows and domes
with an age of about 2.5 Ma (Laurenzi et al.
2007) crop out over an area of about 100 km? at
Roccastrada (Mazzuoli 1967; Pinarelli et al.
1989).

Petrography and mineralogy. The Roc-
castrada rocks exhibit porphyritic textures with
phenocrysts and megacrysts of K-feldspar
(~Orgo_75) and quartz, plus minor plagioclase
(mostly in the range Ansg.,g), biotite (Mg# ~
0.50-0.40) and cordierite (Mg# ~ 0.50-0.40).
Accessory phases include zircon, apatite, mag-
netite, and rare garnet. Groundmass texture is
generally massive, glassy to perlitic, sometimes
microcrystalline. Small xenoliths of metasedi-
mentary origin have been found, whereas there is
no evidence for the occurrence of magmatic
mafic enclaves.

Petrology and geochemistry. The Roccastrada
rhyolites are more strongly peraluminous
(ASI ~ 1.2-1.5), richer in silica and Rb and more
depleted in Sr and Ba than the San Vincenzo lavas.
Composition resembles closely some hidden
granites sampled by drilling in the Larderello area
(Dini et al. 2005). Radiogenic-isotope signatures
are less variable than at San Vincenzo
¢'St/*°Sr ~ 0.7182-0.7198;  '*Nd/'**Nd ~
0.51222; *Pb/***Pb ~ 18.70; **’Pb/***Pb ~

600
Sr ppm

800 1000

The blue dashed line is a mixing trend between
Roccastrada rhyolites and San Vincenzo average enclave.
Thin arrows indicate fractional crystallisation trends. For
further explanation, see text

15.67; ***Pb/’**Pb ~ 38.97; Vollmer 1976,
1977; Hawkesworth and Vollmer 1979; Cadoux
et al. 2007). Oxygen isotopic ratio is high with
3" 0gmow ~ +13 %o (Turi and Taylor 1976).

Petrogenesis. The Roccastrada rhyolites are
considered as pure crustal anatectic magmas.
They formed by melting of metasedimentary
rocks of the Tuscany basement (e.g. Paleozoic
garnet micaschists) and experienced little or no
interaction with mafic magmas (Pinarelli et al.
1989; Poli and Perugini 2003b). Lower Sr iso-
topic ratios than the low-Sr San Vincenzo rhyo-
lites suggest an isotopically less radiogenic
source for Roccastrada.

Tolfa-Manziana-Cerite  volcanoes. This
volcanic complex is the most southerly exposure
of the Tuscany Province. It consists of a series of
lava domes containing mafic magmatic enclaves
and crustal xenoliths, associated with strongly
altered pyroclastic flow deposits (Cimarelli and
De Rita 2006a). K/Ar ages of 3.7-1.8 Ma were
reported by Clausen and Holm (1990), but more
restricted values around 3.5 Ma were found for
separated sanidine by Villa et al. (1989).

Petrography and mineralogy. The volcanic
rocks from Tolfa-Manziana-Cerite range from
trachydacite to rhyolite; magmatic enclaves are
shoshonites and latites (Clausen and Holm 1990;
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Pinarelli 1991; Bertagnini et al. 1995). Trachy-
dacites have a porphyritic texture with phe-
nocrysts of plagioclase (~ Angg_so), Sanidine,
orthopyroxene (Ens,), augite and biotite
(Mg# = 0.57-0.60) set in a glassy groundmass
(De Rita et al. 1994, 1997). Rhyolites are por-
phyritic with phenocrysts of reversely zoned
plagioclase (~ Anss_70), sanidine, and some
orthopyroxene and quartz set in a microcrys-
talline to glassy groundmass. Accessory minerals
include zircon, apatite and Fe-Ti oxides. Mafic
enclaves have rounded shapes and diffused con-
tacts with the host rocks, indicating they were
incorporated in the host magmas still in a molten
state. They are porphyritic and contain plagio-
clase (~Ange_sp), alkali feldspar (~ Orsy_7s),
diopside to augite clinopyroxene, othopyroxene
(~Enss_45) and biotite (Bertagnini et al. 1995).

Petrology and geochemistry. The Tolfa-
Manziana-Cerite rocks are moderately to highly
silicic (SiO, ~ 63-74 wt%). Mafic enclaves
display broadly calcalkaline to potassic alkaline
compositions. There is a continuous decrease in
Al,O3, TiO,, FeO, MgO and CaO, and an
increase in some incompatible elements (e.g. Rb,
Th) from mafic enclaves to rhyolites. Isotopic
compositions of lavas and pyroclastics are mod-
erately variable (*’St/*°Sr = 0.7123-0.7144;
2%pb/***Pb = 18.72-18.75; *07pb/***Ph =
15.65-15.70; ***Pb/***Pb = 38.79-38.91; Clau-
sen and Holm 1990; Pinarelli 1991). Mafic
enclaves show a somewhat larger range of Sr—Pb

isotopic  ratios  (*’Sr/*°Sr = 0.7079-0.7127;
206py,204pp, = 18.72-18.79; 207pp204pp =
15.67-15.79; 208pp,204pp = 38.87-39.12).

Metasedimentary xenoliths have much more
radiogenic Sr isotope ratios (*’Sr/*®Sr ~ 0.726;
Pinarelli 1991)

Petrogenesis. According to Clausen and Holm
(1990), the Tolfa-Maziana-Cerite volcanics were
generated by fractional crystallisation starting
from intermediate parents, which derived directly
from melting of subducted upper crustal rocks.
Pinarelli (1991) suggests an origin by melting of
metasedimentary crustal rocks followed by frac-
tional crystallisation and mixing with various
types of mantle-derived mafic magmas, repre-
sented by mafic enclaves. These are derived from
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anomalous metasomatic mantle sources less
strongly enriched in incompatible elements than
that of the nearby Roman Province (Pinarelli
1991; Bertagnini et al. 1995).

Monte Amiata. This is a 1738 m-high vol-
cano dominated by trachydacitic lava flows and
domes with a few late-erupted shoshonites and
latites. The volcano is affected by numerous
faults, related either to strike-slip regional tec-
tonics (Brogi et al. 2010) or/and to volcanic
spreading over its substratum (Borgia et al.
2014). The high elevation is related to both the
accumulation of volcanic products around a
central crater area and to doming by magma
intrusion in an extensional setting (Acocella and
Mulugheta 2001; Marroni et al. 2015). K/Ar and
YOAr/*°Ar ages range from about 0.4 to 0.2 Ma
(see Laurenzi et al. 2015) with a most probable
age of 0.3 Ma (Cadoux and Pinti 2009).
Well-known and long-exploited cinnabar miner-
alisations occur at Monte Amiata (Mazzuoli and
Pratesi 1963; Barberi et al. 1971; Conticelli et al.
2015b with references).

Petrography and mineralogy. The Monte
Amiata trachydacites exhibit a porphyritic tex-
ture with abundant phenocrysts and megacrysts
of sanidine (~Orgg), plagioclase (~ Angy_so),
orthopyroxene (~ Enss_4), high-Ti biotite and
diopside to augite clinopyroxene. Groundmass is
glassy and contains microlites of clinopyroxene,
rare orthopyroxene, and some biotite. Xenocrysts
of olivine have been observed. Accessory phases
include apatite, zircon, ilmenite, magnetite and
perrierite, a hydrous sorosilicate of Ca, Fe, Ti, Th
and REE (Cristiani and Mazzuoli 2003; Conti-
celli et al. 2015b with references). Latites and
shoshonites are porphyritic with phenocrysts of
reversely zoned plagioclase, diopside, and oli-
vine (up to Fogp), set in a hypocrystaline
groundmass containing the same phases plus
sanidine and glass. Abundant magmatic mafic
enclaves and metamorphic xenoliths occur in the
Monte Amiata lavas. Mafic enclaves are partic-
ularly abundant in the summit domes (van Ber-
gen et al. 1983; van Bergen and Barton 1984;
Conticelli et al. 2015b with references), and
show clear textural evidence (rounded shapes,
chilled margins, etc.) of being incorporated into
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the host magma when they were still in a molten
state (Conticelli et al. 2010, 2015b). Textures are
porphyritic with dominant diopside phenocrysts
plus some phlogopite-biotite and olivine
(~Fogp_gp) set in a groundmass consisting of
sanidine, clinopyroxene, biotite and rare olivine.
Xenocrysts of plagioclase, sanidine and
orthopyroxene are also present (van Bergen et al.
1983).

Petrology and geochemistry. The Monte
Amiata lavas have a potassic petrochemical
affinity, with the most mafic samples being
ultrapotassic in composition (K,O/Na,O wt
% > 2.5). All samples, except some enclaves, are
oversaturated in silica. There is a decrease in
FeOra, MgO, CaO, ferromagnesian trace ele-
ments, St and Ba with increasing silica. In con-
trast, incompatible elements (e.g. Th, Rb, Nb)
remain virtually constant and are rather scattered
in the silicic rocks. ¥’Sr/*°Sr ratio (~0.7116—
0.7131 for the lavas and 0.7105-0.7118 for the
magmatic enclaves) increases linearly with silica,
whereas Nd- and Pb-isotopes are poorly variable
("Nd/'"*Nd ~ 0.5121; *°°Pb/”*Pb ~ 18.71-
18.77; *YPb/’™Pb ~ 15.67; **°Pb/*'Pb ~
38.98-39.00; Giraud et al. 1986; Cadoux et al.
2007; Cadoux and Pinti 2009; Conticelli et al.
2015b with references).

Petrogenesis. An origin by mixing between
crustal anatectic melts and mafic potassic alka-
line magmas similar to the nearby Vulsini district
has been suggested by some authors (van Bergen
1985; Peccerillo et al. 1987; Cadoux and Pinti
2009). According to Conticelli et al. (2010), the
early-erupted silicic magmas derived from a
shoshonitic mafic parent by fractional crystal-
lization plus crustal contamination. The inter-
mediate and final magmas are hybrids between
early-erupted high silica magmas and ultra-
potassic silica-undersaturated Roman-type melts.

Monti Cimini. This volcano contains signif-
icant amounts of early-erupted silicic rocks (tra-
chyte and trachydacite), along with late mafic
latite, olivine-latite and shoshonite lavas, which
represent the petrologically most important
products. Both silicic and mafic rocks are
descrived in Section 2.5.

2 The Tuscany Province
2.4.2 Plutonic Rocks

Island of Elba. A large number of intrusive bodies
crop out in the Island of Elba, showing various size
and composition, from monzogranite and gran-
odiorite to alkali-feldspar granite, aplite, and peg-
matite. K/Ar, 40Ar/39Ar, Rb/Sr and U/Pb ages
range from about 8.4 to 6.4 Ma (Poli et al. 1989a;
Dini et al. 2002; Rocchi et al. 2002, 2003a; Pandeli
et al. 2006; Farina et al. 2010; Poli and Peccerillo
2016). A 5.8 Ma old strongly altered shoshonitic
mafic dike has been found at Monte Castello,
eastern Elba (Conticelli et al. 2001). Fe-Pb—Sn
mineralisation are associated with intrusive mag-
matism at Elba and have been exploited since
Etruscan times until a few decades ago. Except for a
few intrusions cropping out in the eastern Elba
(Monte Castello dikes and Porto Azzurro granites
and associated aplites; Conticelli et al. 2001; Pan-
deli et al. 2006; Dini et al. 2009; Poli and Peccerillo
2016), the igneous activity is concentrated in the
western and central sectors of the island, where the
magmatism started with intrusions of a series of
laccoliths (Capo Bianco aplite, Portoferraio and
San Martino porphyries) that emplaced as separate
sheets to form a sort of Christmas-tree structure
(Rocchi et al. 2002, 2010; Westerman et al. 2004).
This was uplifted and displaced laterally by the
emplacement of the Monte Capanne monzogranite
stock. Dark coloured dikes (Orano porphyries)
represent the final stages of the magmatism in this
sector of the island.

Petrography and mineralogy. Textures and
modal mineralogy of igneous rocks at Elba differ
considerably. The Capo Bianco aplites are
white-coloured porphyritic alkali-feldspar gran-
ites, locally spotted with dark blue spherical
aggregates of tourmaline microcrysts. Portofer-
raio porphyries are monzogranitic to syeno-
granitic in composition and show a porphyritic
texture with phenocrysts of alkali feldspar,
quartz, plagioclase and biotite. San Martino
monzogranite porphyries are characterised by
alkali feldspar megacrysts plus quartz, plagio-
clase and biotite phenocrysts. Orano dikes con-
sist of monzodiorites to monzogranites
containing phenocrysts of plagioclase, biotite and
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Fig. 2.7 Mafic enclaves in the Monte Capanne (Elba) monzogranitic rocks. Photo by G. Poli

rare amphibole set in a fine-grained groundmass.
The Monte Capanne monzogranitic stock (about
10 km in diameter) is the largest intrusion and is
surrounded by a well-developed thermometa-
morphic aureole. It exhibits a porphyritic texture
with various amounts of centimetre- to
decimetre-sized  euhedral = megacrysts  of
K-feldspar that are set in a medium- to
coarse-grained matrix formed of plagioclase,
quartz, K-feldspar and biotite with accessory
apatite, zircon, thorite, allanite, monazite, ilme-
nite, and tourmaline. The intrusion contains
abundant centimetre- to metre-sized microgran-
ular calcalkaline-shoshonitic mafic enclaves
(Fig. 2.7), and is cut by aplitic and pegmatitic
dikes, and by the Orano porphyry system. Large
euhedral crystals of quartz, K-feldspar, tourma-
line, pollucite and other rare minerals have been
recovered from pegmatites (e.g. Tanelli and
Poggi 2012). Sedimentary and metasedimentary
xenoliths, and microgranular mafic enclaves are
found in many intrusions (e.g. Farina et al. 2012).

Petrology and Geochemistry. Major and trace
element compositions of igneous rocks at Elba
are very variable (Fig. 2.3). Capo Bianco aplites
show the highest ASI (~1.3-1.6) and the lowest
abundances of TiO,, FeOy,, MgO and CaO
among the Elba intrusions. Portoferraio por-
phyries are richer in TiO,, FeOy,, MgO, CaO
than Capo Bianco aplite, a trend that continues in
the San Martino porphyries and Monte Capanne
monzogranites, up to the Orano porphyries and
the late mafic intrusions of eastern Elba. Some
Orano dikes show strong enrichments in Sr, Ba
and LREE (Fig. 2.3e), but not for other incom-
patible elements, resembling some andesitic lavas
from Capraia and the San Vincenzo mafic
enclaves (Poli and Peccerillo 2016). REE
decrease slightly with silica and show fraction-
ated patterns with negative Eu anomalies, which
are stronger in the aplites (Fig. 2.5a). Sr-isotope
ratios of main intrusions are in the range
878r/30Sr ~ 0.711-0.723, increasing from Orano
porphyries to the felsic dikes of Cotoncello, an
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outcrop sited at the northern border of Monte
Capanne. A larger range (*’St/*°Sr ~ 0.7101-
0.7324) has been found for separated phases by
Farina et al. (2014). Nd- and Pb-isotope ratios are
less variable (‘*’Nd/'*'Nd ~ 0.51219-0.51238;
2Pb/MPb ~ 18.68-18.75;  *'Pb/**Pb ~

15.66-15.69; 208pp204py, ~ 38.87-38.96).
Mafic microgranular enclaves generally have
radiogenic isotope compositions lying within the
field of host rocks, probably indicating some
isotopic re-equilibration with the enclosing mag-
mas (Poli 1992; Dini et al. 2002); however, lower
Sr-isotope ratios (87Sr/86$r ~ 0.7093) have been
found for some enclaves (e.g. Gagnevin et al.
2004). The Monte Castello mafic dike has
87Sr/%°Sr ~ 0.708-0.709 (Conticelli et al. 2001).

Petrogenesis. According to most authors (Poli
et al. 1989a; Dini et al. 2002; Gagnevin et al.
2004, 2005, 2010), the bulk of Elba magmas was
formed by mixing between mafic end-members
of ultimate mantle origin and peraluminous sili-
cic melts formed by crustal anatexis. Mafic
magmas had a calcalkaline-shoshonitic compo-
sition similar to the eastern Elba dikes, whereas
the crustal end-member had a composition as the
Cotoncello intrusion (e.g. Poli 1992; Gagnevin
et al. 2004; Poli and Peccerillo 2016). Other
authors (e.g. Farina et al. 2012, 2014) suggest
that at least part of the petrological variability of
Elba intrusions is primary, i.e. reflects composi-
tions of magmas ascended directly from crustal
sources with contrasting metapelitic to metavol-
canic compositions. Whatever the case, the Elba
magmas, especially Monte Capanne, were
affected by significant fractional crystallisation
and filter-pressing processes with formation of
silicic differentiates (leucogranites, aplites and
pegmatites) that show radiogenic Sr-isotope
compositions similar to their parent monzogran-
ites and granodiorites (Poli et al. 1989a; Rocchi
et al. 2002; Poli and Peccerillo 2016).

Island of Montecristo. This island is situated
about 60 km south of Elba, along a N-S trending
extensional fault, parallel to the Corsica coast. It
consists of a monzogranite stock containing
microgranular mafic enclaves, cut by aplite and
porphyritic dikes. Age (Rb/Sr) is 7.1 Ma (Inno-
centi et al. 1997).

2 The Tuscany Province

Petrography and mineralogy. The Monte-
cristo monzogranites have a porphyritic texture
with zoned phenocrysts and/or megacrysts of
K-feldspar (~Or;5_gs), quartz and plagioclase
(~Anjys_o) surrounded by a medium-grained
matrix formed by the same phases, plus variable
amounts of biotite (Xg. ~ 0.62-0.65) and
accessory apatite, zircon, tourmaline, ilmenite,
sphene, allanite, monazite, and rutile. Cordierite
has been also observed. Aplite dikes (10-30 cm
thick) are rich in tourmaline and contain some
muscovite. Porphyritic dikes contain ubiquitous
biotite (Xg. ~ 0.41-0.59) and plagioclase
(~ Anss_40) phenocrysts, plus resorbed quartz,
alkali-feldspars or magnetite in some outcrops.

Petrology and geochemistry. The Montecristo
monzogranites display moderate compositional
variation (e.g. SiO, ~ 69-75 wt%; K,O ~ 3.7-
4.8 wt%). Porphyritic dikes have slightly lower
silica but remarkably higher K,O contents than
monzogranites. Microgranular mafic enclaves
(SiO, ~ 58.5-70.6 wt%), show a broadly calcal-
kaline composition (Poli 1992; Innocenti et al.
1997). Initial Sr-isotope ratios of monzogranites are
around 0.714-0.715, whereas a porphyritic dike
has *Sr/*°Sr = 0.70962 (Innocenti et al. 1997).

Petrogenesis. The origin of the Montecristo
monzogranite is attributed to melting of pelitic
crustal sources, followed by mixing with mafic
magmas and moderate fractional crystallisation.
The porphyritic dikes represent late emplaced
batches of magmas characterised by higher
potassium enrichment than the main intrusion
(Innocenti et al. 1997; Rocchi et al. 2003b).

Island of Giglio. The island consists of a main
monzogranitic stock, a small leucocratic monzo-
granitic body forming the Le Scole islets, and a
few sedimentary and metamorphic rocks. Rb/Sr
age of intrusive units is about 5 Ma (Westerman
et al. 1993). Two main texturally distinct rock
types are observed in the monzogranite, respec-
tively representing the core and the margin of the
intrusion: the Arenella facies forming the eastern
half of the island, and the Pietrabona facies
occurring on the western island. Dikes and veins
of granites, tourmaline-rich aplites and peg-
matites occur in the main intrusion and, to a minor
extent, in the Le Scole rocks.
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Petrography and mineralogy. The Arenella
facies is characterized by isotropic texture with
abundant megacrysts of K-feldspar set in a
medium-grained homogeneous matrix; the
Pietrabona facies is strongly foliated with a pre-
ferred orientation of minerals and xenoliths.
Modal mineralogy of both rock types consists of
plagioclase, K-feldspar, quartz and variable
amounts of biotite that decreases from Pietrabona
to Arenella facies, plus accessory muscovite,
tourmaline, Fe—Ti oxides, apatite, monazite, and
zircon. Xenocrystic cordierite, garnet, andalusite,
and sillimanite have been also observed. Meta-
morphic xenoliths and microgranular mafic
enclaves are common. The leucocratic monzo-
granite of Le Scole is weakly porphyritic with
K-feldspar megacrysts set in a medium- to
fine-grained matrix composed of quartz, plagio-
clase, alkali feldspar, biotite, tourmaline, and
cordierite. No microgranular mafic enclaves are
found in the Le Scole rocks.

Petrology and geochemistry. The Giglio rocks
display moderately variable major and trace
element contents (Fig. 2.3), with the Arenella
facies displaying lower FeO, MgO, and higher
CaO than Pietrabona. Sr-isotope ratios increase
from  monzogranites ®Sr/*Sr = 0.7163—
0.7176) to Le Scole Ileucocratic rocks
(*’St/*°Sr = 0.7195-0.7203). '**Nd/'**Nd ran-
ges from 0.51222 to 0.51205 and shows an
opposite tendency. The mafic enclaves have
comparable and sometimes lower Sr—isotope
compositions than the host rocks (¥’Sr/*Sr =
0.7128-0.7172; Westerman et al. 1993, 2003).

Petrogenesis. The magmatism of the Giglio
island is related to distinct petrogenetic and
intrusive events. The main monzogranite intru-
sion is older and results from crustal melting plus
mixing with moderate amounts of mafic magmas.
Le Scole rocks probably represent pure crustal
melts that underwent little or no interaction with
mafic magmas.

Campiglia Marittima. The granitoid intru-
sions at Campiglia Marittima only crop out over a
small area at Botro ai Marmi. Exposed rocks show
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monzogranite to alkalifeldspar granite composi-
tion, strongly depleted in Fe by secondary pro-
cesses and, therefore, extensively mined as row
ceramic material (Lattanzi et al. 2001). K/Ar age is
around 5 Ma (Rocchi et al. 2003c¢). Independent
of granitoid intrusions, felsic and mafic por-
phyritic dikes (4.3 Ma old) occur in the area
(Barberi et al. 1967). The Botro ai Marmi rocks
contain quartz, orthoclase and some plagioclase
with scarce altered biotite. Strong alteration by
late magmatic fluids affected the intrusion and the
surrounding thermo-metamorphic and sedimen-
tary rocks. These processes generated dramatic
modification of rock compositions and were
responsible for the formation of Cu—-Pb—Zn-Ag
mineralisation. Least-altered intrusive rocks are
moderately peraluminous (ASI ~ 1.2) and silicic
(Si0, ~ 70 wt%).

Gavorrano. Intrusive rocks at Gavorrano
consist of about 4.3 Ma old biotite-bearing
monzogranite with K-feldspar megacrysts, and
tourmaline-rich alkali feldspar granite. The
exposed intrusion is about 3 km long and
NNW-SSE oriented (Mazzarini et al. 2004;
Musumeci et al. 2005). Major and trace element
compositions are rather variable (e.g. SiO, ~
6675 wt%; Rb = 250-700). Except for Rb,
incompatible trace element contents and REE
fractionation decrease with increasing silica,
suggesting separation of accessory phases such
as monazite (Poli et al. 1989a; Rocchi et al.
2003c; Dini et al. 2005). Sr-isotope ratios are in
the lower range of Tuscany silicic rocks
®7St/°Sr = 0.7139-0.7149; Ferrara and Tonar-
ini 1985), possibly an effect of interaction
between crustal anatectic and relatively unra-
diogenic mantle-derived magmas.

Hidden plutons. There are several hidden
intrusions in southern Tuscany, whose presence
has been revealed by geophysical investigation
and drillings (e.g. Zitellini et al. 1986; Gianelli
and Laurenzi 2001). Northeast of Gavorrano
(Castel di Pietra), borehole drilling encountered
4.3 Ma plutonic rocks at a depth of about 870—
880 m beneath a thick thermometamorphic roof
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(Franceschini et al. 2000). Cored samples include
porphyritic monzogranites, fine-grained leuco-
cratic syenogranites, and orthopyroxenene-
bearing dark granodiorites and monzogranites.
Silica (Si0, ~ 65-72 wt%) and Sr isotope ratios
A7St/%Sr ~ 0.7145-0.7222) increase from the
dark to leucocratic facies (Dini et al. 2003). At
Monte Spinosa, a few kilometres south of Botro
ai Marmi, syenogranites and monzogranites with
Si0, = 66-71 wt% have been recovered. In the
Larderello area, a series of borehole drillings
(Monteverdi, Radicondoli, Travale, Carboli)
encountered peraluminous muscovite-biotite
bearing syenogranites to monzogranites with
ages of 3.8-1.3 Ma (Gianelli and Laurenzi 2001;
Villa et al. 2001; Dini et al. 2005). Mafic enclaves
commonly contained by other Tuscany intrusive
rocks have not been observed in these granitoids.
According to Dini et al. (2005), the hidden
intrusions of the Larderello area represent pure
crustal anatectic magmas formed by melting of
biotite and muscovite-rich metasedimentary
sources. However, Sr-isotope ratios are variable
and somewhat lower (¥’St/®°Sr = 0.7148-
0.7209) than the local basement (¥’Sr/®°Sr ~
0.7196-0.7318), calling for a less radiogenic
component of deep crustal or subcrustal origin.

Seamounts: Several seamounts, partly with
granitoid composition, occur between Corsica
and Tuscany. These are aligned along a
north-south trending ridge, south of Elba and
Montecristo islands (Savelli 2000), in a zone
characterised by a tectonic style that recalls the
Basin and Range province (Carmignani and
Kligfield 1990; Marani and Gamberi 2004).
A sample dredged from the Vercelli seamount,
southeast of this alignment near to the 41° Par-
allel line, revealed a K/Ar age on feldspar of
7.2 Ma, a tourmaline-biotite syenogranite com-
position, and initial ®’Sr/*®Sr = 0.71140 (Bar-
bieri et al. 1986; Table 2.2). The Vercelli
Seamount is a 8 km long and 3.4 km wide,
SW-NE oriented edifice, whose summit rises
about 1200 m above its surrounds, reaching
58 m bsl. A highly magnetic body, possibly a
mafic lava flow, has been detected near to Ver-
celli (Cocchi et al. 2015).

2 The Tuscany Province
2.5 Mafic Magmatism

Mafic magmas (MgO higher than 3.5-4.0 wt%)
make up small hypabyssal and effusive bodies,
the large volcanoes of Capraia and the younger
effusive activity of Monti Cimini. They are also
present as enclaves and dikes in several silicic
intrusive and extrusive rocks, as recalled earlier
in this chapter. Compositions range from cal-
calkaline and shoshonitic to ultrapotassic lam-
proitic (Fig. 2.2c). Lamproites are slightly
undersaturated to oversaturated in silica and
show high MgO and SiO, abundances and rela-
tively low concentrations of CaO, Al,O3;, Na,O,
and FeO,, (Peccerillo et al. 1988; Conticelli
and Peccerillo 1992; Conticelli et al. 2015a). The
most primitive calcalkaline and shoshonitic
compositions exhibit higher CaO, Na,0, FeOyy
and Al,Oj3 than lamproites, as observed for typ-
ical calcalkaline basalts, such as those from the
Aeolian Islands (Fig. 2.8).

Sisco. A small sill intruded into Alpine
high-pressure metamorphic terrains occurs in
northeastern Corsica, south and west of Marine
de Sisco along the D80 route (Peccerillo et al.
1988; Marinosci 1993). K/Ar ages yielded values
from 15.5 to 13.5 Ma (Civetta et al. 1978; Bellon
1981).

Petrography and mineralogy. The rock is a
lamprophyre with a slightly porphyritic to
microgranular texture, consisting of altered oli-
vine, phlogopite, sanidine (Orgs), Al-poor diop-
side, and K-richterite. Accessory minerals
include titanite, chromite, ilmenite, priderite (K—
Ba-Fe®"—Ti oxide), rutile and rare roedderite, a
cyclosilicate of Fe, Mg, Na, K (Wagner and
Velde 1986).

Petrology and geochemistry. The Sisco rock is a
peralkaline (Peralkaline Index, PI® > 1; normative
acmite around 4-5 wt%) high-silica lamproite
exhibiting relatively high concentrations of MgO
(~6.5-7.0 wt%), Ni (~250 ppm), Co and Cr, and
moderate abundances of Sc (~ 10 ppm) and V
(~90 ppm). ALO3 (~10 wt%) and Na,O

3PI (Peralkaline Index) is the molar ratio of (Na,O +
K,0)/Al,03.
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Fig. 2.8 CaO, Na,O, Al,0;, and Sc versus K,0/Na,0O
relationships for the most primitive rocks (MgO > 6.0 wt
%) from Tuscany. The field of calcalkaline basalts from

(~1.0 wt%) are low, a feature that is typical of
lamproites. REE are fractionated with a small
negative ~ Eu  anomaly  (Fig. 2.5b). The
mantle-normalised incompatible element pattern
differs somewhat from those of Tuscany lamproites
because of lower enrichments in some LILE (Cs,
Rb, Th, U) and the lack of a positive spike of Pb
(Fig. 2.9a). The initial Sr isotope ratio is relatively
high ®’St/*°Sr ~ 0.7123). Nd, Pb and Hf isotope
ratios are poorly to moderately radiogenic
(**Nd/'"**Nd ~ 0.51216; 2°Pb/**Pb ~ 18.81
2%pb/**ph ~ 15.69 *%pp*MPb ~ 39.19;
7HE/"TTHE = 0.282504). Initial Os isotope ratio is
8705/'880s = 0.1889 (Conticelli et al. 2007,
2009a, 2010).

Petrogenesis. High MgO, Ni, and Cr abun-
dances clearly indicate a mantle origin for the
Sisco lamproite. The low abundances in Al,O;
and Na,O suggest a clinopyroxene-poor

the Aeolian arc is reported for comparison (Peccerillo
et al. 2013). Symbols as in Fig. 2.2

harzburgitic source. On the other hand, radio-
genic isotope signatures and LILE abundances
call for an enriched mantle source, which was
affected by metasomatic processes.

Oreciatico. The Orciatico outcrop consists of a
laccolith several meters thick, and a small verti-
cal feeder dike intruded into Pliocene marly
sediments. Glass-rich chilled margins occur at
the contact with intruded sediments. Age is
4.1 Ma (Conticelli et al. 1992)

Petrography and mineralogy. Textures are
poorly porphyritic with microphenocrysts of
olivine (~ Fogg_75), phlogopite (Mg# ~ 75-79),
and Al-poor diopside (Al,O3 ~ 0.5 wt%; Cellai
et al. 1994) set in a groundmass consisting of the
same phases plus sanidine, glass, and accessory
K-richterite, rutile, ilmenite, and Mg-chromite.
Some of the high-MgO olivine crystals show
evidence of corrosion and kinking, and are
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Fig. 2.9 Incompatible element patterns normalised to
primordial mantle composition (Sun and McDonough
1989) of representative Tuscany mafic rocks a, b, of mafic
enclaves and shoshonitic dike ¢, and of selected silicic
crustal rocks d. GLOSS is the average Global Subducted

probably xenocrysts resulting from disaggrega-
tion of high-pressure ultramafic xenoliths (Poli
1985; Wagner and Velde 1986; Peccerillo et al.
1987, 1988; Conticelli and Peccerillo 1992;
Conticelli et al. 1992).

Petrology and geochemistry. The Orciatico
rocks are high silica lamproites that differ from
Sisco, because of a lower peralkaline index
(PI ~ 0.9-1.0), K50, TiO, Nb, and Ta, slightly
higher Al,03 and Na,0, and much higher Cs, Rb,
Th, U, and Pb. MgO, Ni, Co, and Cr are in the
range of mantle equilibrated melts. The REE
pattern is fractionated, with an upward convexity
for light REE and a small negative Eu anomaly
(Fig. 2.5b). Incompatible element patterns are
highly fractionated and contain pronounced pos-
itive spikes of Cs, Rb, Th and Pb, and stronger
negative anomalies of HFSE than Sisco
(Fig. 2.9a). Overall, they closely resemble

Rb Th Nb K Ce Pr

P Zr Eu Dy Yb

Cs Ba U Ta La Pb Sr Nd Sm Ti Y Lu

Sediments of Plank and Langmuir (1998); D-MORB,
E-MORB, and OIB are averages of depleted and enriched
Mid-Ocean Ridge Basalts (Gale et al. 2013) and of Ocean
Island Basalts (Sun and McDonough 1989)

patterns of some upper crustal rocks such as
Tuscany gneiss or crustal anatectic rhyolites
(Fig. 2.9d; Peccerillo and Martinotti 2006). Sr—
Nd-Pb-Hf-Os isotope ratios are closer to upper
crustal than to mantle values, or somewhat
intermediate between the two (87Sr/86Sr =
0.7152-0.7159; "INd/'"Nd = 0.5121;
2%pp/***Pb = 18.69-18.73; Vouf/Hf =
0.28240;  '870s/'®*0s = 0.3405;  Fig. 2.4;
Table 2.2). Oxygen-isotope ratios show large
differences between phenocryst and groundmass
minerals with 8'%0gyow ~ +7.2 %o in olivine
phenocrysts  and 5"%0smow ~ +11.1 %o in
groundmass sanidine (Peccerillo et al. 1988;
Barnekow 2000; Conticelli et al. 1992, 2007,
2010).

Petrogenesis. The major, trace element and
radiogenic isotope signatures of Orciatico lam-
proite suggest an origin in a mantle source
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depleted in some major elements (i.e. CaO, Na,0),
but strongly enriched in geochemical components
akin to the upper continental crust, such as
metapelites.

Montecatini Val di Cecina. The Montecatini
subvolcanic body is a4.1 Ma old plug (Borsi et al.
1967) intruded into Miocene marine and lacus-
trine sediments and Liguride units. The rock is a
phlogopite-rich lamprophyre* (minette) perme-
ated by a dense network of leucocratic veinlets.

Petrography and mineralogy. The Monteca-
tini minette has a medium- to fine-grained
sometimes porphyritic texture with abundant
phlogopite, Al-poor augite (Cellai et al. 1994),
K-feldspar, minor altered olivine and accessory
apatite, amphibole, Fe-Ti oxides, zircon, thorite,
apatite and perrierite (Peccerillo et al. 1988;
Conticelli et al. 1992). The leucocratic veinlets
consist of dominant sanidine with minor quartz
and brown mica, plus accessory apatite. These
veinlets likely represent residual melts separated
from the host magma during crystallisation.

Petrology and geochemistry. The Montecatini
minette has similar major element composition as
the Orciatico rock, although the peralkaline index
is lower (PI ~ 0.8-0.9) and P,Os is higher.
Incompatible element and REE patterns, and Sr—
Nd-Pb-Hf-Os isotope ratios are not far from
values of  Orciatico (87Sr/86Sr = (0.7169;
'ONd/'Nd = 0.5121; 2°°Pb/*¥Pb = 18.76;
oHf/'THE = 0.28245;  '*70s/'**0s = 0.5502;
Table 2.2). The leucocratic veins have a trachytic
composition and similar radiogenic isotopic
composition to the host minette (e.g. Peccerillo
et al. 1988; Conticelli et al. 1992, 2007, 2010).

Petrogenesis. Similar geochemical composi-
tions and ages of the Montecatini and Orciatico
rocks suggest a common origin. Some differ-
ences between the two occurrences could result
from the separation of felsic veinlets in the
Montecatini magma, which somewhat modified
the original composition of the lamproitic
magma.

“The term lamprophyre is used in this book to indicate
dike rocks characterised by mafic mineral phenocrysts
(amphibole, biotite, phlogopite etc.) with feldspar and/or
feldspatoids confined in the groundmass. They take
different names depending on mineralogy (e.g. Gill 2010).
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Torre Alfina. This is a small volcano (about
0.8 Ma old) formed by a few lava units, one of
whom is several hundred meters long, and two
necks. The Torre Alfina rocks contain a large
number of xenoliths of both crustal and mantle
origin, which document a rapid magma ascent on
the order of few hours (Conticelli and Peccerillo
1990, 1992; Barnekov 2000; Casagli 2009). The
xenoliths, best observed on the front wall of the
castle dominating the village of Torre Alfina
(Fig. 2.10), include large amounts of crustal rocks
(granulites, gneiss, schists, sandstones and marls)
and a few cm-sized ultramafic nodules
(phlogopite-bearing dunites, spinel harzburgites
and lherzolites, and rare phlogopite-rich peri-
dotites). Geothermobarometric investigations on
ultramafic xenoliths gave equilibration T-P of
about 1050 °C and 1.5 GPa, corresponding to a
depth of 50-60 km (Pera et al. 2003). Most of the
crustal xenoliths and xenocrysts show evidence of
partial melting and reaction with the host magma,
exhibiting one of the most compelling cases of
wall rock assimilation by a rapidly ascending hot
mafic magma (Conticelli 1998).

Petrography and mineralogy. Rocks have
aphyric to poorly porphyritic texture and the only
phenocryst phase is rare euhedral to skeletal
Mg-olivine (up to Fog,). Groundmass phases
include olivine, low-Al diopside, phlogopite
Mg# ~ 95), K-feldspar (Org,_gs), glass and
accessory ilmenite, Ti-magnetite and
Mg-chromite. The latter is also found as inclusions
within olivine phenocrysts (Conticelli 1998).

Petrology and geochemistry. The Torre Alfina
lavas have similar composition to the Monteca-
tini and Orciatico lamproites, except for lower Th
and Rb contents and higher '¥70s/'**0s
(=0.2756; Conticelli et al. 2007). There are small
but significant compositional variations between
lava flows and necks.

Petrogenesis. A mantle origin for the Torre
Alfina magmas is clearly indicated by both rock
geochemistry and occurrence of high-P ultramafic
xenoliths. The phlogopite-rich peridotite xenoliths
found in the lavas could represent the source of the
Torre Alfina magma (Conticelli and Peccerillo
1990). Geochemical differences within lava flows
and necks have been suggested to derive from
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Fig. 2.10 Front wall of
the Torre Alfina castle
showing large amounts of a
wide variety of crustal and
mantle xenoliths in the
lamproite lavas

assimilation of variable amounts of crustal rocks by
ascending magma. Such a process generated minor
modification of trace element ratios and isotopic
signatures, and a general dilution for several com-
patible and incompatible elements (e.g. 87Sr/20Sr
from about 0.7158 to 0.7165, Ni from 350 to
250 ppm; La from 100 to 85 ppm; Conticelli
1998).

Campiglia. Mafic dikes with an age of about
4.3 Ma occur in the Campiglia area, as men-
tioned earlier in this chapter. These dikes are
strongly altered and have porphyritic textures
with phenocrysts of clinopyroxene, plagioclase,
biotite, alkali feldspar and some corroded quartz
set in a groundmass of plagioclase, sanidine, and

pyroxene. Major element compositions of least
altered samples are characterised by high K,O
and K,0/Na,O ratio, resembling high-silica
lamproites from Montecatini and Orciatico.
However, concentrations of several incompatible
elements that are relatively immobile during
secondary alteration (e.g. Ti, Nb, LREE, Zr, Hf),
as well as Sr isotope ratio &7Sr/%°Sr = 0.7096)
are lower and Nd isotope ratio (***Nd/'***Nd =
0.51220) is higher at Campiglia, and rather
resemble Capraia calcalkaline and shoshonitic
rocks (Peccerillo et al. 1987; Conticelli and
Peccerillo 1992; Conticelli et al. 2002). This
suggests that high enrichments in potassium
could be a secondary feature and that the
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Campiglia mafic magmas had a calcalkaline to
shoshonitic original composition.

Monti Cimini. This is a 1.35-0.94 Ma vol-
cano formed of early trachyte (<20 % normative
quartz) and trachydacite (>20 % normative
quartz) lava domes, welded ignimbrites and lava
flows, followed by latite, olivine-latite and
shoshonite lavas (Puxeddu 1971; Lardini and
Nappi 1987; Cimarelli and De Rita 2006b;
LaBerge et al. 2006; Aulinas et al. 2011; Conti-
celli et al. 2013 and references therein).

Petrography and mineralogy. Trachytes and
trachydacites display porphyritic textures with
phenocrysts and megacrysts of sanidine plus pla-
gioclase, biotite, othopyroxene and some
clinopyroxene set in a hypocrystalline ground-
mass containing the same phases plus accessory
ilmenite, apatite, zircon, monazite, and perrierite.
Latites and shoshonites have aphyric to por-
phyritic textures with phenocrysts of olivine and
minor clinopyroxene set in a groundmass com-
posed of the same phases plus sanidine and
accessory chromite, Ti-magnetite and ilmenite.
Mineral chemistry is very variable. Olivine ranges
from about Foy; to Foy from phenocryst cores to
rims and groundmass and sometimes contain
Mg-chromite inclusions; orthopyroxene ranges
from enstatite to ferrosilite (~ Engs_45), and mica
from biotite to phlogopite. Clinopyroxene ranges
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from augite and diopside to hedenbergite
(D154F818W028, to DizoFS32WO46 with Mg# = 90-
39); their Al,O5 content is variable (0.3-7.9 wt%)
and minimum values are found in phenocrysts of
the most potassic samples, in which Al is not
sufficient to fill the tetrahedral site. Ti/Al (>0.2,
expressed as atoms per formula unit: afu) of
clinopyroxene and Cr/(Cr + Al) of chromite are
high (Fig. 2.11) and close to values found in the
same phases from Tuscany lamproites (Aulinas
et al. 2011; Conticelli et al. 2013).

Petrology and geochemistry. The Monti
Cimini rocks have variable K,O/Na,O ratio
(~2-5), which decreases with silica. Mg#, Ni,
Co and Cr of mafic rocks are high and close to
values of primary mantle melts and decrease
linearly with increasing silica. Notably, several
incompatible elements (e.g. Rb, Nb, Zr, Hf) also
show a similar trend. The incompatible element
patterns normalised to primitive mantle compo-
sition resemble those of Tuscany lamproites.
Initial Sr- and Nd-isotope ratios are variable
&7St/B%Sr ~ 0.7122-0.7157;  'Nd/'**Nd ~
0.51205-0.51214), especially in the mafic rocks.
Pb isotopic ratios (*°*Pb/***Pb = 18.69-18.73;
297pb/***Pb = 15.66-15.69; 29%pp/2*Ph =
38.92-39.02) are not much different from other
Tuscany rocks (Aulinas et al. 2011; Conticelli
et al. 2013 and references therein).
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Fig. 2.11 a Ti versus Al (atoms per formula units, afu)
in clinopyroxenes from some Italy volcanic rocks; b Cr/
(Cr + Al), atomic ratios of spinel inclusions versus
forsterite contents of host olivine for some Italy volcanics.

The Mantle Array is from Arai (1994). Redrawn after
Nikogossian and van Bergen (2010) and Conticelli et al.
(2011, 2013)
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Fig. 2.12 ®’Sr/*6Sr and Zr versus SiO, for Monti Cimini and Radicofani rocks

Petrogenesis. The origin of Monti Cimini
magmas can be well explained by binary plots of
SiO, (or MgO) versus 87Sr/%°Sr and incompatible
elements (Fig. 2.12). The most mafic rocks
(shoshonites and olivine-bearing latites) plot
between the Capraia-Elba calcalkaline-shoshonitic
mafic rocks (or also the Roman potassic trachy-
basalt) and the Tuscany lamproites. In contrast, the
more evolved rocks (latites, trachytes and trachy-
dacites) define a distinct trend, which starts from
mafic samples and points to silicic compositions
such as those of Roccastrada and San Vincenzo
rhyolites. These variations suggest that the Cimini
mafic magmas were generated either by variable
degrees of melting of a heterogeneous mantle
source or by mixing between calcalkaline-
shoshonitic and lamproitic magmas. The evolved
rocks can be explained by mixing between a mafic
end-member and crustal anatectic liquids with
compositions similar to Roccastrada and San
Vincenzo.

Radicofani. The volcano at Radicofani con-
sists of a neck and a few remnants of lava flows
with K/Ar and *°Ar/*’Ar ages clustering around
1.3 Ma (D’Orazio et al. 1991, 1994). In spite of its
small size, the Radicofani volcano shows impor-
tant variations for both geochemistry and miner-
alogy. Rocks range from basaltic andesite to
shoshonite and latite, according to the TAS clas-
sification of Le Maitre (2002). Basaltic andesites
make up the base of the neck and become more
potassium- and silica-rich at the top. Lavas similar

to the upper neck crop out at Poggio Sasseta, north
of the Radicofani village. Shoshonite lavas occur
at the nearby localities of Poggio Casano and
Ceppete (D’Orazio et al. 1994).

Petrography and mineralogy. Basaltic ande-
sites at the base of the neck are poorly porphyritic
with phenocrysts of plagioclase (~ Angg_g),
zoned olivine (~Fo5_¢9) and augite-diopside
clinopyroxene set in a groundmass made of the
same phases plus orthopyroxene, ilmenite, sani-
dine, and accessory biotite, apatite, magnetite and
glass (Poli et al. 1984; D’Orazio et al. 1994;
Barnekow 2000). A modification in the mineral-
ogy is observed at the top of the neck, where
forsterite content of olivine and the modal amount
of alkali feldspar in the groundmass increase,
whereas plagioclase becomes rare or disappears
as a phenocryst phase. Shoshonites are micro-
crystalline to poorly porphyritic with phenocrysts
of olivine (~Fogs_79) and minor clinopyroxene.
Plagioclase is scarce and restricted to the
groundmass. This consists of dominant
K-feldspar plus Al-poor clinopyroxene, biotite,
plagioclase and accessory amounts of olivine,
brown amphibole, Fe-Ti oxides, apatite, and
glass. Chromite inclusions are common in olivine
phenocrysts. The Radicofani volcanics contain a
few xenocrystic minerals coming from the wall
rocks (corroded quartz and some cordierite) and
rare small ultramafic nodules.

Petrology and geochemistry. Major element
composition shows poorly variable silica



2.5 Mafic Magmatism

(Si0, ~ 53-56 wt%) and MgO (~8-9 wt%)
contents. In contrast, incompatible elements (Rb,
Th, Nb, Ta, REE, etc.) and some ferromagnesian
elements (Ni, Cr) vary considerably, and are
positively correlated with K,O and SiO,; in
contrast, Na,O, V, and Sc show a negative trend
(D’Orazio et al. 1994; Conticelli et al. 2011). The
incompatible element patterns normalised to
primordial mantle composition resemble those of
Tuscany lamproites, although absolute element
enrichment is lower (Fig. 2.9b). 87S1/%6Sr ratios
(0.7133-0.7159) increase with K,O and SiO,,
i.e. from basaltic andesites to shoshonites,
whereas "Nd/'"**Nd ratios (0.51205-0.51218)
exhibit an opposite trend (D’Orazio et al. 1994;
Conticelli et al. 2002). Pb- and Hf-isotope ratios
(°°Pb/2%Pb ~ 18.67-18.72;  2"Pb/**Pb ~
15.66-15.69; *%pb/**Pb ~ 38.98-39.08;
76H/'7THf = 0.28255) fall in the field of the
Tuscany ultrapotassic rocks (De Astis et al.
2000a, b; Conticelli et al. 2002; Gasperini et al.
2002). O-isotopes on clinopyroxene and olivine
vary from 8" Ogpow = +6.9 to + 7.8 %o (Bar-
nekow 2000).

Petrogenesis. Overall, the compositions of
Radicofani magmas are intermediate between
moderately potassic rocks such as those from
Capraia or some Roman-type trachybasalts, and
lamproites (Fig. 2.12). This suggests an origin by
mixing between magmas with contrasting
calcalkaline-shoshonitic and lamproitic compo-
sitions. Such a hypothesis is supported by the
variable Ti/Al of clinopyroxenes that encompass
lamproitic and Roman-type compositions
(Fig. 2.11a). Conticelli et al. (2011) reject the
magma mixing hypothesis and suggest that
compositional variation is related to melting of a
veined lithospheric mantle, with variable contri-
bution from veins and host peridotite.

Island of Capraia. This is the only volcano in
the Tuscany Province dominated by calcalkaline
rocks. The island was constructed during two
distinct phases of activity at about 7.6-7.2 Ma
and 4.6 Ma (Borelli et al. 2003; Gasparon et al.
2009). The older phase is dominated by lavas,
which make up the bulk of the island. They show
intermediate composition and are classified as
high-K calcalkaline andesites and dacites,
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according to the classification scheme of Pec-
cerillo and Taylor (1976). Younger activity is
represented by the shoshonitic basalts of Punta
dello Zenobito, a monogenetic strombolian cen-
tre at the southernmost end of the island (Pros-
perini 1993; Borelli et al. 2003; Poli and Perugini
2003c).

Petrography and mineralogy. The shoshonitic
basalts from Zenobito are vesicular and almost
aphyric with a few microphenocrysts of olivine
in a groundmass of plagioclase, augite, spinel
and rare biotite. High-K andesites and dacites
exhibit phenocrysts of strongly zoned plagio-
clase, augitic clinopyroxene and minor enstatite,
olivine and biotite, K-feldspar and amphibole set
in a groundmass containing the same phases and
glass (Gagnevin et al. 2007; Gasparon et al.
2009).

Petrology and geochemistry. Shoshonitic
basalts have variable MgO, Ni, and Cr. CaO
(around 7-8 wt%) and Na,O (around 3 wt%) show
some of the highest concentrations among the
Tuscany mafic rocks (Fig. 2.8). There is a decrease
in ferromagnesian elements and CaO, and an
increase in K,O from basalts to dacites. A group of
andesites has an adakite-like composition charac-
terised by selective enrichment in Sr-Ba-LREE and
resembles the Orano dikes (Elba) and the San
Vincenzo mafic enclaves. Incompatible elements
patterns of Capraia mafic rocks are fractionated
with strong negative anomalies of HFSE and a
positive spike of Pb (Fig. 2.9b), as observed for
other Tuscany mafic rocks. Sr-isotope ratios are
among the lowest observed in the Tuscany Pro-
vince, and increase from basalts (¥’Sr/%°Sr ~
0.7081) to andesites and dacites (*’St/*°Sr ~
0.7087-0.7102). Sr-isotope variation has been
observed among coexisting phenocrysts and within
single crystals (Gagnevin et al. 2007), suggesting
mixing among isotopically distinct magmas during
mineral crystallisation.

Petrogenesis. Geochemical data suggest that
the early high-K calcalkaline andesites and
dacites evolved from mafic parents by combined
fractional crystallisation and mixing (e.g. Gag-
nevin et al. 2007). However, the occurrence of
Ba-Sr-LREE-rich andesites point to the occur-
rence of a distinct type of intermediate magma
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(Poli and Peccerillo 2016). Interaction with
lamproitic magma has been suggested to explain
trace element enrichments in these rocks (Che-
lazzi et al. 2006). However, this contrasts with
the high Sr and Ba, which show moderate to low
concentrations in the lamproites, and suggest a
magma origin/evolution at high pressure, outside
the stability field of feldspars. The late
shoshonites represent a distinct batch of magma
with respect to calcalkaline activity. Their rela-
tively high Na,O and CaO suggest an origin in a
clinopyroxene-bearing (i.e. lherzolitic) mantle.
Incompatible element patterns and radiogenic
isotopes require metasomatic modification of the
mantle source by moderate amounts of upper
crustal components.

2.6 Petrogenesis of the Tuscany
Magmatic Province

According to Peccerillo (2005a, b) and Poli and
Peccerillo (2016), the rock compositions of the
Tuscany Magmatic Province can be considered as
comprised in the space delimited by three petro-
logically distinct end-members (Fig. 2.13a). One
end-member is silicic and displays K;O/Na,O ~

1-2. The other two end-members are mafic, show
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very different K,O/Na,O ratios, and are classified
as calcalkaline-shoshonitic basalts (CA-SHO), and
high-silica lamproites (LMP).

87Sr/%Sr versus. SiO, plot indicates distinct
isotopic signatures for mafic CA-SHO and LMP
magmas, but also reveals that the silicic
end-member actually consists of three isotopi-
cally distinct groups of rock (Fig. 2.13b).
Therefore, it has been stated that the petrogenetic
problem of the Tuscany magmatism is that of
explaining the origin of the mafic and silicic
end-member magmas and of elucidating how the
intermediate compositions were generated (Poli
and Peccerillo 2016).

2.6.1 Origin of Silicic Magmas

A crustal anatectic origin was suggested by early
authors for the Tuscany silicic magmatism (e.g.
Marinelli  1975). However, several studies
demonstrate that only a few silicic rocks do
actually represent pure crustal anatectic melts
(e.g. Poli 1992). These are labelled as Group-1
and Group-2 in Fig. 2.13b, and include some of
the San Vincenzo lavas (the low-Sr,
high-87Sr/86Sr rocks), the Roccastrada rhyolites,
and some leucocratic granitoid bodies occurring

% Elba <$ Vercelli seamount + Roccastrada * Tolfa-Manziana-Cerite A Orciatico { Radicofani
% Montecristo  <r Larderello hidden * 8. Vincenzo O Sisco O Torre Alfina ¢ Mt. Cimini
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Fig. 2.13 K,0/Na,0 and ¥’Sr/®’Sr versus SiO, dia-
grams for the Tuscany Magmatic Province. Dashed
double-sided arrows indicate mixing processes between
various end-members; full arrows indicate fractional

80
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crystallisation and AFC. CA-SHO and LMP are
calcalkaline-shoshonitic basalts and lamproites. Numbers
in panel b indicate different groups of silicic rocks. For
further explanation, see text
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at Elba, Giglio and Larderello (e.g. Poli 1992;
Westerman et al. 1993; Dini et al. 2005; Poli and
Peccerillo 2016 and references therein). Note that
most of these rocks contain little or no mafic
enclaves, indicating scarce or no interaction with
mafic melts (e.g. Pinarelli et al. 1989; Dini et al.
2005). Several studies have shown that the
compositions of unmodified crustal anatectic
magmas in Tuscany can be modelled by large
degrees (some 40-50 %) of partial melting of
garnet micaschists and gneiss, such as those
found by deep drilling in Tuscany (e.g. Pinarelli
et al. 1989; Poli 1992). However, Poli et al.
(2002) and Poli (2004) pointed out that CaO
content of many silicic granitoid rocks is
exceedingly high for pelite-derived melts and
advocated plagioclase-rich sources (e.g. meta-
greywackes). Petrological data and geochemical
modelling suggest that melting occurred in
fluid-absent conditions at pressure of at least 0.4—
0.6 GPa. The distinct Sr isotope ratios of
Group-1 and Group-2 magmas simply indicate
isotopic heterogeneities for the crustal sources,
an assumption justified by the variable Sr isotope
ratios of Tuscany basement rocks (see Fig. 2.6).

The majority of silicic rocks have lower Sr
isotope ratios than pure crustal anatectic mag-
mas, and exhibit clear textural and geochemical
evidence (e.g. occurrence of microgranular mafic
enclaves with chilled margins and crenulated
edges, mafic xenocrysts, isotopic disequilibrium
among coexisting phases, etc.) of interaction (i.e.
mixing or mingling) between crustal anatectic
and mafic magmas. The hyperbolic trends
between mafic enclaves and rhyolites at San
Vincenzo and Roccastrada (Fig. 2.6) have been
considered as the most compelling geochemical
evidence in favour of this process. Note that
many granitoid and volcanic rocks fall on these
trends, indicating that mixing was a widespread
process operating at a regional scale. However,
some rocks plot on the left-hand side of the
mixing curves indicating a derivation from
hybrid melts by fractional crystallisation.

The nature of mafic end-members involved in
the mixing changes from one centre to the other.
Poli et al. (2002) and Gagnevin et al. (2011)
suggested that mafic calcalkaline melts such as

47

those from Capraia participated in the mixing
processes at Elba and Giglio. In other cases (e.g.
Monte Amiata, Tolfa-Manziana-Cerite rocks),
potassic to ultrapotassic mafic magmas were
involved (Poli 2004).

Finally, some silicic intrusions and lavas (e.g.
many aplites and leucogranites from Elba, Tolfa
lavas) show relatively low ®’Sr/*°Sr ~ 0.711-
0.715, with respect to pure crustal anatectic
melts. These may represent evolved liquids
derived from intermediate hybrid parents by
crystal fractionation, AFC or filter-pressing (Poli
and Peccerillo 2016). These rocks plot on the
left-hand side of the hyperbolic mixing trends
reported in Fig. 2.6 and define the Group-3
samples in Fig. 2.13b.

In conclusion, the model summarised above
supports the hypothesis that silicic rocks in
Tuscany are polygenetic, and were originated by
crustal melting, acid-mafic magma mixing-
mingling, and fractional crystallisation starting
from mafic-intermediate parents. The last process
determined the formation of leucocratic rocks
such as the aplitic and pegmatitic dikes and veins
occurring in several intrusions.

Another theory, however, is that composi-
tional variation of silicic rocks in Tuscany is
primary, i.e. reflects variable source composi-
tions and melting processes (e.g. Farina et al.
2012, 2014). Factors that favour formation of
different magma types during crustal anatexis
include composition of phases that participate in
the melting reactions and the degree of entrain-
ment within the magma of the peritectic assem-
blages produced during incongruent melting of
the source (e.g. garnet and cordierite produced by
fluid-absent melting of biotite). The isotopic
variation observed in the minerals and host rocks
(e.g. at Monte Capanne; Farina et al. 2014)
would reflect the transitions from melting of
more strongly radiogenic minerals such as mus-
covite and biotite, typical of metapelites, to the
involvement of less radiogenic phases such as
amphibole, typical of metavolcanics. Melting of
different rock types could be an effect of tem-
perature variations within the crust. According to
this view, microgranular mafic enclaves and late
mafic dikes associated with silicic rocks may
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well represent mantle-derived magmas, but they
would have a minor role in determining the
observed compositional variations of silicic
magmas (Farina et al. 2012, 2014).

2.6.2 Origin of Mafic Magmas

The compositions of mafic rocks in Tuscany are
characterised by the coexistence of both mantle and
crustal signatures. The high MgO, Ni and Cr con-
centrations are typical of primitive mantle-derived
melts. On the other hand, incompatible element
abundances and ratios, high Sr- and low Nd-, Hf
and Pb-isotope ratios are close or within the field of
upper crustal rocks. Therefore, petrological and
geochemical data provide compelling evidence for
the participation of both crustal and mantle com-
ponents to the origin of mafic magmas in Tuscany.
The highly primitive signatures and the occurrence
of ultramafic xenoliths in some rocks exclude that
mantle-crust interaction occurred during magma
emplacement to the surface (magma contamina-
tion), and clearly point to the introduction of upper
crustal rocks into the mantle (mantle contamination
or metasomatism). This was likely provided by
subduction, but there is debate on the timing of such
aprocess, and on the nature, origin and mechanisms
of contamination. Other controversial issues
include the composition of pre-metasomatic mantle
rocks, the mineralogical-geochemical modifica-
tions induced by metasomatism, and the mecha-
nisms of mantle melting (e.g. Peccerillo et al. 1987,
Conticelli and Peccerillo 1992; Serri et al. 1993;
Conticelli et al. 2010, 2011; Poli and Peccerillo
2016).

The high MgO and K,O and low CaO, Na,O,
and Al,O; of Tuscany lamproites suggest an
origin from an ultramafic rock containing a
K-rich phase, most probably phlogopite or
K-richterite (e.g. Harlow and Davies 2004), and
little Ca- and Al-rich minerals such as clinopy-
roxene and Al-spinel or garnet. Therefore, a
phlogopite-harzburgite is the best candidate as
source rock of lamproites, a conclusion that
applies to lamproitic occurrences worldwide (e.g.
Foley et al. 1987; Mitchell and Bergman 1991;
Prelevic et al. 2005).
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Such a hypothesis is strongly supported by
experimental evidence. Investigation on simpli-
fied and natural mantle systems demonstrates that
melts derived from a phlogopite-bearing peri-
dotite at 1.0-1.5 GPa are saturated to oversatu-
rated in silica, and become undersaturated in
silica with increasing pressure (e.g. Wendlandt
and Eggler 1980a,b; Foley 1992; Sato 1997,
Melzer and Foley 2000; Concei¢do and Green
2004; Condamine and Médard 2014). Melting
phase relationships demonstrate that composi-
tions similar to Tuscany lamproites (high silica,
low CaO and Na,O), but somewhat less strongly
enriched in potassium, can be generated at a
pressure of 1.0 GPa and 1150-1200 °C, by
about 7-13 % fluid-absent partial melting of
phlogopite-harzburgite (Condamine and Médard
2014).

The occurrence of phlogopite or other K-rich
phases in the mantle sources of potassic magmas
requires contamination or metasomatism by K-rich
material. Peccerillo et al. (1988) and Peccerillo and
Martinotti (2006) noticed that incompatible ele-
ment patterns of lamproites (Fig. 2.9) resemble
very closely upper crustal siliceous rocks such as
gneiss, crustal anatectic rhyolites, and the Global
Subducted Sediments (GLOSS; Plank and Lang-
muir 1998). Therefore, it was suggested that
introduction of siliceous upper crustal rocks into
the mantle wedge was the cause of metasomatic
modification of the lamproitic magma sources in
Tuscany. Turbiditic sediments have been proposed
as contaminants on the basis of Hf-Nd isotopic
data by Prelevic et al. (2010), but other types of
silicic rocks, e.g. or pelagic sediments (Gasperini
et al. 2002) or material provided by erosion along
the subduction channel (Vannucchi et al. 2010,
2012; Remitti et al. 2013), cannot be excluded.
The close similarity of incompatible element pat-
terns between the upper crust and Tuscany lam-
proites suggests that there was a mass transfer of
chemical components from sediments to the
mantle and hence to magmas, with little element
fractionation. Notable exceptions are represented
by HREE that are very fractionated in the Tuscany
magma, requiring residual garnet during magma
genesis. Therefore, it has been concluded that
physical mixtures of sediments and harzburgites
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were the source of lamproitic magmas (Peccerillo
and Martinotti 2006). However, the mechanisms
of sediment transport and mixing are enigmatic
and controversial.

Combined numerical modelling and petro-
logical, geophysical and geochemical studies
(e.g. Gerya and Yuen 2003; Gerya et al. 2006;
Castro and Gerya 2008; Castro et al. 2010;
Marschall and Schumacher 2012) offer an inter-
esting scenario for interaction between mantle
and bulk crust above subduction slabs. It has
been suggested that a chaotic mixture of sedi-
ments, slices of oceanic crust and mantle rocks
(subduction mélange) can develop at the inter-
face between the subducting plate and the mantle
wedge. Subduction mélange bodies have lower
density than the surrounding mantle rocks, if
sufficient amounts of sediments are involved
(Behn et al. 2011). Therefore, they may rise
buoyantly as diapirs or cold plumes from the
surface of the slab to the hotter overlying mantle
wedge. Here, diapirs undergo release of aqueous
fluids and melts that migrate upward inducing
metasomatism in the surrounding peridotite.
Magmas can originate both in the mélange and in
the metasomatic mantle around the diapirs.
Tumiati et al. (2013) have shown that phlogopite
is a ubiquitous phase in the mantle rocks around
subduction mélange bodies and that this mineral
melts preferentially to give potassic magmas.

Based on these models, it is has been sug-
gested that mélange diapirs formed by a mixture
of mantle harzburgites and subducted silicic
sediments represent the source of lamproitic
rocks in Tuscany (Peccerillo and Frezzotti 2015;
Poli and Peccerillo 2016). Simple mass balance
calculation indicates the participation of about
15 % sediment to mixing, in order to explain
isotopic compositions of Tuscany lamproites
(Peccerillo et al. 1988).

However, the lack of Pb positive spikes and
high La/U at Sisco require a somewhat distinct
type of contaminant or/and mechanism of element
transfer and/or pre-metasomatic sources for this
rock (Conticelli et al. 2009a,b). Speculatively, the
deficiency of Pb and other LILE relative to Tus-
cany lamproites may reflect a minor role of
transfer by fluid phases during metasomatism.
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Calcalkaline and shoshonitic mafic rocks have
similar incompatible element patterns but lower
absolute element enrichments and less radiogenic
Sr-isotope compositions than lamproites. This
indicates the participation of a lower amount of
crustal material. However, contents of CaO,
Al,O3, and Na,O increase from lamproites to
calcalkaline-shoshonitic magmas, requiring the
participation of other components to melting,
which were scarce or absent in the source of lam-
proites. Therefore, it has been suggested that cpx-
and spinel- or garnet-bearing rocks (i.e. spinel or
garnet lherzolites rather than harzburgites) are the
source of calcalkaline and shoshonitic magmas
(e.g. Peccerillo and Frezzotti 2015; Poli and Pec-
cerillo 2016). This is supported by experimental
data on phlogopite-rich lherzolite whose melting
(around 10-20 %) at about 1 GPa gives liquids
very similar to Radicofani shoshonites (Con-
damine and Médard 2014). The increase from
lamproitic to calcalkaline magmas of some ferro-
magnesian elements that are hosted by clinopy-
roxene, such as Sc (Fig. 2.8d), agrees with a
greater involvement of this phase in the origin of
calcalkaline magmas. The relatively low Cr/
(Cr + Al) of chromite inclusions in olivine from
shoshonitic magmas (Fig. 2.11b) provides further
support to amagma origin from lherzolitic sources.

An alternative hypothesis for the formation of
calcalkaline to lamproitic magmas has been
proposed by Conticelli et al. (2009a, 2011, 2015a
with references). According to these authors, the
Tuscany mafic magmas were generated in a
residual lithospheric mantle cut by veins rich in
phlogopite formed by infiltration of supercritical
fluids or melts from subducted sediments. Low
degrees of partial melting affected prevalently the
phlogopitic veins, generating lamproitic magmas.
Successively, melting involved the mantle
around the veins, which produced depleted melts.
These mixed with early formed lamproitic mag-
mas to give diluted calcalkaline and shoshonitic
compositions.

This hypothesis, although simple and elegant,
fails to explain some first-order petrological and
geochemical data. First of all, if the source rocks
of lamproites have a phlogopite-harzburgite
composition, as generally accepted, progressive
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melting would dilute concentrations in early
liquids not only for potassium, but also for other
oxides such as Al,03, CaO, and Na,0, as clearly
demonstrated by the experimental work of Con-
damine and Médard (2014). However, these
oxides increase from lamproitic to calcalkaline
magmas in Tuscany (Fig. 2.8). Another objection
is that about 80-90 % of a basaltic-like melt is
necessary to dilute potassium and incompatible
elements contents of lamproitic liquids to the
much lower levels of calcalkaline magmas. This
requires extensive mantle melting, which is
improbable especially for an area where volumes
of mafic magmas are very low (Poli and Pec-
cerillo 2016).

Finally, the origin of mafic rocks with inter-
mediate compositions between
calcalkaline-shoshonitic basalts and lamproites,
sometimes occurring at single volcanoes, can be
simply explained by mixing of extreme
end-member melts. This hypothesis leads to the
conclusion that distinct but closely associated
harzburgitic and lherzolitic rocks occurred in the
upper mantle beneath some volcanoes. These
melted contemporaneously generating
calcalkaline-shoshonitic and lamproitic melts that
mixed during ascent to give a continuous suite of
magmas with variable petrological, geochemical
and isotopic characteristics (Poli and Peccerillo
2016). However, the adakite-like Sr-Ba-LREE
rich intermediate compositions found at Capraia,
Elba-Orano dikes and among San Vincenzo
enclaves represent a distinct type of intermediate
magma. This could be generated either by basalt
melting in a thickened lower crust, along the
subducted slab, or within the subduction mél-
anges, or also by high-pressure fractional crys-
tallisation of mantle melts (e.g. Ribeiro et al.
2016).

2.7 Geodynamic Implications

The mafic rocks of the Tuscany Province show
strong geochemical and isotopic differences with
respect to other mantle-derived magmas in Cen-
tral Italy, such as the Roman and Intra-Apennine
provinces. This calls for the occurrence of
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distinct and possibly dyachronous metasomatic
processes for these nearby magmatic districts.

It has been long suggested that mantle con-
tamination beneath Central Italy is related to
addition of different types of subducted sedi-
ments, consisting of siliceous rocks in Tuscany
and carbonated pelites (marls) in the Roman and
Intra-Apennine provinces (Peccerillo et al. 1988).
Such a hypothesis received much support by
recent geochemical ad experimental investigation
(e.g. Prelevic et al. 2008, 2010; Avanzinelli et al.
2009; Conticelli et al. 2009a, b, 2010, 2011;
Grassi et al. 2012). The distinct types of con-
tamination explain the petrological and geo-
chemical diversities of Tuscany mafic magmas
with respect to other volcanoes in Central Italy.

According to Serri et al. (1993) siliceous and
carbonate-rich sediments were both introduced
into the sub-Apennine upper mantle by the
west-dipping delaminated Adriatic continental
plate from Early Miocene to Present. Such a
hypothesis, however, leaves some questions
unanswered. In particular, it is not clear why a
single subduction process of the same slab pro-
vided two contrasting types of contaminants to
the mantle sources of contiguous and partially
superimposed areas. It also remains unclear why
the mantle rocks contaminated by siliceous sed-
iments beneath Tuscany melted much earlier
(14.5-0.3 Ma) than the marl-contaminated man-
tle sources of the Roman and Intra-Apennine
provinces (<0.8 Ma old).

According to Peccerillo (1999, 2002) and
Peccerillo and Martinotti (2006), the variable
ages of magmatism and the distinct nature of
metasomatism in Tuscany and in the Roman and
Intra-Apennine provinces can be better explained
by assuming two mantle contamination events,
occurred at different times during the evolution
of the Alps-Apennine system.

A most popular hypothesis on the evolution of
the Alpine-Apennine orogens submits that Creta-
ceous to Present convergence between Africa and
Europe was first accomplished by east-directed
subduction of the Alpine Tethys and European
crust beneath the northern African margin (Upper
Cretaceous to Eocene: Alpine stage), and succes-
sively by a new west-directed subduction process
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of the Neotethys-Adriatic-Ionian lithosphere
(Lutetian to Present: Apennine stage) beneath the
southern European margin (e.g. Doglioni et al.
1999; Carminati et al. 2010). More discussion on
this topic can be found in Chap. 13.

Peccerillo (1999, 2002) and Peccerillo and
Martinotti (2006) proposed that the mantle meta-
somatic contaminations by siliceous sediments and
marls in Central Italy are diachronous and respec-
tively occurred during the Alpine and Apennine
subduction stages. The contrasting compositions of
contaminants are explained by their different ori-
gin, i.e. from the subducted European and Adriatic
plates, respectively. According to this hypothesis,
the subduction-contamination-magma genesis his-
tory in Tuscany can be summarised as follows
(Fig. 2.14):

(@

1. Introduction of siliceous upper crustal rocks
into the mantle wedge took place during the
Cretaceous to Eocene south-eastward sub-
duction of the Alpine Tethys and fragments
of European continent beneath the northern
African margin (Alpine stage subduction).
The ultra-high pressure rocks of the Dora
Maira massif represent the most compelling
evidence for subduction of upper continental
crust (e.g. Chopin 1984; Cadoppi 1990;
Compagnoni 2003). Contamination affected
the lithospheric mantle of the northern Afri-
can margin probably along the entire belt
going from the Betic Cordillera to Central
Italy and the Western Alps (Peccerillo and
Martinotti  2006). Mechanical mixing of
upper crustal rocks, slices of oceanic crust

(b)
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Alpine suture
zone
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African-Neotethys
Margin

__ Sediment-harzburgite
mélange
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/ Adriatic Plate

Tuscany

Asthenosphere
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Harzburgite-sediment Lherzolite contaminated by
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Fig. 2.14 Cartoon showing a two-stage model of mantle
contamination and melting for the Tuscany Magmatic
Province (modified after Poli and Peccerillo 2016).
a Stage 1: Upper Cretaceous to Eocene “Alpine”
subduction-collision between European and African
plates brought siliceous upper crustal material into the
lithospheric mantle beneath the African margin. Mélange
bodies made of metasediments, slices of oceanic crust and
harzburgitic mantle rocks were formed above the slab.
Stage 2: Subduction inversion from Eocene to present
generated backarc spreading, lithospheric breakup, and
ascent of hot lherzolitic asthenospheric mantle. This

induced dehydration and melting of Alpine mélange
bodies, and metasomatism in the surrounding lherzolitic
rocks. Melting of the subduction mélange bodies (blue
blobs) gave lamproitic magmas whereas melting of
metasomatised lherzolite around mélange bodies (yellow
blobs) gave calcalkaline to shoshonitic magmas. Location
of section (black line) and traces of the Alpine suture zone
(red dashed line) are reported in the Inset. b Blow-up of
the mantle wedge beneath Tuscany showing the origin of
lamproitic (LMP) and of calcalkaline-shoshonitic (CA,
SHO) magmas
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and lithospheric harzburgitic mantle formed
subduction mélange bodies above the slab
surface. These, however, were unable to
ascent much through the rigid lithospheric
mantle and escaped melting, likely because of
the low temperature regime along the sub-
duction zone.

. Starting from the Lutetian, a new west-directed

subduction process developed with immersion
of the Neotethys-Ionian-Adriatic lithosphere
beneath the Alpine-Betic retrobelt (Apennine-
Maghrebian  subduction stage). Backarc
extension behind the westward immerging slab
prompted stretching and dismembering of the
lithosphere contaminated during the Alpine
subduction stage (Gueguen et al. 1997, 1998).
Spreading also favoured upwelling of hot
asthenosphere into the mantle wedge. There-
fore, fragments of harzburgite-metapelite mél-
ange bodies that formed during the Alpine
stage were embodied into newly emplaced hot
asthenospheric rocks that likely had lherzolitic
composition. M¢lange bodies underwent
strong dehydration and melting, with fluid
migration both within the mélange and from
this to the surrounding newly emplaced lher-
zolitic mantle. Melting in the mélange body
(sediments plus harzburgites) generated lam-
proitic magmas, whereas melting in metasom-
atized lherzolites around mélange bodies
formed calcalkaline to shoshonitic magmas
(Peccerillo and Frezzotti 2015; Poli and Pec-
cerillo 2016). Fluid transfer phenomena may
have played a minor role as a contaminant for
the Sisco lamproite, a hypothesis suggested by
depletion in Pb and other fluid-mobile trace
elements at Sisco relative to Tuscany
lamproites.

. Miocene to present subduction of the Adriatic

continental crust brought new types of sedi-
ments (i.e. marls) down into the mantle
wedge, which was formed by newly
emplaced lherzolitic rocks ascended from the
asthenosphere during backarc spreading.
Such a newly contaminated lherzolitic mantle
made up the source of the Roman Province.
The effects of this new contamination process
were particularly important in Latium, but are

2 The Tuscany Province

also recognisable in some late centres of the
Tuscany Province (e.g. Radicofani and
Cimini; Peccerillo et al. 1987; Peccerillo
1999; Conticelli et al. 2013; Peccerillo and
Frezzotti 2015).

A different geodynamic scenario is envisaged
by Bell et al. (2013). According to these authors,
a pre-Alpine contamination event affected a wide
mantle sector in Central Italy and Western Alps.
This successively interacted with FOZO-type
mantle, producing heterogeneous sources that
gave the compositionally variable magmas along
the Italian peninsula. Such a hypothesis will be
further discussed in Chap. 13 and Appendix 1.
Here, it is only recalled that compositions as the
Tuscany lamproites are not restricted to Italy but
occur at several places along the
Alpine-Himalayan belt and that ages and geo-
dynamic evidence strongly supports an Alpine
stage contamination for their mantle sources.
Moreover, there is significant evidence that iso-
topic variations along the Italian do not result
from simple two-end-member mixing as envis-
aged by Bell et al. (2004, 2013) and many others.
Rather there were different mantle and crustal
end-members participating in the mixing, as it
will be discussed in Chap. 13 and Appendix 1.

2.8 Summary and Conclusions

The Tuscany Magmatic Province consists of an
association of calcalkaline to lamproitic mafic to
intermediate magmas and silicic intrusive and
effusive rocks. Silicic magmas are polygenetic
and have been formed by crustal melting, mixing
between crustal anatectic and minor amounts of
mafic melts, and fractional crystallisation or AFC
starting from intermediate-mafic parents. Mafic
melts originated in the mantle but resemble clo-
sely some upper crustal rocks in terms of
incompatible trace element and radiogenic iso-
tope signatures. The particular composition of
these magmas reveals anomalous sources, con-
sisting of upper mantle rocks that underwent
contamination by subducted upper crustal silic-
eous material, such as metapelites.
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2.8 Summary and Conclusions

Mantle contamination beneath Tuscany prob-
ably took place during the Late Cretaceous to
Eocene subduction of the European plate beneath
the African margin. Magmatism is much younger
and occurred from Miocene to present during the
opening of the northern Tyrrhenian Sea behind
the west dipping subducted Adriatic plate. Tus-
cany magmatism becomes younger from west to
the east, following the eastward backarc exten-
sion migrating in the same direction (Boccaletti
et al. 1990).

The ascent of mafic magmas into the crust
induced anatexis and formation of peraluminous,
highly silicic magmas. These emplaced either as
unmodified melts or mixed with different types of
mantle-derived magmas giving hybrid products.
Fractional crystallisation of hybrid magmas gave
high-silica aplites and pegmatites, which are com-
monly found in many granitoid bodies in Tuscany.
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Abstract

The Intra-Apennine Province (IAP) consists of various small outcrops of
pyroclastic rocks plus a few lavas at San Venanzo and Cupaello (Umbria).
Pyroclastic rocks often contain silicate and carbonate material; silicate
fraction is melilititic to phonolitic in composition. Lavas have olivine
melilitite and kalsilite melilitite compositions. Overall, lavas and silicate
pyroclasts exhibit an ultrapotassic kamafugitic affinity, high enrichments
in LILE (e.g. Cs, Rb, LREE) and low abundance of Ta and Nb. The rocks
of the Intra-Apennine Province have very similar St—-Nd—Pb isotope ratios
and incompatible trace element signatures to the mafic rocks of the nearby
Roman Province, suggesting a close genetic relationship and geodynamic
significance. These compositions are best explained by assuming a magma
origin in an anomalous upper mantle that was enriched in incompatible
elements by subducted marly sediments. Interaction between kamafugitic
melts and sedimentary carbonates probably occurred during magma
ascent. This process generated an increase of 3'*0 %o and CaO content of
magmas, but had little effects on incompatible trace element ratios and
radiogenic isotope signatures. The carbonate-rich rocks occurring in the
IAP are mixtures of carbonate and silicate components. The very nature
(i.e. magmatic vs. secondary, and mantle-derived vs. crust-derived) of
these carbonates has been much debated and, perhaps, different types of
calcite occur in the single rocks.

Keywords
Intra-Apennine volcanism - Kamafugite - Melilitite - Carbonatite - Mantle
contamination - Adriatic plate - Northern Apennines

© Springer International Publishing AG 2017 61
A. Peccerillo, Cenozoic Volcanism in the Tyrrhenian Sea Region,
Advances in Volcanology, DOI 10.1007/978-3-319-42491-0_3



62
3.1 Introduction
The Intra-Apennine  Magmatic  Province

(IAP) consists of several small pyroclastic cen-
tres and few lavas scattered along the axial zones
of the Northern Apennines, from Umbria to the
nearby regions of Abruzzi and Latium (Fig. 3.1).
Volumes of igneous rocks are very small, but
compositions are strikingly different from other
volcanic areas in Italy. Pyroclastic rocks crop out
at various localities, including San Venanzo,
Cupaello, Perugia, Pietrafitta, Polino, Acquas-
parta, and Oricola. Other pyroclastic outcrops
represent fallout deposits from the nearby vol-
canoes of the Roman Province (e.g. Zanon
2005), and will not be considered. Lavas crop out
only at San Venanzo and Cupaello. A particular
outcrop of melilititic rocks occurs at Colle Fab-
bri, but its origin is controversial. The IAP has
been also indicated as the Umbria Province by
Washington (1906) and as the Intramontane
Ultra-alkaline  Province @ (IUP) or the
Umbria-Latium Ultra-alkaline District (ULUD)
by Lavecchia and Stoppa (1996) and Stoppa
et al. (2005). Information on age, petrology and
volcanology of the main centres of the IAP is
given in Table 3.1.

3.2 Regional Geology

Most of the IAP centres are situated in an area
west of the Northern Apennine thrust front, an
arcuate structure around Tuscany, Umbria and
northern Latium (Fig. 3.1). Regional geology is
characterised by thick piles of sedimentary rocks,
sitting on the metamorphic basement of the
Adriatic plate (e.g. Keller et al. 1994; Ciarapica
and Passeri 1998; Decandia et al. 1998; Barchi
et al. 2001; Barchi 2010). Permian-Triassic
phyllites and quartzites (Verrucano Group)
encountered by borehole drillings represent the
oldest rocks in the region. These are overlain by
sedimentary sequences that include Late Triassic
evaporites, Late Triassic to Oligocene marls,
limestones and dolostones, and Miocene mainly
terrigenous turbiditic rocks. Messinian evaporites

3 The Intra-Apennine Province

occur in the external (eastern) sector of the area.
Plio-Pleistocene mainly continental sands, clay
and conglomerates infill extensional basins.

The Intra-Apennine area was affected by late
Triassic to Jurassic rifting, with sedimentation of
both complete and reduced successions inside
progressively deepening extensional basins.
Starting in Cretaceous time, sedimentation
occurred in syn-orogenic basins. Compressional
tectonics related to the formation of the Apennine
chain began during the Miocene. The compres-
sion front progressively shifted eastward, con-
temporaneously  with terrigenous foredeep
sedimentation and with backarc extension (see
Chap. 2). Compression was much less intensive
than in Tuscany, and generated moderate
thrusting and folding. Plio-Pleistocene rifting
behind the eastward migrating compression front
formed small subsiding extensional basins,
which were sites of lacustrine to fluviatile sedi-
mentation, and of the episodic IAP volcanic
activity at their border faults (Pauselli et al. 2006;
Barchi 2010).

Crustal thickness in the IAP is slightly greater
than in Tuscany, increasing across the Apennine
chain up to about 40-50 km, and decreasing
towards the Adriatic foreland (Scarascia et al.
1994; Piromallo and Morelli 2003; Pauselli et al.
2006; Di Stefano et al. 2009, 2011). By contrast,
there is a continuous increase of lithospheric
thickness from about 40 km in Tuscany to about
80 km in the Adriatic Sea coast. The entire area
is characterised by negative gravimetric anoma-
lies and low heat flow (less than 70 mWm 2;
Della Vedova et al. 2001). The Intra-Apennine
volcanic area is also the site of intense deep CO,
degassing reaching fluxes of about 0.8 t/d km?
(Chiodini et al. 2008).

3.3 Compositional Characteristics
of Intra-Apennine Magmatism

The IAP is made up of dominant pyroclastic
rocks and a few lava flows and dikes. Compo-
sitions are variable, partially due to the effect of
deuteric processes. The best preserved rocks are
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Fig. 3.1 Location of the main outcrops of the Intra-Apennine Magmatic Province. The dashed line is the
Olevano-Antrodoco outer front of the Northern Apennines thrusts. Relief map from Tarquini et al. (2012)

strongly silica undersaturated, sometime peral-
kaline and have modal melilite and kalsilite.
Lavas consist of melilitites, with major element
composition typical of ultrapotassic rocks with a
kamafugitic affinity (Sahama 1974; Gallo et al.
1984; Peccerillo et al. 1988; Conticelli et al.
2015). The pyroclastic rocks range from melili-
tite to trachyphonolite (Stoppa and Lavecchia
1992; Stoppa and Wooley 1997; Stoppa et al.
2005). Several pyroclastic occurrences contain
abundant calcite and have been classified as
carbonatites (Stoppa and Woolley 1997; Stoppa
et al. 2005; Martin et al. 2012).

3.3.1 San Venanzo

This volcano consists of three main centres (San
Venanzo, Pian di Celle and Celli) whose explo-
sive and effusive products cover an area of about
0.5 km* (Stoppa 1996; Zanon 2005). San
Venanzo centre is a maar depression occurring
south of the San Venanzo village. Pian di Celle is
a composite tuff ring formed of pyroclastic
products, two lava flows, and a feeder dike. Lava
flows are 3-8 m thick and have a total volume of
about 2.2 x 10° m®. Celli is an isolated small
tuff cone with a bulk volume of about
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Table 3.1 Petrological characteristics and ages of the main centres of the Intra-Apennine magmatic province

Magmatic Age Volcanology

centres (in Ma)

San Venanzo 0.26 — Three eruptive centres formed by two
lava flows and dike, and pyroclastic
rocks. Lava contains pegmatoid veins

Cupaello 0.64 — Lava flow overlying pyroclastic rocks,
some of which contain abundant
carbonates

Polino 0.25 — Two small diatremes filled with a
chaotic breccia made of phlogopite-
and calcite-rich carbonatitic blocks,
lapilli and a fine matrix

Oricola-Carsoli | 0.53 — Tuff ring made of breccia, surge and
fall deposits

Grotta del 05 — Massive pyroclastic rocks containing

Cervo ashes, lapilli, blocks and ultramafic
micronodules

Acquasparta 0.39 — Various small deposits from different
monogenitic centres

Colle Fabbri 0.8 — Breccia intruded by sills and dikes and

by a final massive body

Petrology-geochemistry

— Olivine melilitite lavas with
ultrapotassic kamafugitic affinity;
slightly different compositions for
pyroclastic rocks. High enrichment in
LILE. ¥Sr/*°Sr ~ 0.7104;
'"PNd/'"*Nd~ 0.5121

— Kalsilite melilitite lava with
ultrapotassic kamafugitic affinity and
carbonate-rich pyroclastic rocks.
Higher incompatible element
abundances and radiogenic Sr than at
San Venanzo (87Sr/86Sr ~ 0.7113;
1SNd/"*Nd ~0.5121). Pyroclasts
have similar signatures as lavas, but
are depleted in incompatible elements

— Carbonatitic blocks showing
incompatible element patterns alike to
the Cupaello carbonate-rich
pyroclasts. Sr-Nd isotope ratios
similar to San Venanzo

— Carbonatite to phonolitic foidite
juvenile clasts showing high contents
of incompatible trace elements, with
calcite being more enriched than the
silicate juvenile fraction

— Similar composition of juvenile
pyroclasts to the San Venanzo lavas

— Juvenile pyroclasts with foidite to
tephriphonolite composition

— Granular to vesicular igneous-like
rocks. Massive facies have melilitolite
compositions. Magmatic origin has
been questioned

0.14 x 10° m® (Zanon 2005). Lavas are olivine
melilitites locally known as venanzite. Volcanic
activity took place during distinct phases whose
products are separated by a paleosol (Zanon
2005). *°Ar/*°Ar dating on minerals separated
from Pian di Celle volcanics yields an age of
265 ka (Laurenzi et al. 1994).

Petrography and mineralogy. The San
Venanzo lava and dike rocks have a poorly
porphyritic holocrystalline texture and contain
microphenocrysts of olivine (~Fog,_gg) set in a
groundmass composed of olivine (~Fogg),
melilite, leucite, phlogopite (Mg # = 0.90),

Al-poor diopside (Al,O3 ~ 0.5-1.3 wt%; Cellai
et al. 1994), kalsilite, spinel, monticellite and
calcite. Spinel, perovskite and apatite are present
as accessory phases (Cundari and Ferguson
1991). The lava flow contains coarse-grained
pegmatoid veins formed of leucite, melilite, spi-
nel, olivine (~ Fogs), phlogopite (Mg # = 0.81),
kalsilite, calcite, clinopyroxene and apatite. The
juvenile pyroclastic material has a less mafic
composition than the lavas (Stoppa 1996).
Fragments of ultramafic rocks and mafic minerals
have been found in the pyroclastic deposits and
have been interpreted as mantle debris (Stoppa
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et al. 2005). Abundant isolated crystals include
kinked olivine (Fo > 92), diopside (Cr,O3 =
0.8-1.2 wt%) and phlogopite (Mg# = 0.90).
Calcite is an important component of the San
Venanzo rocks, particularly of the pyroclastic
deposits. This carbonate material is considered to
be of magmatic origin by Stoppa (1996) and
Stoppa and Woolley (1997), who suggest a car-
bonatitic affinity for pyroclastic rocks. A large
number of uncommon mineral phases, such as
gotzenite (Na,Ca); 5Tig5(Si,07)(F,0),, khibin-
skite K4Zr,(Si4014) and Zr-cuspidine NajsCas
71y 5(S1,07)F; 50 5 have been found in the San
Venanzo volcanics (e.g. Sharygin et al. 1996).
Petrology and geochemistry. Compositions of
San Venanzo lavas are characterised by a strong
undersaturation in silica, yielding high levels of
normative leucite and kalsilite (Gallo et al. 1984,
Peccerillo et al. 1988). Major elements exhibit
many features, such as high contents of MgO,
CaO and K,O, and moderate to low Na,O and
AlL,O; (Fig. 3.2), which are typical of ka-
mafugites. However, TiO, is low (Fig. 3.2a;
Table 3.2). Abundances of Cr, Ni and Co are in
the range of mantle-equilibrated melts, whereas
V and Sc are lower than typical values of mafic
rocks (Fig. 3.3; Table 3.2). Boron contents are
high (B ~ 100-200 ppm; Vaselli and Conticelli
1990). REE patterns are fractionated and exhibit
a small negative Eu anomaly (Fig. 3.4a), which
cannot be due to separation of feldspars as these
phases are absent in the San Venanzo lavas.
Mantle-normalised incompatible element pat-
terns are fractionated, and contain positive spikes
of Cs, U, Th and Pb, along with negative
anomalies of Ba and HFSE (Fig. 3.4b). These
patterns closely resemble those of ultrapotassic
mafic rocks from the nearby Roman Province
(see Chap. 4), and are strikingly different from
patterns of kamafugites from the Virunga region
in East Africa, and of OIB (Fig. 3.4b; e.g. Sun
and McDonough 1989; Rogers et al. 1992;
Tappe et al. 2003; Chakrabarti et al. 2009). The
pegmatoid veins in the Pian di Celle lava have
lower silica, MgO, Cr and Rb contents, and much
higher abundances of TiO, and incompatible
trace elements than the host lavas. Their origin
probably relates to fluid enrichment processes

and/or magma unmixing. Pyroclastic scoriae
have similar compositions to lavas for most ele-
ments, but are somewhat enriched in silica and
depleted in alkalies, CaO and Sr. Radiogenic
isotopic ratios of San Venanzo volcanics
(Fig. 3.5) are close to values observed in the
Roman Province (¥St/*°Sr ~ 0.7104; '*Nd/'**
Nd ~ 0.5121; *%°Pb/***Pb ~ 18.73; *"Pb/*™
Pb ~ 15.66; °Pb/***Pb ~ 39.00; '7°Hf/'"
Hf ~ 0.28249; "¥70s/'*®0s = 0.1888; Conticelli
et al. 2002, 2007; Author’s unpublished data).
However, very high O-isotope ratios have been
measured for lavas (818OSMOW ~ +11 to +12;
Holm and Munksgaard 1982; Taylor et al. 1984)
and for separated olivine (8" 0smow = +13;
Author’s unpublished data), a feature that is not
observed in the mafic Roman rocks. Very high
values have been measured for carbonates from
lavas and pyroclastic rocks (SISOSMOW =+23
to +26 %o; Turi 1969; Stoppa and Wooley 1997).

3.3.2 Cupaello

The Cupaello volcanic centre consists of a single
750 m long lava flow overlying a sequence of
pyroclastic material composed of altered ashes,
breccias, lapilli and scoriae (Stoppa and Cundari
1995). “°Ar/*® Ar dating on separated kalsilite and
phlogopite yields an age of 639 ka (Laurenzi
et al. 1994).

Petrography and mineralogy. The lava has a
poorly porphyritic hypocrystalline texture and
contains phenocrysts of Al-poor diopside
(ALLO; ~ 0.3-0.4 wt%) and phlogopite (Mg
= 0.93-0.80) set in a groundmass of kalsilite,
melilite, monticellite and glass (Cundari and
Ferguson 1991; Stoppa and Cundari 1995;
Stoppa and Woolley 1997). The rock has been
petrographically classified as a pyroxene-kalsilite
melilitite, and is also known by the local name of
coppaellite. The Cupaello lava has been affected
to various extents by syn- to post-eruptive
modification, which led to the formation of sec-
ondary phases such as zeolites and chlorite. The
pyroclastic rocks consist of ashes and lapilli, the
latter being mainly represented by fragmented
melilitite and crystal debris. Calcite is an
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Fig. 3.2 Major element variations of the Intra-Apennine volcanic rocks
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Fig. 3.3 Trace element variations for the Intra-Apennine volcanic rocks. Symbols as in Fig. 3.2

important phase (up to more than 50 % of total
rock volume) of the Cupaello pyroclastic rocks.
Accessory phases in the Cupaello rocks include
magnetite, monticellite, apophyllite, spinel,
khibinskite, goetzenite, perovskite and apatite.
Petrology and geochemistry. The Cupaello
lava is peralkaline and strongly undersaturated in
silica. As for typical kamafugitic rocks, Al,O3
and Na,O are low and CaO is very high

(Fig. 3.2). K,0O is variable (~3-10 wt%), but
the freshest samples have high concentration of
K,0, indicating secondary loss of potassium in
the altered rocks (Peccerillo et al. 1988). Ferro-
magnesian trace elements (Cr, Ni, Co, V and Sc)
have much lower abundances than in the San
Venanzo lavas, whereas LILE and HFSE are
higher (Fig. 3.3). Incompatible element and REE
patterns are similar to those of San Venanzo, but
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fractionation and element enrichment are stron-
ger at Cupaello. The carbonate-rich pyroclastic
rocks have REE and incompatible element pat-
terns that are similar to the associated kamafu-
gitic lavas, but with much lower element
concentrations (Fig. 3.4). Radiogenic isotopic
compositions of Cupaello lavas are slightly but
significantly different from those of San Venanzo
&'St/®Sr ~ 0.7113; Nd/"**Nd~ 0.51212;

2Ph/2Ph ~ 18.74;  *7’PbiP%Pb ~ 15.66;
208pp204pp ~ 38.95;  '870s/'%%0s = 0.1926).
A sample of carbonate-rich pyroclast shows
much lower Nd isotope ratio (‘**Nd/"**Nd~
0.51188; Stoppa 2007). O-isotope ratios are very
high, and values of 3"®Ogymow = +11.9 to
+14.4 %0 have been determined for whole rock
and separated diopside phenocrysts (Holm and
Munksgaard 1982, 1986; Taylor et al. 1984). The
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carbonate-rich pyroclastic rocks have lower Sr
and Nd isotopic ratios than the associated lava
(Fig. 3.5). Calcite from these rocks has
5" 0gmow ~ +21 to +23 %o. Some crystals are
enriched in Sr, Ba and REE (e.g. Stoppa and
Woolley 1997).

3.3.3 Polino

The Polino centre consists of layered lapilli tuffs,
and a 40 m across diatreme cutting Liassic
limestones. The diatreme is filled with tuffisite
formed of massive  phlogopite- and
carbonate-rich  igneous bocks, concentric
carbonate-rich lapilli and bombs, country rock
fragments and abundant fine-grained matrix.
Some lapilli consisting of olivine and phlogopite
may represent mantle material (Stoppa and
Lupini 1993; Rosatelli et al. 2010). A *°Ar/*°Ar
age of 246 ka has been measured for phlogopites
separated from the massive blocks (Laurenzi
et al. 1994).

Petrography and mineralogy. Massive
carbonate-rich blocks are classified as carbon-
atites, based on modal mineralogy. Calcite is the
main phase, followed by phlogopite, olivine,
perovskite, Zr-schorlomite, and apatite set in a
micro-cryptocrystalline groundmass (Stoppa and
Lupini 1993). Olivine (Fog4_o3) occurs as anhe-
dral to subhedral crystals, sometimes rounded,
kinked and surrounded by a reaction rim of
monticellite. Crystals contain minute inclusions
of Cr-spinel. The phlogopite laths are generally
kinked, have high Mg# (92-94), low Ti and Fe,
and high Ni and Cr. Calcite occurs as ground-
mass mineral of lapilli and bombs, filling of veins
and vugs, and as matrix mineral of tuffisite. The
different types of calcite show variable enrich-
ments in Sr, Ba and REE, and stable isotope
signatures (Rosatelli et al. 2010). Fragments of
dunite and glimmerite nodules occurring in the
tuffisite are generally rounded, fine- to medium-
grained, and exhibit granoblastic texture; phlo-
gopite and olivine have similar texture and
compositions to that of the isolated xenocrysts.

Petrology and geochemistry. The Polino car-
bonatitic blocks are depleted in silica (SiO, ~
15-25 wt%) and rich in CaO (~30-40 wt%)
and, to a lower extent, in MgO (~7-13 wt%).
By contrast, K,O (~0.2-0.7 wt%) and Na,O
(<0.2 wt%) are low. Overall, the Polino rocks
very closely resemble the carbonate-rich pyro-
clastics from Cupaello. However, concentrations
of the ferromagnesian trace elements Ni and Cr
are much higher at Polino. Radiogenic isotope
ratios are similar to those of San Venanzo, with
¥S1/%Sr ~ 0.70104  and  '¥Nd/'**Nd ~
0.51203 (Castorina et al. 2000; Conticelli et al.
2002). Oxygen isotope ratios of calcite shows
618OSMOW ~ +22 to +24 %o and 813CPDB ~
—8 to —13 %o (Rosatelli et al. 2010). Stable
isotope signatures, incompatible element abun-
dances, and textural characteristics of calcite
suggest the occurrence of both primary magmatic
and secondary carbonates in the Polino rocks
(Rosatelli et al. 2010).

3.3.4 Oricola

Monogenetic pyroclastic centres (K/Ar age =

530 ka) composed of altered breccia, surge and
fall deposits occur at Oricola-Carsoli, about
40 km southwest of L’Aquila (Bosi et al. 1991;
Barbieri et al. 2002; Stoppa et al. 2005; Stoppa
2007). The pyroclastic rocks at Oricola make up
a tuff ring composed of interlayered breccia and
surge beds covered by pyroclastic flow, fall and
surge products.

Petrography and mineralogy. The juvenile
lapilli from Oricola range from carbonatite to
phonolitic foidite with a kamafugitic affinity.
Carbonatitic flattened and welded lapilli prevail
at the base, whereas silicate clasts dominate the
top of the sequence (Stoppa et al. 2005). Mineral
phases include Ca-rich olivine (Fog7), diopside,
leucite, phlogopite, alkali-feldspar, and accessory
garnet, apatite and spinel.

Petrology and geochemistry. Analyses of
Oricola phases (Stoppa et al. 2005) highlight
strong LREE-enrichment in calcites, with total
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LREE up to 1150 ppm, and average Ba and Sr
abundances of about 3800 and 4400 ppm,
respectively. Silicate glasses from the top of the
sequence show strongly fractionated REE pat-
terns with negative Eu anomaly (Fig. 3.4a);
mantle normalised incompatible element patterns
are fractionated and contain negative anomalies
of HFSE and positive spikes of U and Pb. Sim-
ilar REE and incompatible element patterns are
observed in the bulk carbonatite clasts, although
these have higher absolute element abundances
(Fig, 3.4). Sr—Nd isotopic ratios reported by
Stoppa (2007) are similar to Umbria kamafugites
&7St/8°Sr = 0.7109; '"*Nd/'**Nd = 0.51207).

3.3.5 Intra-Apennine Pyroclastic

Deposits

There is a large number of pyroclastic deposits
scattered through the internal zones of the
Apennines. Composition, grain size and deposi-
tional characteristics are variable and some of the
fine-grained clasts may have a remote origin. The
best-known locally originated pyroclastic
deposits occur in Umbria at Perugia, Acquas-
parta, Norcia and Pietrafitta, and in the Latium
and Abruzzi regions at Campo Imperatore,
Grotta del Cervo, Oricola-Carsoli, Poggio Bus-
tone and several other localities (Bosi et al. 1991;
Bosi and Locardi 1992; Lavecchia et al. 2002).
Stratigraphic relationships and radiometric dating
indicate an age of a few hundreds thousand years
for all these outcrops.

A sequence of pumiceous lapilli makes up a
small outcrop completely covered by a thick soil
at Pian di Massiano, Perugia. At Acquasparta,
phreatomagmatic deposits of ashes and lapilli
erupted over a distance of about 10 km from N-S
aligned monogenetic centres. *°Ar/*°Ar dating on
separated phases has yielded an age of 390 ka for
these deposits. Mineral phases include diopside,
olivine (up to Fogs), sanidine, Ti-rich phlogopite,
leucite, apatite, sphene and Fe-Ti oxides. Over-
all, this mineral assemblage is believed to reveal
a kamafugitic affinity (Brozzetti and Stoppa
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1995). However, analyses of some scoriae and
glass inclusions in clinopyroxenes indicate
compositions ranging from foidite to teph-
riphonolite, with similar major element contents
as the magmas from the Roman Province
(Author’s unpublished data).

In the Abruzzi region, the pyroclastic rocks
display variable depositional and structural
characteristics. ~Some occurrences contain
coarse-grained material (up to 10 cm in diame-
ter), which indicates nearby vents. Pyroclastic
rocks containing coarse-grained juvenile material
are present at Grotta del Cervo, a locality not far
from L’Aquila. Mineral phases from this outcrop
are calcite, olivine (Fogg), diopside, phlogopite,
garnet, haiiyne, leucite, Kkalsilite, apatite and
Ti-magnetite. Major and trace element composi-
tion of juvenile lapilli is similar to San Venanzo
kamafugitic lavas (Stoppa et al. 2002).

3.3.6 Colle Fabbri

A small outcrop of melilite-bearing rocks with
igneous-type textures is present at Colle Fabbri.
The outcrop is located at the south-western edge
of the Umbria Valley graben, and rests over
Lower Pleistocene conglomerates and clay beds
(Stoppa 1988). The centre is formed of a breccia
apron intruded by dikes and by a final massive
plug. Evidence of thermal metamorphism has
been observed in the country rocks (Stoppa and
Rosatelli 2009). A whole rock K/Ar age deter-
mination yielded a value of 790 %+ 90 ka (Lau-
renzi et al. 1994).

Petrography and mineralogy. The dike rocks
have medium grained, equigranular texture, and
consist of euhedral melilite crystals with wollas-
tonite inclusions. Leucite and kalsilite occur as
intergranular minerals, along with Ti-garnet,
Ti-clinopyroxene, magnetite, perovskite, rank-
inite, apatite, Fe—Ni sulphides, carbonates, zeo-
lites and scattered anorthite crystals (Stoppa and
Rosatelli 2009). The plug has textures ranging
from microgranular to porphyritic and vesicular,
passing from the centre to the border. Modal
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mineralogy consists of various proportions of
melilite, wollastonite, clinopyroxene, leucite, plus
accessory perovskite, garnet, magnetite, rankinite
(CasSi,05), Si-bearing apatite, Fe—Ni sulfides,
calcite and zeolites (Stoppa and Sharygin 2009).
Ocelli filled with calcite are observed in the border
rocks. The Colle Fabbri rocks are classified as
melilitolites (Stoppa and Rosatelli 2009).

Petrology and geochemistry. Major element
compositions (Fig. 3.2) are rather variable for a
small outcrop (e.g. SiOp ~ 43-60 wt%;
CaO ~ 840 wt%; Na,O ~ 0.1-1.1 wt%;
KO ~ 0.2-2.5 wt%; Melluso et al. 2003).
However, new analyses by Stoppa and Sharygin
(2009) greatly restrict these ranges and only data
from these authors are reported in the variation
diagrams. Glasses included in some minerals or
occurring in the border facies are acidic, potassic
(K50 = 5.5-8.5 wt%) and depleted in Na,O
(~0.5-1.0 wt%). Chondrite-normalised REE
profiles are different from other IAP rocks
(Fig. 3.4a). ¥’Sr/*°Sr ratios range from 0.7077 to
0.7119 and '$Nd/'**Nd ratios vary from
0.51218 to 0.51223 (Melluso et al. 2003; Stoppa
and Sharygin 2009).

Petrogenesis. Colle Fabbri is thought to be a
member of the carbonatite-melilitite mantle-
derived association of the Intra-Apennine Mag-
matic Province (Stoppa and Woolley 1997,
Stoppa and Sharygin 2009). However, REE and
incompatible element contents and fractionation
are much lower than other melilititic rocks from
IAP (Figs. 3.3 and 3.4). Melluso et al. (2003)
pointed out that both the mineral paragenesis and
the major and trace element geochemistry of
Colle Fabbri rocks are unusual and thermody-
namically incompatible with any magmatic sys-
tem. It was observed that abundances for several
major and trace elements closely resemble those
of marly sediments. Therefore, it was concluded
that the Colle Fabbri rocks are not magmatic, but
were generated by decarbonation and melting of
marls (paralava). Burning of lignite, abundantly
present in the recent sediments in the Colle
Fabbri area, was suggested to be responsible for
marl melting. This same conclusion was also
applied to another igneous-like rock cropping out
at Ricetto, a few hundred km south of Colle

Fabbri (Melluso et al. 2003). Such a hypothesis
was challenged by Capitanio (2005) and Stoppa
et al. (2005) who suggested an igneous origin for
this outcrop. Recent geochemical and mineral
chemistry data by Stoppa and Sharygin (2009)
were interpreted to support the hypothesis that
the Colle Fabbri rocks represent a melilitite
magma similar to other IAP occurrences, which
digested pelite country-rock at temperatures
exceeding 1230 °C. This, however, does not
explain some compositional features of Colle
Fabbri rocks, such as the flat HREE patterns.

3.4 Petrogenesis
of the Intra-Apennine Province

The main questions concerning the petrogenesis
of the IAP relate to the origin and evolution of
the kamafugitic magmas, best represented by the
lavas from San Venanzo and Cupaello, and to the
nature and significance of carbonate-rich pyro-
clastic rocks that occur at several centres.

3.4.1 Kamafugitic Rocks

The high MgO, Ni and Cr contents of IAP ka-
mafugites attest to a mantle origin (e.g. Peccerillo
et al. 1988; Cundari and Ferguson 1991). How-
ever, several lines of evidence also attest wall
rock assimilation. The San Venanzo and
Cupaello volcanoes are monogenetic centres
developed on a thick sedimentary sequence
composed mostly of limestones and marls. The
scarcely porphyritic to aphyric texture of kama-
fugitic lavas indicates a near liquidus temperature
during eruption (i.e. about 1250 °C; Cundari and
Ferguson 1991), which makes it likely the
incorporation and dissolution of carbonate wall
rocks. The high CaO abundances observed in
these rocks could partially depend on carbonate
assimilation (see Carter and Dasgupta 2015). An
additional piece of evidence for this process
comes from high O-isotope ratios of whole rocks,
separated silicate minerals, and of calcite occur-
ring in IAP rocks (Turi et al. 1986; Stoppa and
Woolley 1997; Stoppa and Sharygin 2009;
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Rosatelli et al. 2010). However, Holm and
Munskgaard (1982) suggested that high
O-isotope values denote an anomalous mantle
source strongly modified by the addition of
subducted upper crustal material.

Whatever the case, an important point to
emphasize is that limestone assimilation does not
produce dramatic modification of incompatible
element ratios and radiogenic isotope signatures
in the kamafugitic magmas. Such behaviour is a
consequence of the much lower abundances of
incompatible element in the limestone than in
ultrapotassic magmas, a compositional contrast
that effectively buffers incompatible element and
radiogenic isotope variations during assimilation.
It has been concluded, therefore, that, whereas
high O-isotope composition (and possibly CaO
concentration) of kamafugites might be effects of
magma assimilation processes, radiogenic iso-
tope and trace element ratios reflect compositions
of mantle sources (Peccerillo 1998).

Experimental investigations of silica under-
saturated kamafugitic rocks both from Umbria
and other worldwide occurrences suggest a
magma origin by melting of phlogopite-rich
wherlite or clinopyroxenite at pressures around
2 GPa (Wendland and Eggler 1980a, b; Edgar
1987; Cundari and Ferguson 1991; Gupta and
Fyfe 2003; Gupta 2015). These compositions are
anomalous for upper mantle and require meta-
somatic modification to generate abundant
clinopyroxene and phlogopite. Trace element and
radiogenic isotope compositions of IAP kama-
fugites are halfway between typical mantle and
upper crustal values. This brought to conclusion
that the mantle modification was accomplished
by addition of upper crustal material. However,
radiogenic isotope ratios are less close to upper
crustal values than observed in the mafic rocks of
the Tuscany Province, where a pelitic nature for
mantle contaminant has been proposed (see
Chap. 2). Therefore, a mantle contamination by
subducted marly sediments was suggested by
Peccerillo et al. (1988), a hypothesis supported
by recent geochemical investigation (e.g. Avan-
zinelli et al. 2009). Grassi and Schmidt (2011a,b)
and Grassi et al. (2012) demonstrated that
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melting of subducted carbonated pelites at high
pressure (8-22 GPa) generates K-rich carbonate
melts with high K/Na ratios and exhibiting many
trace element signatures akin to Central Italy
ultrapotassic rocks. The interaction between
these carbonate K-rich melts and peridotite is
able to produce ultramafic rocks rich in phlogo-
pite and clinopyroxene, whose melting gives
ultrapotassic magmas. Such a process might also
explain the high LILE/HFSE ratios of the IAP
kamafugites (e.g. Th/Ta ~ 35-50), which are
much higher than any common igneous or sedi-
mentary rock (e.g. Taylor and McLennan 1985;
Plank and Langmuir 1998). Ti-perovskite has
been found as a residual phase during melting of
carbonated pelites at 22 GPa. This phase has
very high solid/carbonate-liquid partition coeffi-
cients (Kyq) for Nb and other HFSE (e.g.
KNb/earbonate melt = 28), whereas partition coeffi-
cients for Th and LREE are low (e.g2. Krn/carbonate
melt = 0.2). Therefore, the occurrence of residual
perovskite during sediment melting yields
extremely LILE/HFSE fractionated liquids, a
feature that is transferred to mantle wedge and
hence to the magmas.

The pre-metasomatic mantle rocks of TAP
kamafugites probably had a residual harzburgitic
composition as suggested by the low Al,O3 and
Na,O of lavas. These rocks were modified by
carbonate-rich supercritical fluids or melts from
marls, which increased modal clinopyroxene of
harzburgite forming lherzolites or clinopyroxen-
ites, thereby creating the conditions for the gen-
eration of CaO-rich lavas (Chin et al. 2014).

An alternative hypothesis for the origin of
kamafugitic magmas emphasises the strongly
undersaturated and ultrapotassic composition of
these magmas and their connection with
carbonate-rich pyroclastics, which are believed to
represent mantle-derived carbonatites (Stoppa
and Woolley 1997; Bell et al. 2013 with refer-
ences). It is stated that a similar rock association
is found in some intraplate settings such as East
Africa, concluding that the IAP magmatism is
related to emplacement of deep plumes in an
intraplate setting (e.g. Cundari and Ferguson
1991; Castorina et al. 2000; Bell et al. 2004,
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2013). According to this hypothesis, the
crustal-like Sr-Nd isotope signatures of the
kamafugitic magmas would be related to an
ancient metasomatic modification of mantle
rocks, which remained isolated for a long period
of time (1-2 Ga) in order to acquire high Sr and
low Nd isotopic ratios. Such a hypothesis does
not consider the utterly different trace element
signatures of Africa and Central Italy rocks
(Fig. 3.4b), which call for a distinct origin and
geodynamic significance. Further discussion of
this issue is reported in Chap. 13.

3.4.2 Carbonate-rich Rocks

The volcanic rocks from IAP commonly contain
calcite, which occurs in the lavas but is particu-
larly abundant (sometimes exceeding 50 % by
volume) in the pyroclastic rocks. The latter
consist of mixtures of carbonate and silicate
components, which show textural evidence of
being solidified from coexisting silicate and
carbonate melts (Stoppa and Woolley 1997;
Stoppa et al. 2005). There is a growing consen-
sus that carbonate component in the IAP rocks is
magmatic in origin, and derived from unmixing
of mantle-originated carbonate-rich kamafugitic
magmas (Stoppa and Cundari 1995; Stoppa and
Woolley 1997; Bailey and Collier 2000; Stoppa
et al. 2005; Martin et al. 2012).

The nature of the IAP carbonate-rich rocks
has been questioned, at least for the San Venanzo
and Cupaello occurrences, which are the only
centres where there is an association of
carbonate-bearing pyroclastics and silicate
kamafugite lavas. The main question has been
the one of understanding whether the abundant
calcite occurring in pyroclastic rocks is entirely
magmatic in origin and crystallised from
unmixed mantle-derived melts, or, instead, it
comes from wall rocks by some type of syn- to
post-magmatic process. Such a discussion has
been the subject of several papers and will not be
repeated here (e.g. Peccerillo 1998, 2005b, 2006;
Bailey 2005; Woolley et al. 2005; Bell and
Kjarsgaard 2006). In short, evidence in favour of
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an origin of calcite from sedimentary wall rocks
include the very thick (several thousand metres)
carbonate substratum, the high oxygen isotope
ratios of carbonates for all the IAP volcanics, and
the barren nature of the carbonate component at
San Venanzo and Cupaello that contrasts with
the high enrichments typical of carbonatitic melts
(e.g. Peccerillo 1998). On the other hand, textural
relationships between carbonate and silicate
fractions, high incompatible element contents in
some calcite crystals, and occurrence of flattened
lapilli and bombs with carbonate compositions at
some volcanoes support that carbonates crys-
tallised from melts (e.g. Stoppa and Woolley
1997; Stoppa et al. 2005; Rosatelli et al. 2010).

In conclusion, evidence for the origin of car-
bonates in the IAP rocks is somewhat contra-
dictory, and perhaps different types of calcite are
present in the rocks (e.g. Stoppa et al. 2005;
Rosatelli et al. 2010). Carbonates melts could be
formed within the crust, as suggested by several
classical and recent studies (e.g. Wyllie and
Tuttle 1960; Peccerillo et al. 2010; Gozzi et al.
2014), and in an upper mantle strongly contam-
inated by marly sediments (e.g. Grassi et al.
2012; Tumiati et al. 2013).

Whatever the case, the carbonate-rich rocks
from the TAP exhibit the same incompatible
element pattern and radiogenic isotope signatures
of the associated kamafugitic lavas, and both
resemble closely the ultrapotassic mafic rocks
from the nearby Roman Province. Therefore,
geochemical evidence strongly suggests an ori-
gin in the same type of enriched mantle sources
and the same geodynamic significance for all
these rocks.

3.5 Geodynamic Implications

Two conflicting hypotheses have been proposed
for the genesis of IAP magmas, as discussed in
the previous section. One suggests recent source
contamination by marly sediments, whereas an
alternative theory invokes old metasomatic
modification of deep mantle material. According
to the former hypothesis, mantle contamination
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occurred as a consequence of subduction of the
Adriatic plate beneath Central Italy (e.g. Serri
et al. 1993; Peccerillo and Frezzotti 2015). Var-
ious mechanisms can be envisaged for
slab-to-mantle wedge element transfer. One
possibility is that marly sediments were brought
to high depths along the subduction zone, where
they released K-rich carbonate melts (e.g. Pec-
cerillo et al. 1988; Grassi et al. 2012). These
melts contaminated the mantle wedge peridotite,
which successively melted to give kamafugitic
magmas. Another scenario is that the subduction
of great quantities of sediments induced gravi-
tational instability at the slab-mantle interface,
with the formation of subduction mélange diapirs
consisting of mantle rocks and sediments (e.g.
Peccerillo and Frezzotti 2015). Mélange bodies
ascended to the shallower and hotter corner of
the mantle wedge, releasing supercritical fluids
and melts that contaminated the surrounding
peridotite. Formation of kamafugitic magmas
occurred by melting of mélange diapirs or/and
surrounding rocks, during post-collisional stages
of Northern Apennine evolution, because of
temperature increase subsequent to slab breakoff.
Experimental evidence demonstrates that car-
bonatite magmas can be generated by melting of
sediment-mantle mélange rocks (Tumiati et al.
2013; Bulatov et al. 2014), thereby supporting
the possibility of a direct mantle provenance for
carbonate-rich magmas in the TAP.

Low Na,O and Al,Oj3 contents of kamafugitic
magmas suggest a harzburgitic pre-metasomatic
source that had been depleted in its basaltic
components prior to metasomatism. As suggested
for the Tuscany region, fragments of harzburgite
could derive from stretching and boudinage of old
Alpine lithospheric mantle, during the opening of
the northern Tyrrhenian Sea basin (e.g. Doglioni
et al. 1998).

Alternative hypotheses suggest that the TAP
rocks would represent a magmatism emplaced in
an intra-continental rifting zone by melting of a
deep rooted mantle plume head (e.g. Lavecchia
and Stoppa 1990, 1996; Stoppa et al. 2002; Bell
et al. 2013). Such a hypothesis, however,
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strongly contrasts with the clear arc geochemical
signatures of the IAP and other magmas in
Central Italy, as recalled earlier.

3.6 Summary and Conclusions

The volcanic centres of the IAP are made up of
pyroclastic rocks and a few lava flows and dikes.
Lavas have olivine melilitite and kalsilite melilitite
composition and show an ultrapotassic kamafu-
gitic affinity. Pyroclastic rocks range from melili-
tite and phonolite to carbonate-rich compositions.

Kamafugitic lavas have radiogenic isotope
and incompatible trace element signatures similar
to the mafic rocks of the nearby Roman Province,
suggesting a close genetic relationship and geo-
dynamic significance. These compositions are
best explained by an origin of magmas in
anomalous upper mantle sources that were enri-
ched in incompatible elements by subducted
marly sediments. A harzburgite composition is
assumed as pre-metasomatic mantle rocks to
explain some petrological characteristics of IAP
kamafugites, such as low contents of Na,O and
Al,O5. Harzburgites were modified and trans-
formed to clinopyroxenites by Ca-rich compo-
nents coming from subducted marls. Interaction
between kamafugitic magmas and crustal rocks
(mostly sedimentary carbonates) probably
occurred during magma ascent. This process
generated an increase of 8'%0 (up to + 14 %o)
and, possibly, CaO content of magmas, but had
little effects on incompatible trace element ratios
and radiogenic isotope signatures.

The carbonate-rich rocks occurring in the IAP
are mixtures of carbonate and silicate compo-
nents. The very nature (i.e. magmatic vs. sec-
ondary, and mantle-derived vs. crust-derived) of
these carbonates has been much debated and,
perhaps, different types of calcite occur in the
rock. In any case, carbonate-rich rocks and
kamafugitic lavas have similar trace element and
radiogenic isotope signatures, suggesting an ori-
gin from a common source in the same geody-
namic setting.
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Abstract
The Roman Magmatic Province (about 0.8-0.02 Ma) consists of about
900 km” of dominant pyroclastic deposits and minor lavas building up the
large volcanoes of Vulsini, Vico, Sabatini and Colli Albani (Alban Hills).
Rocks range from potassic (K-trachybasalt to trachyte) to Roman-type
ultrapotassic (leucite tephrite and leucitite to leucite phonolite) in
composition. Felsic magmas were generated by fractional crystallisation
of mafic melts. Evolution processes took place in large shallow-level
magma chambers whose post-eruption collapse formed huge calderas and
volcano-tectonic depressions. Potassic and ultrapotassic mafic magmas in
the Roman Province display variable degrees of enrichment in incompat-
ible elements. In contrast, radiogenic isotopic ratios are less variable
&7St/%Sr ~ 0.7090 to 7110, **Nd/'*Nd ~ 0.5121, 2°°Pb/***Pb ~
18.80, ""°Hf/'7"Hf ~ 0.28258). Trace element and radiogenic isotope
evidence suggests an origin of primary magmas in an anomalous but rather
homogenous mantle source that has undergone variable degrees of partial
melting at a pressure increasing from potassic to ultrapotassic magmas.
Metasomatised phlogopite-bearing lherzolite or wehrlitic-clinopyroxenite
mantle rocks are likely sources of Roman magmas. Mantle contamination
was provided by carbonated pelites (marls), a process that took place
during the Miocene to present subduction of the Adriatic continental plate
beneath Northern Apennines.

Keywords

Roman province - Potassic rocks - Ultrapotassic rocks - Vulsini « Vico «
Sabatini - Colli Albani (Alban Hills) - Mantle contamination - Adriatic
plate - Northern Apennines - Geodynamics
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4  The Roman Province

4.1 Introduction

Early in the 20th century, the Roman Province was
defined by Washington (1906) as the large region
of potassium-rich volcanism, extending from
southern Tuscany to the Campania area. The
Roman Province described here is more restricted
in extent, and only includes the belt of
potassium-rich volcanoes running from southern

Vulsini

Mts,
Cimini

Tuscany to the southern outskirts of Rome, par-
allel to the border of the Tyrrhenian Sea. This is
also called as the Latium Province. The re-defined
Roman Province consists of the two large volcanic
complexes of Monti Vulsini and Monti Sabatini
and of the Vico and Colli Albani (Alban Hills)
stratovolcanoes (Fig. 4.1). These volcanoes
together erupted about 900 km® of pyroclastics
and lavas over a time span from about 800 ka to

N .0€.cv

~ Vico

Sabatini

Tyrrhenian
Sea

12°00' E

N .00.¢¥

12°30' E

Fig. 4.1 1 Location map of Roman volcanoes. Relief map from Tarquini et al. (2012)



4.1 Introduction

less than 20 ka. In the north, the Roman Province
is superimposed over the Tuscany magmatic rocks
and there is evidence of hybridism between these
two magma types in some places (van Bergen et al.
1983; Peccerillo et al. 1987; Conticelli et al. 2013).
The southern border of the Roman Province is
marked by an important tectonic structure, which
has been named the Ancona-Anzio line (Castel-
larin et al. 1982; Locardi 1988) or the
Olevano-Antrodoco line (e.g. Turtu et al. 2013).
This is an approximately N-S trending tectonic
line that crosses the Italian peninsula and divides
the Northern Apennines from Abruzzi-Latium
sequences of Central Apennines (Mattei et al.
1995). It represents the eastern limb of the
Northern Apennines thrust front, but develops
along a pre-orogenic structure of the Adriatic plate
(e.g. Tavarnelli et al. 2004; Satolli and Calamita
2008; Turtu et al. 2013).

The prevalent volcanism has been explosive,
with numerous plinian eruptions and associated
caldera and volcano-tectonic collapses. The rocks
consist of large-volume pyroclastic deposits and
minor lava flows. Ignimbrites are particularly
abundant and fascinating, from both a geological
and historical viewpoint. These consist of chaotic
deposits of scoriae, pumices, lithics and crystals,
embedded in fine-grained ashes, showing variable
thickness (high-aspect ratio ignimbrites; Walker
1983) and degrees of cementation. Many outcrops

Fig. 4.2 K,O/Na,0
versus AQ plot for mafic .
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are well lithified (sillar facies), and tend to form
small plateau surrounded by steep cliffs, upon
which several historical towns (e.g. Orvieto,
Civita di Bagnoregio, Pitigliano, etc.) have been
constructed. Lithified pyroclastic rocks are com-
mon in  central-southern  Italy  (e.g.
Orvieto-Bagnoregio ignimbrite at Vulsini, Tufo
Rosso a Scorie Nere ignimbrite at Vico, Campa-
nian Ignimbrite and Neapolitan Yellow Tuff at
Campi Flegrei, etc.) and have been exploited as
building material, locally known as “peperino”,
since Etruscan and ancient Roman times. Many of
the best known Etruscan necropolises have been
carved into these rocks and various edifices from
villages and towns, including the cities of Rome
and Naples, are constructed by blocks of lithified
tuffs. The lithification of pyroclastic deposits is the
result of intensive post-depositional zeolitization
of glassy matrix, under the effect of circulating
water. Zeolite formation reduces the porosity and
increases strength and cohesiveness of the rock.
Water may derive from geothermal systems
around the conduits (e.g. hydrovolcanic explo-
sions) or from the external environment (meteoric
or groundwater; e.g. Hall 1998; De Gennaro et al.
1999; Bear et al. 2009).

Petrologically, the Roman mafic volcanic
rocks are mostly ultrapotassic and undersaturated
in silica, but nearly saturated potassic rocks occur
in the Vulsini district and at Vico (Fig. 4.2).

MgO > 4.0 wt%

volcanics (MgO > 4.0 wt
%) from the Roman
Province. AQ is the
algebraic sum of normative
quartz minus normative
undersaturated minerals
(foids, Mg-olivine). See
Chap. 1 for further
explanation. Rocks with
LOI > 3.0 wt% have not
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Evolved tephriphonolitic, phonolitic and trachytic
rocks predominate over mafic types, except at
Colli Albani volcano, which is completely built up
by tephrites, leucitites and phonotephrites. Many
rocks, especially scoriae and pumices, exhibit low
alkali contents, high LOI (Loss on Ignition) and
Na,0/K,0 ratios, revealing modification by sec-
ondary processes. These rocks will not be con-
sidered in the following discussion. Th, U, Large
Ion Lithophile Elements (LILE) and LREE show
invariably high concentrations, which become
extreme in the most evolved rocks.

The peculiar major and trace element compo-
sitions of Roman magmas and the secondary
processes affecting many lavas and pyroclastics
are the cause for the generation of a large number
of exotic mineral phases (e.g. Federico 1995).

4  The Roman Province

Some of these are unique to Roman rocks and
contributed to expand considerably the number of
newly discovered mineral phases in the last dec-
ades (e.g. Della Ventura et al. 1999, 2002; Fed-
erico and Peccerillo 2002; Callegari et al. 2012).

The main petrological, geochronological and
volcanological features of Roman volcanoes are
summarised in Table 4.1. Representative whole
rock analyses are given in Table 4.2.

4.2 Regional Geology

The volcanoes of the Roman Province developed
in the northern-central Latium, an area that is in
structural continuity with southern Tuscany,
having suffered similar geodynamic evolution, at

Table 4.1 Petrological-volcanological characteristics and ages of volcanoes in the Roman Province

Volcano | Age (in Volcanology
Ma)
Vulsini >0.6 to — Partially superimposed multicentre volcanic
0.13 complexes with calderas (Montefiascone,
Latera), developed around the
volcano-tectonic depression of the Bolsena
Lake. Dominant pyroclastic fall deposits
and ignimbrites, minor pyroclastic surges
and lavas
Vico 0.42 to — Stratovolcano with a central polygenetic
0.095 caldera, an intra-caldera cone and a few
small circum-caldera centres, made up of
dominant pyroclastic fall deposits and
ignimbrites, and minor lavas
Sabatini | 0.8 to — Two main multicentre complexes
0.09 (Sacrofano and Bracciano) with several
calderas, aligned in an E-W direction.
Dominant pyroclastic fall deposits and
ignimbrites, and minor lavas
Colli 0.6 — Stratovolcano constructed during three
Albani to <0.02 periods of activity. High-magnitude
(Alban Historical explosive eruptions and minor lava effusion
Hills) activity built up the main cone and a large central
(@) caldera. The following activity mainly

occurred inside the caldera and at
pericaldera centres. Final hydrovolcanic
eruptions on the SW flank of the main cone

Petrology

— Potassic (KS: trachybasalt to trachyte)
and ultrapotassic (HKS: leucitite and
leucite tephrite to phonolite)
compositions. Some melilitite. High
enrichments in incompatible elements
and radiogenic Sr (*’Sr/*°Sr ~ 0.709-
0.711)

— Early latite-trachyte to rhyolite
magmas, followed by HKS
cone-forming rocks (phonotephrite to
phonolite) and final post-caldera KS
(trachybasalt, latite) and HKS
(tephriphonolites). High enrichments in
incompatible elements and radiogenic
St (¥7St/%Sr ~ 0.708-0.711)
increasing with silica and from KS to
HKS

— Dominant HKS (leucite phonotephrite
to phonolite) and very minor KS (latites
and trachytes) exhibiting high
enrichments in incompatible elements
and *’St/*°Sr around 0.7095-0.711

— HKS (leucitite, leucite tephrite and
phonotephrite) pyroclastic fall, flow
and surges, hydromagmatic products,
and minor lavas. Higher degrees of
silica undersaturation than other Roman
volcanoes, with occurrence of a few
melilite-bearing rocks.
878r/%0Sr ~ 0.7095-0.711, decreasing
from older to younger products



85

4.2 Regional Geology
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4.2 Regional Geology

least from Oligo-Miocene. Late
Miocene-Quaternary extensional tectonics rela-
ted to the eastward migration of Apennine arc
and to the opening of the Tyrrhenian Sea, gen-
erated NW-SE trending basins, bounded by
normal faults and intersected by NE-SW
strike-slip faults (Bartolini et al. 1982; Acocella
and Funiciello 2006). Both fault systems repre-
sent zones of crustal weakness along which
Roman potassic magmas were intruded.

The pre-volcanic substratum consists of Tus-
cany, Liguride and Umbria-Marche allochthonous
sequences (see Chaps.2 and 3), and of
neo-autochthonous Miocene to Quaternary shal-
low marine to continental clays, sands, and con-
glomerates filling post-orogenic extensional
basins (Buonasorte et al. 1987; Barberi etal. 1994).
The Umbria-Marche sequences, mainly consisting
of carbonate rocks, define eastward convex
regional structures in the Northern Apennine until
the Tyrrhenian Sea border (e.g. Barchi etal. 2001).

The Roman Province is characterised by
about 22-25 km thick crust (Piromallo and
Morelli 2003; Butttinelli et al. 2014), with Moho
deepening toward the east. Heath flow is high
(100m Wm 2 at a regional scale), locally
reaching 600 m Wm 2 (Mongelli and Zito 1991;
Mongelli et al. 1991). Seismicity is shallow and
mostly concentrated east of the volcanic area
(internal zones of Apennines) or along the
southern segment of the Olevano-Antrodoco line.
Shallow seismicity has been detected in the
Latera area (Vulsini district) and at Colli Albani
(Chiarabba et al. 1995, 2010a, b).

The entire volcanic region is also charac-
terised by a belt of positive gravity anomaly,
which decreases going eastward up to a belt of
negative anomaly along the external zones of
Apennines (e.g. Scarascia et al. 1994). The
Roman volcanic Province is an area of high CO,
degassing, mostly originating from the mantle
(e.g. Gambardella et al. 2004; Chiodini et al.
1999, 2008). Gaseous flow decreases toward the
Apennines where its entrapment at specific sites
may have triggered important seismic events
(e.g. Miller et al. 2004). The Roman Province is
also characterised by high natural radiation
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background and radon emission, which are rela-
ted to the high K, Th and U contents of volcanic
rocks (e.g. Cinelli et al. 2014).

4.3 Vulsini District

Monti Vulsini district consists of various
multi-center volcanic complexes, which devel-
oped in the northern sector of the Roman Pro-
vince over an area of about 2200 km®. Rocks
consist of prevailing pyroclastic products and
minor lavas with potassic to ultrapotassic affinity.
Eruptions occurred at over 100 different centres,
including two calderas and the large polygenic
volcano-tectonic depression of the Bolsena Lake.
The volcanism developed along a Tortonian to
Pleistocene  horst and  graben  system
(Siena-Radicofani and Paglia-Tevere grabens,
Cetona and Razzano horsts). The pre-volcanic
rocks include Liguride, Tuscan and Umbria
sequences and the underlying metamorphic
basement. Most of these rocks are found as
xenoliths in several pyroclastic units, especially
at Montefiascone and Latera.

Ages determined on exposed rocks range
from about 0.6-0.13 Ma. However, fragments of
ultrapotassic rocks and constituent minerals
(leucite, clinopyroxene) have been found in Early
Pleistocene continental deposits near to Orvieto,
shifting the onset of volcanism to about 1.7 Ma
(Bizzarri et al. 2003, 2010).

4.3.1 Volcanology and Stratigraphy
The Vulsini volcanic district is characterized by
an overall shield-like landform, on which the
19 km wide Bolsena Lake volcano-tectonic
depression, the Latera-Vepe caldera and the
Montefiascone cone and caldera stand out
(Fig. 4.3a). There are many minor eruptive cen-
tres (strombolian cones, tuff cones, tuff rings),
mostly aligned along faults around the Bolsena
Lake and the Latera caldera (e.g. Vezzoli et al.
1987; Freda et al. 1990).

The Vulsini district (Fig. 4.3b) consists of five
major volcanic complexes: Paleo-Vulsini,


http://dx.doi.org/10.1007/978-3-319-42491-0_2
http://dx.doi.org/10.1007/978-3-319-42491-0_3
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Fig. 4.3 a Color shaded relief map of the Vulsini volcanoes (Tarquini et al. 2007, 2012); b Schematic geological map,

simplified after Vezzoli et al. (1987)

Bolsena-Orvieto, Montefiascone, Southern Vul-
sini and Latera (Nappi et al. 1987, 1995, 1998;
Vezzoli et al. 1987; Palladino et al. 1994). The
Southern Vulsini complex has been included in
the Vulsini Fields lithostratigraphic unit by Pal-
ladino et al. (2010) and Acocella et al. (2012).
The Paleo-Vulsini activity (about 0.6—
0.49 Ma) in the north-eastern sector of the Bol-
sena Lake emplaced fall deposits, ignimbrites
(“Basal Ignimbrites” or “Nenfri”) and lava flows,
which crop out at the margins of the Vulsini
district, directly overlying the sedimentary bed-
rocks (Nappi et al. 1987, 1995; Vezzoli et al.
1987). Ignimbrite eruptions were responsible for
early stages of caldera collapse in the Bolsena
area. Magma compositions range from trachyte to
phonotephrite and phonolite. Some of the mas-
sive lavas containing megacrysts of leucite have
been quarried from Etruscan and Roman times to
Middle Age for the production of millstones,
which were exported in several places around the
Mediterranean Sea (e.g. Renzulli et al. 2002;
Santi et al. 2004; Antonelli and Lazzarini 2010).
The activity of the Bolsena-Orvieto complex
(about 0.49-0.3 Ma) was concentrated along the
north-eastern rim of the protocaldera, with
emplacement of lavas, pyroclastic fall and surge
deposits, and of the Orvieto-Bagnoregio

pyroclastic flow (296-294 ka, Turbeville 1992a;
318 ka, Barberi et al. 1994; 333 ka, Nappi et al.
1995), whose eruption caused a further collapse
of the Bolsena caldera. The Orvieto-Bagnoregio
deposit is a high-aspect ratio ignimbrite showing
variable mechanical properties from loose pyro-
clastic material to fairly cemented sillar facies
rock (e.g. Varekamp 1979; Tommasi et al. 2015).
Some cemented outcrops show very rough
columnar jointing and sometimes form small
plateaux (mesa and butte), bounded by steep
cliffs, on which the towns of Orvieto, Bagnoregio
and Civita di Bagnoregio are located (Fig. 4.4).
The rocks of the Bolsena-Orvieto complex dis-
play dominant leucite tephrite to trachyte and
phonolite compositions, with minor latite and
shoshonite. The Orvieto-Bolsena stage is coeval
with the early activity of the nearby Vico vol-
cano, which started at about 0.42 Ma (Cioni et al.
1987; Laurenzi and Villa 1987).

The Montefiascone complex (about 0.3 to
0.2 Ma; Nappi et al. 1987, 1995; Brocchini et al.
2000) is a large cone whose summit rises to 400 m
above its surroundings, at the south-eastern corner
of the Bolsena Lake. It consists of several coa-
lescing eruptive centres and a 2.5 km wide cal-
dera. Rocks include lava flows, ignimbrites,
hydrovolcanic products and strombolian scoriae,
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Fig. 4.4 Civita di Bagnoregio “The city that dies” sitting
over a small butte of the Orvieto-Bagnoregio ignimbrite.
The underlying rocks consist of a series of stratified

mostly with a leucite-tephrite and basanite com-
position. Melilite-bearing lavas and kalsilite-
melilitolite ejecta have been also found (Di Bat-
tistini et al. 2001).

The Southern Vulsini complex consists of
prevailing phonotephritic and phonolitic prod-
ucts with ages of 0.4-0.13 Ma (Palladino et al.
1994; Nappi et al. 1995). The latest activity
constructed the Bisentina and Martana islands,
two tuff cones inside the Bolsena Lake (Fig. 4.5).

The Latera volcano (about 0.38-0.15 Ma;
Turbeville 1992a) is composed of several pyro-
clastic units and some lava flows, cropping out
inside and around an 8 km across polyphasic
caldera (Latera-Vepe; Nappi et al. 1991; Pal-
ladino and Simei 2005a, b). Rock compositions
range from trachybasalt and phonotephrite to
trachyte and phonolite (Nappi et al. 1987; Con-
ticelli et al. 1991; Landi 1987; Turbeville 1993;
Renzulli et al. 1995).

pyroclastic, mostly fall, deposits and a few paleosols
overlying Pliocene argillaceous sediments

4.3.2 Petrography and Mineral
Chemistry

The volcanic rocks from Vulsini range from
mafic to felsic and are saturated to undersaturated
in silica (Figs. 4.2 and 4.6). Although there is a
continuum in potassium enrichments, two main
series of rocks have been distinguished. One
consists of moderately potassic and nearly satu-
rated trachybasalts to trachytes, and is known as
the Roman-type Potassic Series (KS) or Satu-
rated Series. Another rock series is ultrapotassic
in composition and consists of leucitites, leucite
tephrites, leucite basanites to leucite phonolites,
and is known as the Roman-type High Potassium
Series (HKS). KS and HKS erupted through the
entire evolution history of Vulsini volcanoes;
however, KS rocks prevail during the latest
stages of activity at Latera (e.g. the Lamone
trachybasalt lava flow). A third minor group
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Fig. 4.5 Panoramic view of the Lake of Bolsena showing the Montefiascone caldera in the foreground, the tuff cones
of Bisentina and Martana islands, and the eastern margin of the Latera caldera in the far distance

Fig. 4.6 Total alkali 16 T T T T T T T
versus silica diagram (TAS; Vulsini volcanoes
Le Maitre 2002) for Vulsini ~
volcanic rocks. Crosses
indicate samples of
unknown stratigraphic
position. Data normalised
to 100 % on a LOI-free
basis. The dashed line is
the divide between the
alkaline and subalkaline
fields (Irvine and Baragar
1971) 4
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consists of melilite-bearing rocks from Montefi- the tephrite or in the foidite field on the TAS
ascone; these have major element compositions diagram (Di Battistini et al. 2001).
resembling ultrapotassic kamafugites and fall in
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Lava textures range from almost aphyric to
strongly porphyritic, sometimes with megacrysts
of leucite. Scoria and pumices are glassy with
moderate to low phenocryst contents. Mafic KS
rocks contain phenocrysts of clinopyroxene, oli-
vine, and plagioclase set in a groundmass con-
taining the same phases plus Fe—Ti oxides, some
alkali-feldspar, and brown mica. Evolved KS
rocks contain phenocrysts of sanidine, plagio-
clase, clinopyroxene, biotite and rare amphibole
set in a groundmass consisting of the same
phases and Fe-Ti oxides. Leucite occurs as
phenocrysts, xenocrysts and in the groundmass
of several KS rocks, e.g. at Latera (Landi 1987).
Apatite is the main accessory mineral. Garnet has
been sometimes observed (e.g. Nappi et al.
1987).

The most mafic HKS rocks contain olivine
and clinopyroxene phenocrysts and microphe-
nocrysts; leucite and plagioclase appear in the
more evolved samples. The groundmass consists
of clinopyroxene, plagioclase, leucite, some
alkali-feldspar, and brown mica. Felsic rocks
contain phenocrysts of clinopyroxene, leucite,
plagioclase, sanidine, biotite and rare amphibole;
groundmass consists of the same phases plus Fe—
Ti oxides, sporadic haiiyne, nepheline, amphi-
bole, garnet, apatite, and titanite (e.g. Holm
1982; Holm et al. 1982; Rogers et al. 1985 and
references therein). Melilititic lavas from Mon-
tefiascone have a poorly porphyritic texture with
phenocrysts of leucite, clinopyroxene, and meli-
lite, surrounded by a groundmass of clinopy-
roxene, olivine, Fe—Ti oxides, brown mica, some
amphibole and carbonates (Di Battistini et al.
1998). Olivine (Fog,_gp), sometimes with inclu-
sions of Cr-spinel, becomes progressively
Mg-poor from mafic to intermediate rocks.
Mg-rich olivine is found in some trachytes,
where it coexists with Fe-rich (about Fos3)
crystals (Holm 1982); CaO is variable (0.3-1.5),
the highest values being found in olivine phe-
nocrysts from Montefiascone melilite-bearing
rocks (Di Battistini et al. 1998). Clinopyroxene
is mainly diopside with variable Fe content (e.g.
Nappi et al. 1987; Gentili et al. 2014).
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Compositional zoning is often present in single
crystals, as revealed by strong colour modifica-
tion in thin section, from colourless diopside to
green Fe-rich compositions. These variations in
single pyroxene crystals are common in the
ultrapotassic rocks from Central Italy and have
been explained as resulting from Py, variations
during crystallisation or from mixing between
potassic magmas with different degrees of evo-
lution (Thompson 1977; Brooks and Printzlau
1978; Dolfi and Trigila 1978; Barton et al. 1982;
Varekamp and Kalamarides 1989). Al/Ti ratios
(expressed as atoms per formula unit, afu) of
clinopyroxenes are high (~8-10; see Chap. 2,
Fig. 2.11) relative to clinopyroxenes of mafic
rocks from the Tuscany and IAP magmatic pro-
vinces (e.g. Kamenetsky et al. 1995; Di Battistini
et al. 1998; Conticelli et al. 2013; Gentili et al.
2014). Brown mica ranges from phlogopite to
biotite and is sometimes enriched in Ba and
TiO,. Leucite is often transformed to analcime,
which implies a modification of K/Na ratios for
the bulk rocks.

Numerous xenoliths of magmatic, metamor-
phic and sedimentary origin occur in the Vulsini
rocks, especially in the pyroclastic deposits.
Most ejecta represent bedrocks; others are
skarns, intrusive equivalents of erupted lavas, or
cumulate lithologies (e.g. Turbeville 1992b; Di
Battistini et al. 1998).

4.3.3 Petrology and Geochemistry

Major and trace element geochemistry of Vulsini
rocks shows an overall decrease in CaO, and
ferromagnesian elements (Ni, Cr, Co, V, Sc), and
an increase in K;O and incompatible elements
(e.g. Zr, Th, LREE, etc.) with decreasing MgO.
Na,O also increases, but with some scattering.
TiO,, Al,O; and FeO.y, roughly show a
bell-shaped trend (Fig. 4.7).

There is an overall increase in incompatible
element concentration from KS to HKS rocks,
which is particularly evident when only mafic
rocks (MgO > 4 wt%) are considered (Fig. 4.8a).


http://dx.doi.org/10.1007/978-3-319-42491-0_2
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Fig. 4.8 La and 87S1/%0Sr versus K,O diagrams for the Vulsini mafic rocks (MgO > 4.0 wt%). Crosses indicate

samples of unknown stratigraphic position

REE patterns of both KS and HKS mafic rocks
are fractionated and display a small negative Eu
anomaly (Fig. 4.9a); note that the most primitive
rocks have no plagioclase on liquidus, suggesting
that Eu anomalies are not due to plagioclase
fractionation but are features of primary melts.
Mantle normalised incompatible element pat-
terns display strong fractionation with negative
anomalies of Ba and HFSE (Fig. 4.9b), and posi-
tive spikes of Rb, Th, light REE and Pb. These
resemble closely the IAP kamafugites, whereas
are somewhat different from Tuscany mafic K-rich

rocks, in which Nb and Ta negative anomalies are
smaller and LREE/Sr ratios are higher.

Sr isotope ratios cluster around 0.7100 to
0.7110, with a few values falling outside this
interval (e.g. Holm and Munksgaard 1982;
Rogers et al. 1985; Ferrara et al. 1986; Varekamp
and Kalamarides 1989). These ratios are com-
parable to IAP kamafugites but are lower than
those of the Tuscany K-rich rocks (Fig. 4.10a).
Unlike other volcanic regions in Italy (e.g.
Ernici, Roccamonfina, eastern Aeolian arc), there
is no systematic isotopic variation among mafic
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rocks with different enrichments in potassium
(Fig. 4.8b). 'Nd/'**Nd ranges from about
0.5121 to 0.5122. Pb isotope ratios show values
close to those of Tuscany mafic rocks
(Fig. 4.10b; 2°°Pb/*™Pb ~ 18.73 to 18.77;
2Pb/PMPb ~ 15.65 to 15.71; *°°Pb/**Pb ~
38.93 to 39.15). A much wider range of Pb
isotopic compositions has been found on melt
inclusions from Latera olivine phenocrysts
(°°Pb/2%Pb ~ 18.30 to 18.93; 2"Pb/**Pb ~
14.59 to 15.79; ***Pb/***Pb ~ 37.04 to 40.73;
Nikogosian et al. 2016) '"°Hf/"’"Hf analyses on
a few samples yielded values of about 0.28257
(Gasperini et al. 2002).

Oxygen isotope data for whole rocks range
from 8"®Ogmow ~ +8 %o to  +12 %o, and
increase with silica (Holm and Munksgaards
1982; Varekamp and Kalamarides 1989). Lower
values of 580 ~ +6.5 %o to +7.9 %o have been
observed in clinopyroxene and MgO-rich olivine
from Latera and Montefiascone by Varekamp
and Kalamarides (1989) and Barnekow (2000).
He-isotope data reported by Martelli et al. (2004)
for olivine and clinopyroxene are low, in the
range R/R, = 0.62-1.06.

4.3.4 Evolution of Vulsini Magmas

Although scattered, major and trace element
variations for the Vulsini rocks define overall
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trends that support an evolution dominated by
fractional crystallisation starting from different
types of parental melts. Holm et al. (1982) sug-
gested that the evolution of HKS magmas was
dominated by separation of olivine and clinopy-
roxene in the mafic range, and of variable pro-
portions of clinopyroxene, leucite, plagioclase,
sanidine, and some apatite in the evolved com-
positions. In contrast, KS magmas were sug-
gested to have evolved from nearly saturated
trachybasalts by separation of olivine, clinopy-
roxene, and feldspar. Variations of 8'®0% and
87Sr/%°Sr were interpreted as evidence for crustal
assimilation. There is ample mineralogical and
geochemical evidence that mixing between dif-
ferently evolved melts was an additional
first-order evolutionary process at Vulsini (e.g.
Varekamp and Kalamarides 1989).

The high potassium and incompatible element
contents, radiogenic isotope signatures and
*He/*He values of mafic magma at Vulsini sug-
gest an origin in an anomalous upper mantle.
Variable potassium contents of mafic rocks likely
reflect the occurrence of different types of par-
ental magmas. The positive correlation of
potassium versus incompatible elements and the
lack of systematic differences of isotopic com-
positions between potassic and ultrapotassic
mafic rocks (Fig. 4.8) are suggestive of a magma
genesis by different degrees of partial melting of
a broadly homogeneous mantle source. This is
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Fig. 4.10 Sr-Nd-Pb isotope diagram for the volcanic
rocks of the Roman Province. Compositions of other
provinces from central-southern Italy (restricted to mafic

rocks) and of the Calabro-Peloritano crystalline basement
are reported for comparison
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supported by the similar shape of REE and
incompatible element patterns for all the mafic
rocks (Fig. 4.9). Also the melilite-bearing rocks
from Montefiascone share these characteristics,
indicating a similar source. However, mafic rocks
from Latera show some major and trace element
abundances and ratios (e.g. relatively lower CaO
and higher Ce/Sr than other rocks with similar
MgO contents) that recall Tuscany shoshonites.
This suggests a somewhat different source for
these volcanics with respect to other Vulsini
magmas. Pb-isotope variability observed for melt
inclusions in olivine phenocrysts highlight a very
heterogeneous and much more contaminated
mantle source for Latera than for other magmas
in the area (Nikogosian et al. 2016).

4.4 \Vico Volcano

The Vico volcano is located south of Monti Vulsini
along the southern extension of the
Siena-Radicofani, Paglia-Tevere and Monte Raz-
zano graben-horst system (Locardi et al. 1977). Itis
partially superimposed on the Monti Cimini rocks
(about 1.3-0.9 Ma old), which belong to the Tus-
cany Magmatic Province (see Chap. 2). The vol-
cano erupted silica-oversaturated to undersaturated
potassic and ultrapotassic magmas over a time span

(@

of about 0.42-0.1 Ma (e.g. Laurenzi and Villa
1987; Bertagnini and Sbrana 1986; Barberi et al.
1994). The pre-volcanic rocks of the Vico region
consist of Tuscan allochthonous sequences (flysch,
carbonates and low-grade metamorphic rocks) and
of neo-autochthonous sediments, which crop out at
the margins of the volcano and have been found by
borehole drilling (Sollevanti 1983).

4.4.1 Volcanology and Stratigraphy

Vico consists of a large volcanic cone, a central
caldera, and a small number of post-caldera
centres, the largest being the intra-caldera cone of
Monte Venere (Fig. 4.11). Volcanological,
petrological and *°Ar/*° Ar—K/Ar data (Sollevanti
1983; Laurenzi and Villa 1987; Barberi et al.
1994) allowed to identify three main periods of
activity (Perini et al. 2000, 2004; Bear et al.
2009). Period I (about 420 to 400 ka) is com-
posed mainly of latite-trachyte, and rhyolite
pyroclastic fall deposits and minor lavas, which
crop out mainly in the northern and eastern sec-
tors of the volcano. Period II (305 to 138 ka) was
dominated by the effusion of intermediate to
felsic leucite-bearing lavas, and by emplacement
of voluminous leucite-bearing pyroclastic flow
and fall deposits, which built up the main cone
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Fig. 4.11 a Aerial view of Vico volcano, showing the wide polygenetic caldera and the Monte Venere intra-caldera
cone. Photo courtesy: James T. Kirk; b Schematic geological map, simplified after Perini et al. (2004)
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(305258 ka), and generated a progressive col-
lapse of the central caldera (Locardi 1965). The
post-caldera activity (Period III, about 138 to
95 ka) produced small volumes of both
leucite-free and leucite-bearing mafic lavas,
scoriae, and phreatomagmatic products, mostly
scattered along the caldera rim. The volcanism
ended with the formation of the intra-caldera
leucite-bearing lava and scoria cone of Monte
Venere (Bertagnini and Sbrana 1986).

4.4.2 Petrography and Mineral
Chemistry

According to the TAS classification diagram, the
Vico rocks span the K-trachybasalt, phonote-
phrite, tephriphonolite, phonolite, latite and tra-
chyte fields, reaching rhyolitic composition for
some rocks (Fig. 4.12; Cundari 1975; Barbieri
et al. 1988; Perini et al. 2003, 2004). The tra-
chybasalt to phonolite group is mildly to strongly
undersaturated in silica and commonly contains
leucite. The other rocks are leucite-free, saturated
to oversaturated in silica.

Vico volcanics are porphyritic with phe-
nocryst contents ranging from about 10 to 60 vol
%. Groundmass is generally holocrystalline in
the lavas, and mostly glassy in the juvenile
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rare augite) is a ubiquitous phenocryst and
groundmass phase (Perini et al. 2000). Al/Ti
(afu) ratios are high, as for other clinopyroxenes
from the Roman Province (Conticelli et al.
2013). Plagioclase ( ~ Angs_3p) occurs in variable
amounts as a phenocryst phase and in the
groundmass of almost all the Vico volcanics,
except some trachybasalts. Olivine, sometimes
with Mg-chromite inclusions, is a common phe-
nocryst of several mafic to intermediate rocks. It
shows very variable forsterite contents (Fog;_»4),
with the highest values being observed in some
latites. Leucite occurs as a phenocryst in the
evolved undersaturated products and in the
groundmass of potassic trachybasalts. Haiiyne
has been observed in some samples. Sanidine
(Orgg_s3) is a phenocryst and megacryst phase of
trachytes and a groundmass mineral of phono-
lites and latites. Phlogopite (Mg# = 0.95-0.62) is
commonly present as a phenocryst in several
leucite-free rocks. Magnesiohastingsite amphi-
bole occurs in some trachytes. Accessory min-
erals include apatite, Fe-Ti oxides and sporadic
zircon and titanite (Perini et al. 2004).

Like other Roman volcanics, the Vico pyro-
clastic rocks contain xenoliths of various origins,
including bedrock fragments, intrusive equiva-
lents of lavas, and cumulate rocks. These xeno-
liths often contain exotic minerals, such as Zr—Ti—

pyroclasts. Zoned clinopyroxene (diopside to Th-U-REE rich phases (e.g. britholite,
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baddeleyite, pyrochlore), which have been
deposited by late-magmatic fluids rich in incom-
patible elements (e.g. Della Ventura et al. 1999).

443 Petrology and Geochemistry

Major elements of Vico rocks display scattered
distributions (Fig. 4.13). However, rocks from
different periods of activity define more coherent
groups, which suggest the occurrence of different
magma types in the volcanic systems at various
stages of activity.

Trace elements also are scattered, with differ-
ent levels of enrichment for rocks of various
periods (Fig. 4.13). Incompatible element versus
incompatible element plots show rather smooth
positive trends (Fig. 4.13g). There is a positive
correlation between incompatible elements and
K,0%, a feature that is better observed in the
mafic rocks (Fig. 4.14a). REE patterns are frac-
tionated with small negative Eu anomalies, which
increase slightly in the felsic rocks (Fig. 4.15a).
Incompatible element patterns of mafic rocks
show enrichments in LILE and depletion in HFSE
(Fig. 4.15b). Period III latites have strong posi-
tive spikes of U, Th, LREE and Pb, which recall
compositions of some Tuscany mafic rocks.

The Vico volcanics show a larger range of
Sr-Nd isotope ratios than other Roman volcanoes
&7St/%Sr ~ 0.7081 to 0.7117; “*Nd/**Nd ~
0.51209 to 0.51223; Fig. 4.10a). There is an
overall increase of Sr isotope ratios versus
potassium (Fig. 4.14b), and a decrease with time
(Barbieri et al. 1988; Perini et al. 2004), with the
youngest Vico rocks having the lowest ¥’Sr/*®Sr
values yet documented in the Roman Province
(Figs. 4.10a and 4.13h). Pb-isotope compositions
show  moderate  variability  (Fig. 4.10b;
2%Pb/*MPb ~ 18.67 to 18.83; *’Pb/**Pb ~

15.62 to 15.68; **Pb/**'Pb ~ 38.91 to 39.08)
and resemble closely those of other potassic
rocks in Central Italy (Conticelli et al. 2002;

929

Perini et al. 2004). 8'"®0Ogpow determined on
whole rocks and separated leucite and sanidine
by Turi and Taylor (1976) have high values,
from about +9.0 %o to +10.2 %eo.

4.4.4 Evolution of Vico Magmas

Early petrological studies (Cundari and Mattias
1974; Cundari 1975) interpreted the Vico vol-
canic suite as having formed from one parent
magma by fractional crystallisation, with sepa-
ration of plagioclase, clinopyroxene, leucite,
phlogopite and Fe-Ti oxides. Villemant and
Palacin (1987) accepted fractional crystallisation,
but argued that the very high enrichment in
incompatible elements (e.g. Th and Pb) in some
phonolites require an additional evolutionary
process such as element transfer by gaseous
phases (Villement and Fléhoc 1989). Barbieri
et al. (1988) noticed a wide Sr isotope variation
in the Vico rocks and an overall decrease in
radiogenic Sr and silica with time, suggesting
that various batches of magmas were emplaced
into the shallow level reservoir at different stages
of volcanic activity; these magmas become more
mafic and isotopically more primitive with time,
until the late trachybasalts and latites were
erupted. According to Barbieri et al. (1988),
fractional crystallisation, crustal assimilation and
mixing operated during evolution of various
magma batches, with mixing being particularly
evident at the transition between pre- and
post-caldera activity. Perini et al. (2004) stated
the transition from trachytes to rhyolites during
Period I occurred primarily by fractional crys-
tallisation, with separation of plagioclase, sani-
dine, clinopyroxene, Fe-Ti oxides, apatite,
sphene, and zircon. Period II was characterised
by fractional crystallisation of clinopyroxene,
plagioclase and alkali-feldspar, with generation
of abundant phonolites with extreme enrichments
in incompatible element. During Period III, two
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distinct types of magmas (latite and trachy-
basalts) were emplaced. These probably mixed
shortly before eruption, as already suggested by
Barbieri et al. (1988) and as supported by
mineral-host rock isotopic disequilibria (Perini
et al. 2004). However, most authors agree that
the variable compositions of mafic rocks cannot
be related to shallow level evolution and mostly
reflect source heterogeneity (Barbieri et al. 1988;
Perini et al. 2004).

N-MORB composition (Sun and Mcdonough 1989; Gale
et al. 2013) are reported for comparison

4.5 Sabatini District

The Sabatini Volcanic District developed
between about 0.8-0.6 Ma and 90 ka over an
area of about 2000 km?, including a large part of
the city of Rome (e.g. Karner et al. 2001; Sottili
et al. 2010). Volcanism was predominantly
explosive and generated widespread pyroclastic
deposits and some lava flows, which were
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emitted from a large number of centres including
some calderas. The volcanism occurred along a
zone of crosscutting NW-SE and NE-SW faults.
The Sabatini rocks rest over the same type of
bedrocks as Vico, and also overlie the acid vol-
canics of Tolfa-Manziana-Cerite complex of the
Tuscany Province (e.g. Funiciello et al. 1976; Di
Filippo 1993; De Rita et al. 1983, 1993).

4.5.1 Volcanology and Stratigraphy
The Sabatini district consists of two main mul-
ticentre complexes, the Sacrofano volcano in the
east and the Bracciano volcano in the west, both
developed around a large E-W trending fracture
zone characterised by several caldera collapses
(Fig. 4.16; De Rita et al. 1983, 1996; Cioni et al.
1993). Various phases of eruptive activity have
been recognised on the basis of field and
geochronological data (De Rita et al. 1983, 1996;
Conticelli et al. 1997; Karner et al. 2001; Sottili
et al. 2004, 2010, 2012; Masotta et al. 2010; Del
Bello et al. 2014; Marra et al. 2014). The early
eruptions took place in the eastern sector (Mor-
lupo) and at an inferred Southern Sabatini centre,
and produced voluminous pyroclastic deposits
(e.g. Tufo Giallo della Via Tiberina; Masotta
et al. 2010). Ages range from about 0.59-
0.38 Ma, but older activity is testified by tephra
layers in the fluvial deposits of the Tiber river,
which yielded ages of 0.8—-0.61 Ma (Marra et al.
2014 with references). Successively, intense
explosive eruptions took place at Sacrofano and
Bracciano (mostly 0.32-0.2 Ma; Sottili et al.
2010) where caldera collapses occurred. Final
activity (about 0.25-0.09 Ma) was concentrated
between the Bracciano and Baccano calderas
with the emission of strombolian scoriae and
lavas, and hydrovolcanic products from mono-
genetic cones and maars (Fornaseri 1985; De
Rita et al. 1993; Villa 1993; Karner et al. 2001;
Sottili et al. 2012).

4  The Roman Province

4.5.2 Petrography and Mineral
Chemistry

Major element studies (Cundari 1979; Conticelli
et al. 1997; Del Bello et al. 2014) have shown
that the Sabatini volcanics consist almost entirely
of undersaturated ultrapotassic rocks, ranging
from tephrite to phonolite (Fig. 4.17). A few
trachytes and latites have been erupted locally
(e.g. Morlupo and Vigna di Valle lava flows).

Rock textures are porphyritic with variable
amounts of phenocrysts (about 540 vol%) set in
holocrystalline to hypocrystalline groundmasses.
Zoned diopside to hedenbergite clinopyroxene is an
abundant and ubiquitous phenocryst phase. Leucite
is a common groundmass mineral and occurs as a
phenocryst in some phonotephrites and teph-
riphonolites. Olivine (Fogg 39) 1s present as
microphenocrysts, sometimes with euhedral chro-
mite inclusions, and in the groundmass of leucite
tephrites. Plagioclase (~ Angz s3) and Fe-Ti oxi-
des are phenocryst and microphenocryst phases in
tephriphonolites and phonotephrites; sanidine and
hatiyne occur in the phonolites. Phlogopite phe-
nocrysts are rare. Groundmass generally contains
clinopyroxene, leucite and opaque minerals plus
K-feldspar, plagioclase, some glass, and sporadic
phlogopite and brown amphibole. Apatite is a
common accessory mineral. Sphene is found in
some leucite-haiiyne phonolites. The rare latites
have strongly porphyritic textures, with abundant
phenocrysts of plagioclase and phlogopite, and
minor clinopyroxene and K-feldspar set in a
groundmass consisting of clinopyroxene, sanidine,
hyalophane (Ba-rich K-feldspar), plagioclase,
opaque minerals, some nepheline, and apatite.
Large leucite phenocrysts or xenocrysts are also
present. Trachytes are characterised by a trachytic
texture, with phenocrysts and microphenocrysts of
sanidine and zoned dark green clinopyroxene sur-
rounded by a groundmass of sanidine, clinopy-
roxene and opaque minerals (Cundari 1979;
Conticelli et al. 1997).
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4,5.3 Petrology and Geochemistry

Major and trace element versus MgO diagrams
display rather scattered distribution for several
elements (Fig. 4.18). Conticelli et al. (1997)
recognised two groups of rocks, characterised by
distinct enrichments in Ba, LREE, and other
incompatible elements. The highly enriched rocks
commonly have leucite phenocrysts, whereas the
less enriched group contains plagioclase as phe-
nocryst and leucite in the groundmass. The
depleted group mostly erupted at small
post-calderas monogenetic centres, whereas the
rocks enriched in incompatible elements were
emplaced during pre- to syn-calderas activity. All
the rocks have fractionated REE with small neg-
ative Eu anomalies (Fig. 4.19a). Incompatible
element patterns of mafic rocks (Fig. 4.19b)
resemble closely other Roman mafic volcanics.

Sr-isotope ratios range from ®'Sr/%6Sr ~
0.7095-0.711, and exhibit a tendency to
increase with increasing abundances of incom-
patible elements in the mafic rocks. Nd-Pb—-Hf
isotope ratios fall within the field of other Roman
volcanoes (Fig. 4.10; Table 4.2).

4.5.4 Evolution of Sabatini Magmas

Trends of major element variation have been
interpreted to indicate a fractional crystallisation
evolutionary mechanism for the bulk of the
Sabatini rocks (Cundari 1979). Olivine and
clinopyroxene were dominant fractionating pha-
ses in the mafic magmas, whereas feldspar sepa-
ration had a major role in evolved melts (Del Bello
et al. 2014). Conticelli et al. (1997) suggested that
all the rocks derived from a single type of parent
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magma. According to this hypothesis, the
Ba-REE-rich series was subjected to continuous
fractional crystallisation and input of mafic
magma. Such a process was able to generate
strong enrichments in some incompatible ele-
ments, leaving CaO and MgO at relatively high
levels. In contrast, the less enriched group was
subjected to a process in which continuous mixing
of mafic magma played a minor role, but there was
significant crustal assimilation. This generated an
increase of Sr isotope ratios and moderate
incompatible element enrichment in the evolved
magmas. The latites and trachytes were probably
derived from a parent magma less enriched in
potassium than the other Sabatini volcanics.
However, no evidence for this mafic melt has been
found at Sabatini. Polybaric fractional crystalli-
sation and modest (less than 5 %) assimilation of
carbonate wall rocks were suggested by Del Bello
et al. (2014) for some late erupted magmas.

4.6 Colli Albani (Alban Hills)

The Colli Albani (Alban Hills), also known as
Vulcano Laziale, is a large stratovolcano with
central calderas, located a few kilometres
south-east of Rome (Fig. 4.20). It was constructed
at the southern end of the Olevano-Antrodoco line
(OAL), i.e. at the boundary between structurally
and stratigraphically different zones of the Apen-
nine chain (e.g. Parotto and Praturlon 1975;
Funiciello and Parotto 1978; De Rita et al. 1995;
Meloni et al. 1997). Here, pre- and syn-orogenic
terrains of the Sabina Units occurring west of the
OAL (Upper Triassic-Lower Jurassic carbonate
platform and Lower Jurassic-Middle Miocene
carbonate pelagic sediments) are tectonically
superimposed over Mesozoic-Cenozoic
Latium-Abruzzi carbonate platforms of Central
Apennines, which crop out east of the OAL
(Mattei et al. 1995). The post-orogenic rocks
consist of Upper Miocene-Pleistocene marine and
continental clastic sediments disconformably
covering the older units.
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The Colli Albani area is affected by regional
NW-SE faulting, which cuts the N-S trending
OAL. The volcano basically developed at the
intersection between the two systems.

The Moho beneath the Colli Albani volcano is
about 22 km deep. The upper mantle is charac-
terised by relatively low Vp, which has been
attributed to upwelling of hydrated asthenosphere
(Di Stefano et al. 2009). The crust does not
contain important discontinuities, except for a
high-Vp dome-shaped body detected at 3-5 km
depth, likely representing solidified magmatic
material (Feuillet et al. 2004; Bianchi et al.
2008).

Colli Albani is also the only volcano in
Central Italy where there are seismic activity and
ground uplift, possibly testifying to the persis-
tence of an active magmatic body at depth
(Feuillet et al. 2004; Riguzzi et al. 2009). Seis-
micity is NW-SE oriented and is concentrated at
about 3-5 km depth beneath the western rim of
the caldera, at the limit between the high-Vp
dome-shaped body and the sedimentary units
(Feuillet et al. 2004; Chiarabba et al. 2010b).

4.6.1 Volcanology and Stratigraphy
The Colli Albani volcano consists of dominant
pyroclastic rocks and minor lavas, which were
erupted from about 0.6 Ma to a few thousand
years before present, possibly until early Roman
times (Soligo and Tuccimei 2010). The volcanic
rocks crop out over an area of about 1000 km?,
including the eastern outskirts of Rome.
Because of its proximity to a highly populated
area, the Colli Albani volcano has long attracted
the attention of scientists, who reported on
important field data and clarified several
first-order volcanological, petrological and mor-
phological features of the volcano (e.g. Sabatini
1900). However, the extensive study by For-
naseri et al. (1963) laid the foundation for mod-
ern petrological and volcanological investigation
and most of their findings are still valid today.
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Fig. 4.18 Variation diagrams for Sabatini and Colli Albani volcanics

Volcanological and geochronological studies 1. The Vulcano Laziale Period (about 0.6—
(Fornaseri et al. 1963; De Rita et al. 1995; Karner 0.355 Ma), which built up the main cone and

et al. 2001; Marra et al. 2003; Funiciello and a large central caldera;

Giordano 2010) recognized extreme variations 2. The Tuscolano-Artemisio-Faete Period (0.355—
for eruptive style, from plinian to strombolian 0.18 Ma), during which various peri-caldera
and hawaiian, which took place during various and extra-caldera centres were constructed,
phases of activity (Fornaseri et al. 1963; De Rita along with the intra-caldera Faete cone;

et al. 1988; Giordano 2010). Here the strati- 3. The Via dei Laghi Period (0.2 Ma to 5.8 ka),
graphic scheme of Giordano (2010) is summa- characterised by phreatomagmatic explosions

rized (Fig. 4.20b): along the western rim of the caldera.
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N-MORB (Sun and McDonough 1989; Gale et al. 2013)
are reported for comparison
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Prenestini
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Via dei Laghi maar
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Fig. 4.20 a Colour shaded relief map of the Colli Albani volcano (Tarquini et al. 2012); b Schematic geological map

of Colli Albani volcano, simplified after Giordano (2010)

The Vulcano Laziale Period erupted about
280 km® of volcanic material, during at least
seven  large-volume ignimbrite  eruptions
(VEI' = 5-7), which spread over an area of

'VEI = Volcanic Explosivity Index (Newhall and Self
1982) is a measure of explosive magnitude of volcanic
eruptions. It ranges from zero (effusive Hawaian erup-
tions, with a maximum of 10* m® of erupted tephra) to 8
(cataclysmic eruptions with up to 10'* m? of tephra).

about 1600 km?. The latest ignimbrite eruption
of this period occurred at about 355 ka, and
emplaced the Villa Senni Tuff, a 25 km® pyro-
clastic flow deposit (Freda et al. 1997; Vinkler
et al. 2012). Each major ignimbrite eruption was
followed by strombolian activity and lava effu-
sions mostly from peri-caldera fractures (e.g.
Vallerano-Acquacetosa lavas, De Rita et al.
1995; Marra et al. 2003).
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The Tuscolano-Artemisio-Faete activity out-
poured about 6 km® of volcanic products, which
built up the Monte Faete lava and scoria cone,
and several peri-caldera and extra caldera pyro-
clastic and lava centres (e.g. Osa lava at 297 ka;
Capo di Bove lava at 277 ka; Karner et al. 2001;
Marra et al. 2003). A small nested caldera was
produced by the Faete cone eruptions.

The final Via dei Laghi hydromagmatic
activity erupted about 1 km® of pyroclastic surge,
flow and lahar deposits, and very few lavas from
several explosion craters (e.g. Nemi and Albano
lakes) mainly located along the southwestern rim
of the Vulcano Laziale caldera. According to
volcanological and *°Ar/*’Ar geochronological
study of Freda et al. (2006) the activity took
place during three main phases, at about
69 £ 1ka, 39+ 1ka and 36 = 1 ka. Villa
et al. (1999) measured a 40A* Ar age of
26 =+ 1 ka for late pyroclastic flow deposits from
the Albano crater. Finally, a '“C age of
5.8 £ 0.1 ka has been found in a paleosoil
underlying one of the uppermost laar deposits of
the Albano Lake, shifting the latest activity of
Colli Albani to prehistoric times (De Benedetti
et al. 2008). However, integrated OArAr and
14C geochronological studies gave inconsistent
results for the two methods, with "*C ages being
scattered and much younger than *°Ar/*°Ar ages.
It was therefore suggested that scattered and
contradictory '*C ages might result from con-
tamination of the paleosols by younger organic
carbon from the overlying soil horizons (Giaccio
et al. 2009).

There is considerable debate on the present
state of the Colli Albani volcano. As mentioned
earlier, shallow seismicity and ground deforma-
tion have been registered. Moreover, historical
documents by Roman authors (e.g. Titus Livius,
Pliny the Elder, etc.) report on phenomena, such
as rain of stones, coloured vapour emission, sud-
den explosions, which can be ascribed to volcanic
activity. Moreover, a catastrophic flood from the
Albano area has been described in the classical
Roman literature. According to some authors,
these events were related to water uprise and
spillover at the crater lake, and prompted the
excavation (IV century BC) of a drain tunnel
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through the flank of the Albano crater, with the
objective of keeping the water level 70 m below
the rim (e.g. Funiciello et al. 2003). Therefore,
based on archaeological and historical records and
on seismicity, the Colli Albani volcano is now
considered in a quiescent state (Montone et al.
1995; Voltaggio and Barbieri 1995; De Benedetti
et al. 2008; Giordano 2010 with references).

4.6.2 Petrography and Mineral
Chemistry

The Colli Albani rocks range from ultrapotassic
tephrite to foidite (leucitite) and tephriphonolite,
exhibiting a stronger degree of silica undersatu-
ration than other Roman volcanics (Figs. 4.2 and
4.17). Lava flows are more mafic (i.e. contain
higher MgO) than pyroclastic rocks from the
same eruptive phase, but ranges in silica and
alkalies are similar (Trigila et al. 1995).

Most lava flows exhibit aphyric to poorly
porphyritic textures. Main phenocryst phases
include clinopyroxene and leucite; olivine and
Fe-Ti oxides occur in minor amounts. Ground-
mass contains the same phases plus nepheline,
melilite, phlogopite and some calcite. Notably,
plagioclase is virtually absent in the Colli Albani
rocks, except for rare microcrysts in the
groundmass of some lavas.

Pyroclastic rocks include scoriae and pumices,
which show variably porphyritic textures with
dominant leucite phenocrysts and minor
clinopyroxene, some mica, and rare olivine.
Groundmass is microcrystalline to glassy and
often contains secondary zeolites and clay min-
erals (Fornaseri et al. 1963; Trigila et al. 1995).
Accessory phases include Fe-Ti oxides, apatite
and rare garnet.

Clinopyroxene is Ca-rich and ranges from
diopside to hedenbergite. Normal and reverse
zoning is commonly observed (e.g. Aurisicchio
et al. 1988; Trigila et al. 1995; Boari et al. 2009).
AUTi (a.f.u.) ratios are high (about 7 to 20), as
typically observed in the Roman Province (see
Fig. 2.11a). Olivine exhibits a strong composi-
tional variation (Fog,_33), becoming enriched in
FeO from phenocryst cores to rims, and to
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groundmass. Some olivine phenocrysts contain
chromite at their cores. Cr# [molar Cr/(Cr + Al)]
is around (.78, similar to chromite from other
Roman rocks and lower than values observed in
the Tuscany lamproites and Intra-Apennine
kamafugites (see Fig. 2.11b; Perini and Conti-
celli 2002; Boari and Conticelli 2007; Conticelli
et al. 2010a, b). Mica is generally phlogopite
with variable Ti and Ba contents (Trigila et al.
1995). Leucite has a poorly variable nearly sto-
ichiometric composition, nepheline is charac-
terised by K/Na ratio around 2.7, and melilite has
a fairly constant akermanite-rich composition
(e.g. Boari et al. 2009).

The Colli Albani pyroclastic deposits contain
abundant xenoliths. These include fragments of
lava flows and microgranular rocks that represent
intrusive equivalents of erupted lavas, cumulate
lithologies, and skarns. Some xenoliths are rich
in kalsilite and have a composition resembling
kamafugitic lavas of the Umbria volcanoes
(Federico et al. 1994 and references therein).
Xenoliths often contain minerals rich in incom-
patible elements such as uranpyrochlore, Th-rich
britholite, cuspidine, baddeleyite, and perovskite
(Washington 1906; Fornaseri et al. 1963; Fed-
erico et al. 1994; Federico 1995; Federico and
Peccerillo 2002; Gaeta et al. 2009; De Benedetti
et al. 2010; Peccerillo et al. 2010).

4.6.3 Petrology and Geochemistry

Variation diagrams of major and trace elements
versus MgO at Colli Albani (Fig. 4.18) show
scattering, with overall positive correlations for
Ca0, FeOyy, and ferromagnesian trace elements
(Cr, Ni, Co, etc.), negative correlations for Na,O,
K50, Al,O5 and incompatible elements (Th, La,
Ta, etc.). Inter-element variation diagrams (not
shown) show smooth trends for some elements
(e.g. Th vs. Zr and Ta) but scattering for others
(e.g. Th vs. Rb). Many correlations improve if
rocks from single volcanic edifices are consid-
ered (Boari et al. 2009). The pre-caldera lavas are
enriched in incompatible elements relative to
post-caldera samples, at the same MgO level
(Fig. 4.18; Table 4.2). REE and incompatible
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element patterns resemble closely those of other
Roman ultrapotassic rocks (Fig. 4.19). Sr, Nd
and Pb isotopic ratios for whole rocks are mod-
erately variable (Fig. 4.10; *’Sr/*°Sr ~ 0.7095
to 0.7107; "“Nd/'**Nd ~ 0.51209 to 0.51215;
2Pb/2MPb ~ 18.76;  *”’Pb/%Pb ~ 15.70;
208pp/20ph ~ 39.03; e.g. Conticelli et al. 2002,
2010b; Boari et al. 2009; Gaeta et al. 2011).
Sr-isotopes for separated clinopyroxenes show
somewhat wider range of values with ®’Sr/*°Sr
ratio mostly falling between 0.7085 and 0.7112
(Freda et al. 2006; Gaeta et al. 2006). O-isotope
compositions for whole rocks and separated
phenocrysts range from 3"80gmow ~ +5.4
to +8.3 %o. There is an overall negative trend of
3'0 versus MgO contents for clinopyroxenes
from juvenile pyroclasts (Dallai et al. 2004).
He-isotope data reported by Martelli et al. (2004)
for olivine and clinopyroxene are in the range
R/Rp = 0.44-1.73.

4.6.4 Evolution of Colli Albani
Magmas

Trigila et al. (1995) suggested that the entire rock
suite from Colli Albani could be explained by
about 60 % fractional crystallisation of a mafic
tephrite, dominated by the separation of
clinopyroxene, plus minor leucite and olivine.
Clinopyroxene-dominated  fractionation = was
favoured by assimilation of carbonate wall rocks
(e.g. Tacono Marziano et al. 2007) and prevented
magma evolution to phonolitic compositions.
Peccerillo et al. (1984) argued that distinct trace
element trends for pre- and post-caldera rocks
indicate the occurrence of two magma suites,
possibly derived from slightly different parental
magmas. In contrast, experimental evidence
favours the hypothesis that distinct trends may be
related to variable chemical-physical conditions
during fractionation (Trigila et al. 1995). Boari
et al. (2009) suggested that different elemental
trends were particularly evident in the
post-caldera magmas, indicating the occurrence
of different batches of magmas ponding and
differentiating in various distinct reservoirs.
Magma-wall rock interaction is also a main
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evolutionary process at Colli Albani. In particu-
lar, assimilation of carbonate rocks has been
amply documented by geochemical and experi-
mental studies, and by stable isotope geochem-
istry on lavas, mineral phases and xenoliths (e.g.
Federico et al. 1994; Dallai et al. 2004; Iacono
Marziano et al. 2007; Freda et al. 2008; Conte
et al. 2009; Mollo et al. 2010; Peccerillo et al.
2010; Mollo and Vona 2014). This process sta-
bilised clinopyroxene and probably also gener-
ated carbonate melts in the crust (Conte et al.
2009; Peccerillo et al. 2010; Gozzi et al. 2014).
Carbonate wall-rock assimilation is also an
excellent and simple explanation for the high
degree of silica undersaturation of the Colli
Albani magmas, which is stronger than in other
Roman volcanoes. It might also be a main cause
of extensive CO, degassing in the area (Iacono
Marziano et al. 2007).

4.7 Petrogenesis of the Roman
Province

The petrogenesis of potassium-rich magmatism
of the Roman Province has been one of the most
debated subjects in igneous petrology. As for
other Italian potassic rocks, controversial issue is
the occurrence of lavas bearing both mantle and
crustal signatures, such as high MgO, Ni, Cr
contents and undersaturation in silica, along with
elevated K,O, large-ion lithophile elements and
radiogenic Sr. Some of these contrasting features
were noticed by early scholars (e.g. Sabatini
1900; Washington 1906) and have prompted
numerous studies over the last century.
According to Rittman (1933), the peculiar
composition of potassium-rich rocks from Cen-
tral Italy (and of the entire Mediterranean Series,
as the potassic rock association was named in the
past) was related to assimilation (or syntexis) of
carbonate rocks by a trachytic magma. This
hypothesis, first suggested by Daly (1918) for the
undersaturated magmas in general, explained the
high potassium contents of Roman rocks as
inherited from the trachyte magma, whereas the
silica undersaturation was related to carbonate
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assimilation. Carbonate syntexis was rejected by
Savelli (1967), who demonstrated that ultra-
potassic rocks from Vesuvio and other Central
Italy volcanoes have higher incompatible ele-
ment abundances than both limestones and any
common magma, including trachytes. This con-
clusion brought full discredit on carbonate
assimilation as an important petrogenetic process
in the Roman volcanoes, a conclusion that recent
studies recognised as unduly categorical (e.g.
Tacono Marziano et al. 2007; Freda et al. 2008).

Ideas suggesting potassium enrichment by
gaseous transfer operating on normal basaltic
magmas inside the volcano plumbing systems
became quite popular for some time. However, it
was not explained how this randomly operating
process could generate potassic magmas with
basically homogeneous compositional features at
a regional scale.

A genesis by interaction
mantle-derived magmas and upper crustal rocks,
such as schists and gneiss, was also suggested by
some authors (e.g. Turi and Taylor 1976). Such a
hypothesis, however, conflicts with many petro-
logical and geochemical characteristics of Roman
rocks, including strong undersaturation in silica
and high Ni and Cr contents of mafic rocks.
Therefore, it has been concluded that fractional
crystallisation and wall rock assimilation have
been working in the Roman volcanoes, and often
had important roles during shallow-level magma
evolution. However, they are unable to explain
the main compositional characteristics of the
mafic (i.e. parental) magmas, whose first-order
petrological and geochemical characteristics must
be related to mantle rather than to intra-crustal
processes (e.g. Conticelli and Peccerillo 1992;
Peccerillo 2002 and references therein).

between

4.7.1 Magma Evolution Processes

The magmas erupted at Roman volcanoes are
dominated by phonolitic, tephriphonolitic and
trachytic pyroclastics and lavas. It is amply
acknowledged that these rocks represent daugh-
ter products generated by evolution of mafic
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parents. However, mafic rocks are scarce in the
Roman volcanoes, which makes magma evolu-
tion an intriguing petrological and volcanological
process in the Roman Province.

4,7.1.1 Fractional Crystallization

and Magma Mixing

Fractional crystallisation mostly took place in
huge chemically zoned shallow-level magma
chambers, which were tapped by high-magnitude
explosive eruptions and subsequently collapsed
to form calderas and volcano-tectonic depres-
sions (e.g. Palladino et al. 2014). Mass balance
calculations demonstrate that some 50-60 %
fractionation is necessary to have felsic compo-
sitions (i.e. trachytes and phonolites) from mafic
parents (i.e. K-trachybasalts and K-tephrites).
Since the Roman Province mostly consists of
evolved rocks, it is obvious that the largest
fraction of the parental magmas did not erupt at
the surface but remained as melts and crystallised
rocks at depth. This implies that the amount of
potassic magmatism produced in the Roman
Province is much larger than the huge volumes of
rocks exposed at the surface.

Magma mixing has also been extensively
working in the Roman volcanoes. Such a process
is demonstrated by several petrographic and
geochemical features, such as the common
occurrence of clinopyroxene phenocrysts show-
ing normal (i.e. diopside to hedenbergite from
core to rim) and reverse chemical zoning and
isotopic disequilibrium with the coexisting
matrix (e.g. Thompson 1977; Varekamp and
Kalamarides 1989). Elemental scattering and
linear inter-element trends observed for some
rock suites may depend on mixing among com-
positionally different melts.

4.7.1.2 Assimilation of Wall Rocks
Interaction between magma and wall rocks has
been a common process in the Roman volcanoes.
Therefore, a core problem is the question of how
much this interaction modified the pristine com-
positional characteristics of magmas.
Geochemical studies have shown that assim-
ilation of crustal rocks by ultrapotassic magmas
has a dilution effect on concentrations of many
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trace elements (e.g. Conticelli 1998; Peccerillo
1998, 2004). This is obvious since the Roman
magmas have higher incompatible element con-
tents the most common silicate and carbonate
crustal rocks. Compositional contrast also effec-
tively buffers variations of incompatible element
ratios and radiogenic isotope signatures, and it
has been amply demonstrated that small to
moderate (some 10-20 %) assimilation of silic-
eous upper crustal rocks (schists, gneiss, grani-
toids) does not affect dramatically these
parameters for potassic magmas (e.g. Conticelli
and Peccerillo 1992; Conticelli 1998).
However, assimilation of carbonate rocks is
able to modify significantly some petrological
characteristics of potassic magmas. It promotes
crystallization of Ca-rich pyroxene and favours
desilication of magma, increasing the degree of
silica undersaturation (e.g. lacono Marziano et al.
2007; Freda et al. 2008; Conte et al. 2009; Mollo
et al. 2010; Mollo and Vona 2014; Pichavant et al.
2014). According to Conte et al. (2009), variable
degrees of carbonate assimilation associated with
fractional crystallisation may generate different
suites of derivative liquids that mimic those
formed by fractional crystallisation of different
mafic parents. Incompatible element contents are
strongly diluted by carbonate syntexis, whereas
incompatible element ratios are poorly affected.
Radiogenic isotopes have somewhat different
behaviour during carbonate assimilation. Nd-Pb
isotope ratios remain basically unmodified,
because of the low amounts of elemental Nd and
Pb in the carbonate rocks. In contrast, Sr-isotope
ratios may change significantly, due to rather high
Sr contents in the assimilant (e.g. Melluso et al.
2003). However, an important consequence of
carbonate syntexis is an increase of oxygen isotope
ratios in the magmas. Keeping these effects in
mind, it can be concluded that some high degrees
of silica undersaturation, such as at Colli Albani,
may well depend on carbonate wall-rock assimi-
lation (Iacono Marziano et al. 2007). This also
explains the high 3'®0%o of clinopyroxene and
olivine at this volcano (e.g. Dallai et al. 2004:
Freda et al. 2006), as well as the moderately vari-
able ¥’Sr/*Sr at nearly constant Nd-isotope ratios
noticed by several studies (e.g. Boari et al. 2009).
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4.7.2 Genesis of Primary Magmas
4.7.2.1 Evidence from Major
Elements and Normative
Compositions
As in the case of the Tuscany and Intra-Apennine
magmatic provinces, the potassium-rich compo-
sition of Roman mafic rocks requires derivation
from mantle sources containing phases rich in
potassium, such as phlogopite. However, unlike
the Tuscany ultrapotassic rocks, concentrations
of both CaO and Na,O are high in the Roman
magmas, suggesting participation to the melt of
mineral phases containing these elements (e.g.
clinopyroxene). Therefore, it has been concluded
that the mafic magmas of the Roman Province
derived from phlogopite-bearing lherzolites,
wehrlite or clinopyroxenite (e.g. Conticelli and
Peccerillo 1992). The variable enrichments in
potassium and incompatible elements for the KS
and HKS suggest different relative roles of
potassic and non-potassic phases during melting.
Experimental studies on simplified
phlogopite-bearing mantle systems at high pres-
sure (Wendlandt and Eggler 1980) have shown
that low degrees of partial melting at 1 to about
2.5 GPa under H,O-poor conditions generate
silica saturated to undersaturated potassic liquids
with increasing pressure. The presence of CO,
does not alter this pattern, but similar liquids can
be obtained at lower temperatures. Further stud-
ies demonstrate that melting of phlogopite-
bearing peridotite under F-rich conditions gives
silica saturated to undersaturated melts with
increasing pressure (>1.2 GPa for harzburgite
and >2.0 GPa for lherzolite; Melzer and Foley
2000 and references therein). Multiple-saturation
investigations on liquidus phase relationships of
natural volcanic rocks at high pressures with the
presence of H,O + CO, suggest that potassic
undersaturated magmas can be formed by partial
melting of phlogopite-bearing lherzolite or
wehrlite at pressures around 2.5-3.5 GPa (e.g.
Edgar et al. 1976; Thibault et al. 1992). A role
for HO + CO, fluid phase at high pressure has
been recognised by several other studies (e.g.
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Concei¢do and Green 2000, 2004; Thomsen and
Schmidt 2008a, b). Overall, experimental evi-
dence favours the hypothesis that the Roman KS
and HKS primitive magmas are generated by
melting of phlogopite-bearing clinopyroxenen-
rich upper mantle rocks, at variable depth and
H,O/CO, pressure.

A somewhat different hypothesis for the ori-
gin of KS and HKS primary magmas is that the
variable potassium and incompatible element
enrichments reflect different amounts of phlogo-
pite entering the melt, as a result of variable
degrees of partial melting (Conticelli et al. 2004,
2010a). According to this hypothesis, metaso-
matic melts or fluids percolating through the
mantle (most likely the rigid lithosphere) crys-
tallise as phlogopite-rich veins across normal
mantle rocks. Melting of these veins, e.g. trig-
gered by an increase in temperature or decom-
pression, produce melts whose potassium and
incompatible element concentrations is simply
determined by the relative amounts of veins and
wall rocks participating in the melting. Early
formed liquids consist of almost pure vein
material and are more enriched in potassium than
late melts, whose composition is heavily affected
by melting of relatively depleted mantle around
the veins. The eruption of less potassic magmas
during late stages of activity at Vulsini-Latera
and Vico would be evidence in favour of this
hypothesis.

In conclusion, the studies summarised above
have produced a consensus that the Roman
magmas were generated in a phlogopite-bearing
upper mantle and that variable enrichment in
potassium likely reflects different degrees of
(polybaric) partial melting. The occurrence of
phlogopite within the upper mantle requires
metasomatic modifications. Obviously, the high
volumes of potassic magmas in this province
demand metasomatism over very large masses of
mantle rocks. Thus, the debate has shifted in
recent years to the problem of the very nature
of the processes responsible for phlogopite
crystallisation in the mantle, i.e. the origin, nat-
ure, age and physical mechanism of mantle
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metasomatism in the Roman Province (e.g. Pec-
cerillo and Frezzotti 2015).

4.7.2.2 Evidence from Trace Element
and Isotope Geochemistry

The incompatible element patterns of Roman
mafic rocks resemble those of pelites or other
upper crustal silicic rocks (see Chap. 2, Fig. 2.9
d), although potassic magmas show higher
LILE/HFSE ratios and more fractionated HREE.
Negative anomalies of Eu in the chondritic pat-
terns of REE also recall the upper crust (Taylor
and McLennan 1985). Most likely, these features
have been inherited from mantle sources, since
evolution processes do not change significantly
the ratios among incompatible elements and there
is no plagioclase on liquidus for many mafic
rocks, which could justify negative Eu anoma-
lies. Therefore, most authors agree that parental
magmas originated in upper mantle sources that
underwent contamination by upper crustal
material (e.g. Cox et al. 1976; Hawkesworth and
Vollmer 1979; Peccerillo 1985).

Trace element and radiogenic isotope data
furnish important constraints on the nature of the
crustal contaminant. Most of the Roman mafic
magmas have lower LREE/Sr and much higher
LILE/HFSE ratios than pelites, metapelites and
granites. Therefore, incompatible element ratios
rule out bulk mixing between mantle and pelitic
rocks or granites, as suggested for the Tuscany
Province, and require some additional compo-
nents or/and processes. Radiogenic isotope ratios
also point to the same conclusion. For instance,
87Sr/%Sr ratios of Roman mafic rocks, although
anomalous for mantle-derived magmas, are lower
than most pelites and their metamorphic equiv-
alents (e.g. schists and gneisses from Tuscany
metamorphic basement) and are somewhat mid-
way between these and carbonate rocks from
Northern Apennines (e.g. Melluso et al. 2003).

The poorly variable ®’Sr/*°Sr and relatively
low LREE/Sr ratios of Roman mafic rocks reveal
a mantle contamination by a crustal rock, which
had higher Sr abundances than metapelites and
rather constant ®’Sr/*°Sr buffered at around
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0.709-0.710. Such a composition is typical of
carbonated pelites or marls. These rocks have
similar incompatible element and REE patterns
to pelites, but have lower LREE/Sr and Sr iso-
tope ratios as an effect of the carbonate compo-
nent (e.g. Melluso et al. 2003). The hypothesis of
mantle wedge contamination by marly sedi-
ments, early suggested on the sole basis of
petrological and geochemical evidence (Peccer-
illo et al. 1988; Conticelli and Peccerillo 1992)
has found a wide acceptance and received much
support by further geochemical and experimental
investigation (e.g. Avanzinelli et al. 2009; Grassi
and Schmidt 2011a, b). In particular, Thomsen
and Schmidt (2008a, b) demonstrated that car-
bonate melts derived from marls at mantle depths
have high K/Na ratios and LILE abundances and
ratios closely resembling Roman magmas.

The high fractionation of HREE of Roman
rocks is simply explained by assuming residual
garnet either in the sources of metasomatic fluids
or/and within the mantle during formation of
potassic magmas. With regard to the very high
values of LILE/HFSE, it has been noticed that
these cannot derive from any common crustal rock
and again require element fractionation at some
stage of the potassic magma generation or during
mantle evolution (e.g. Conticelli and Peccerillo
1992; see Chap. 3). This fractionation could result
from the presence of a residual HFSE-rich phase
either inside the mantle during the formation of the
potassic magmas (e.g. Foley and Wheller 1990),
or within the upper crustal rocks during separation
of metasomatic fluids (Grassi et al. 2012). Many
authors interpret the low HFSE concentrations of
Roman magmas, close to MORB values
(Figs. 4.9, 4.15, 4.19), as an evidence for a
depleted nature of pre-metasomatic mantle rocks
(e.g. Serri 1990). This is supported by high Cr/
(Cr + Al) values of chromite inclusions inside
olivine phenocrysts from many Roman volcanoes
(Conticelli et al. 2011, 2013).

Finally, the Roman mafic rocks have similar
REE and incompatible element patterns, as well
as radiogenic isotopic signatures as the IAP
kamafugites. This clearly supports the same type
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of source metasomatism for the two magmatic
provinces. However, the IAP kamafugites have
stronger degree of silica undersaturation than
Roman magmas. Moreover, they show depletion
in Al,O3 and Na,O, which is not observed in the
Roman mafic rocks. Whereas higher undersatu-
ration of IAP magmas may depend on the
amount of intra-crustal carbonate assimilation,
low Al,O3 and Na,O contents likely reflects
pre-metasomatic mantle mineralogy. Accord-
ingly, harzburgitic and lherzolitic
pre-metasomatic sources have been respectively
suggested for the Roman Province and the AP,
as also discussed in Chap. 3.

4.8 Age of Mantle Metasomatism
and Geodynamic Implications

The age of mantle contamination in Central Italy
is a key issue for geodynamic interpretation.
Some authors (e.g. Castorina et al. 2000) suggest
that contamination by material with high Rb/Sr
and low Sm/Nd took place some 1.5-2.0 Ga ago,
and the anomalous mantle remained isolated to
develop the present day isotopic signatures.
Conticelli et al. (2004) objected that this is
unlikely in a tectonically unstable area such as
the Mediterranean. However, storage of con-
taminated material in the deep mantle and its
emplacement as a plume overcomes this objec-
tion (Bell et al. 2004, 2013). Therefore, old
contamination implies a plume mechanism.

The suggestion of very old ages for mantle
contamination stems from the steep trend of
Rb/Sr versus %7St/*Sr defined by the volcanic
rocks from central-southern Italy. If interpreted
as an isochron, this trend would imply an aging
of about 1.5 Ga within the mantle for material
with variable Rb/Sr (Castorina et al. 2000).
However, it has been noticed that, if considered
in insulation, the Roman Province defines a
rather flat trend of Rb/Sr versus 3’Sr/%°Sr (Pec-
cerillo 2002). Therefore, if this trend is consid-
ered as an isochron, it clearly suggests a recent
mantle contamination for the Roman Province.
A young metasomatism has been also
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substantiated by Th-U disequilibrium studies
(Villemant and Fléhoc 1989; Avanzinelli et al.
2008).

A young mantle metasomatic event by upper
crustal rocks requires a recent subduction process.
Such a hypothesis was first suggested by
Thompson (1977) and has been successively
constrained by a wealth of trace element and
isotopic studies (e.g. Peccerillo et al. 1984; Pec-
cerillo 1985; Rogers et al. 1985; Conticelli et al.
2002; Avanzinelli et al. 2008). Metasomatism in
the Roman Province has been related to addition
of marly sediments to the upper mantle by the
Adriatic plate (e.g. Peccerillo et al. 1988; Serri
1990; Doglioni et al. 1999). The subduction of the
Adriatic plate has been going on from Miocene to
Present and involved about 170 km of lithosphere
(e.g. Carminati et al. 2005, 2012), carrying huge
amounts of upper crustal material into the mantle
wedge. Such process generated widespread
modification of mantle rocks thus explaining the
very voluminous potassic magmatism of the
Roman Province. Introduction of carbonate sed-
iments may also explain the highly explosive
nature of Roman volcanoes, whose fluid load was
provided by CO, liberated from marls.

In the view of this hypothesis, the metaso-
matic contamination of the Roman Province is
younger than the one that affected the mantle
source of Tuscany magmas. As discussed in
Chap. 2, the Tuscany metasomatism took place
during the Alpine phases of convergence
between Africa and Europe, and was accom-
plished by introduction of siliceous upper crustal
material into the mantle wedge above the
east-directed subduction zone beneath the Afri-
can margin (e.g. Doglioni et al. 1998). Formation
of Tuscany magmas took place at a later time,
during the Miocene to present back-arc opening
behind the eastward retreating Apennine com-
pression front. The Roman magmatism also
postdates the contamination of its mantle source,
being formed during Quaternary times, mostly
from about 0.8 Ma to the present. Such a late
onset of magmatism has been attributed to
modification of thermal regime within the mantle
wedge. Thermal modification could be a
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consequence of dying out of active subduction
and/or possible slab vertical breakoff and its
migration toward the north, following the
northward drift of the Adriatic slab (Malusa et al.
2015, 2016). This generated an increase in tem-
perature inside the mantle wedge triggering
melting (Peccerillo 1990; Peccerillo and Frezzotti
2015). This model is schematically shown in
Fig. 4.21.

4.9 Physical Models of Mantle
Metasomatism

Various scenarios, not necessarily alternative,
can be envisaged for the physical processes of
element transfer from subducted sediments to the
mantle wedge. One possibility is element transfer
by supercritical fluids and/or H,O-rich melts,
which migrate through the mantle wedge and
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Fig. 4.21 Schematic model of mantle contamination
beneath Central Italy, along the section A-B indicated in
the inset. a Stage 1 Contamination of lithospheric mantle
by siliceous sediments above the east-dipping Alpine
subduction zone (see Chap. 2); Stage 2; Miocene to
Quaternary backarc opening behind west-dipping Adri-
atic slab, asthenospheric mantle upwelling, formation of
Tuscany magmas, and mantle contamination by marls
from the Adriatic plate, with formation of marl-mantle
mélange bodies; Stage 3. Increase of the upper mantle

temperatures at the end of active subduction process
and/or slab break-off and migration toward the north,
melting of marl-mantle mélange bodies and surrounding
rocks, and generation of Roman magmas. Inset map:
position of Alpine (pre-Oligocene, red dashed line) and
Plio-Quaternary (black full line) collision zones. b Model
of the upper mantle structure above the Adriatic slab,
simplified after Peccerillo and Frezzotti (2015). For
further explanation, see text
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react with peridotite to give phlogopite as per-
vasive mineral phase or as veins (e.g. Grassi et al.
2012; Martin et al. 2012). According to experi-
mental studies, phengite is the main carrier of
potassium and other LILE along subduction
zones. This mineral is abundant in subducted
sediments and survives breakdown or melting
until a depth of more than 300 km (Schmidt et al.
2004). Other experiments on carbonate-saturated
pelites found that decarbonation and melting
require very high temperatures (Grassi and Sch-
midt 2011a, b), which are hardly found in most
subduction zones (Van Keken et al. 2002; Abers
et al. 2006; Arcay et al. 2007). As a consequence,
subducted marls would carry their CO, and K,O
and LILE load deep into the mantle wedge. The
implication of these experiments for the Roman
Province is that the mantle contamination is a
deep process. These experimental data would
also explain the absence of calcalkaline rocks in
the Roman Province, whose origin requires a
release of fluids at relatively shallow depths
along subduction zones (Grove et al. 2012).
Note, however, that experimental studies on
hydrous carbonated gabbros indicate that melting
can occur at P ~ 4 GPa and T ~ 800-900 °C,
to give hydrous carbonatitic melts at much lower
pressure than indicated by previous studies (Poli
2015). These P-T conditions are typical of hot
subduction zones but may also be found in
subduction system where an increase in temper-
ature is provided by slab breakoff.

Another possibility is a process of physical
mixing between slab rock and peridotite, prior to
magma formation (e.g. Gerya et al. 2006; Castro
and Gerya 2008; Marschall and Schumacher
2012). According to this scenario, subducted
sediments mix with peridotite to form mélange
bodies at the slab-mantle interface. These have a
lower density than the surrounding peridotite and
ascent as diapirs or “cold plumes” toward the
hotter corner of the mantle wedge. Here, plumes
release aqueous fluids and melts, which flux the
mantle peridotite, producing geochemical and
mineralogical anomalies. Tumiati et al. (2013)
demonstrated that phlogopite is a ubiquitous
phase around mélange bodies and this phase
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disappears early during melting, to give potassic
magmas. Formation of subduction mélange
requires high amounts of slab sediments to mix
with mantle rocks (e.g. Hacker 2008; Behn et al.
2011), a condition that was likely for the Roman
Province.

4,10 Summary and Conclusions

The Roman Magmatic Province is made of about
900 km® of potassium-rich rocks, mostly
phonolitic and trachytic pyroclastic deposits,
with minor mafic lavas and scoriae. Petrological
and geochemical studies suggest that felsic
magmas were derived from mafic parents by
evolution processes dominated by extensive
(some 50-60 %) fractional crystallisation and
mixing, with some crustal contamination and
possibly gaseous transfer.

Mafic magmas in the Roman Province range
from saturated (potassic trachybasalts) to under-
saturated in silica (potassic tephrites and foidites)
and display variable degrees of enrichment in
potassium and incompatible elements. In con-
trast, radiogenic isotopic ratios are poorly vari-
able, with most rocks clustering around
7S1/*°Sr ~ 0.7090 to 7110, '¥Nd/'**Nd ~
0.5121, *%Pb/***Pb ~ 18.80, and
°Hf/""THf ~ 0.28258. This supports an origin
of primary magmas in a rather homogenous
mantle source by variable degrees of partial
melting at pressure increasing from saturated to
undersaturated compositions.

The hypothesis that best explains the com-
positional features of Roman primary magmas
suggests a genesis by polybaric melting of lher-
zolitic or wehrlitic-clinopyroxenite mantle rocks
enriched in phlogopite by metasomatic pro-
cesses. Mantle contamination was provided by
carbonated pelites (marls), a process that took
place during the Miocene to present subduction
of the Adriatic continental plate beneath North-
ern Apennines.

The Roman mafic rocks resemble closely the
Intra-Apennine kamafugites for trace elements
and radiogenic isotopes, suggesting the same
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type of metasomatic modifications for their
mantle sources. In contrast, there are significant
petrological and geochemical differences with
the Tuscany ultrapotassic rocks, indicating dis-
tinct nature and age of metasomatic events.
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Abstract

The Ernici-Roccamonfina Province is sited on the western side of Central
Apennines, between the Ancona-Anzio (or Olevano-Antrodoco) and the
Ortona-Roccamonfina tectonic lines. Volcanic rocks exhibit a very wide
range of compositions, from calcalkaline (CA) to Roman-type ultrapotassic
(HKS) and kamafugitic (KAM). Both at Ernici and Roccamonfina,
calcalkaline to potassic rocks were emplaced later than ultrapotassic
volcanics. Abundances of incompatible elements and Sr-isotope ratios
increase strongly from calcalkaline to ultrapotassic rocks (e.g. Th ~ 10 to
90 ppm, *’St/*°Sr ~ 0.7067 to 0.7112), whereas Nd-Pb isotopes show an
opposite trend. The Ernici volcanoes (about 0.6 to 0.3 Ma) consist of
several monogenetic centres that erupted mafic CA to HKS and KAM
pyroclastics and lavas. Roccamonfina (about 0.5 to 0.15 Ma) is a HKS
stratovolcano with a large central caldera and post-caldera calcalkaline to
potassic lava domes and flows. The ultrapotassic rocks from Ernici-
Roccamonfina have compositions similar to volcanoes of the Roman
Province, whereas calcalkaline to potassic rocks are geochemically akin to
Campania. These variations reflect a heterogeneous mantle source, which
was modified by two compositionally (and temporally?) distinct metaso-
matic events. An episode of metasomatism took place by addition of marly
sediments from the Adriatic subducted lithosphere and was responsible for
contamination of the mantle source of ultrapotassic magmas. This event was
followed/accompanied by the arrival of new subduction-related material
with distinct compositional features, which probably originated from the
northern limb of the Southern Apennine subduction slab.

Keywords

Ernici - Middle Latina Valley - Roccamonfina - Calcalkaline rocks -
Potassic rocks - Ultrapotassic rocks - Kamafugites - Mantle metasomatism -
Ancona-Anzio line - Olevano-Antrodoco line - Ortona-Roccamonfinaline -
Adriatic plate - Ionian plate - Central Apennines
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5.1 Introduction
Several small monogenetic centres and a

medium-size stratovolcano crop out in the Middle
Latina Valley and at Roccamonfina, between the
Olevano-Antrodoco (or Ancona-Anzio) and the
Ortona-Roccamonfina tectonic lines, two main
fault systems across the Apennines (Fig. 5.1). The
Middle Latina Valley centres are also known as
Ernici volcanoes, a name early used by Wash-
ington (1906) and somewhat incorrect, inasmuch
as Monti Ernici are sited some 15-20 km NE of
the volcanic area, and consist entirely of Mesozoic
carbonates. However, for respect to tradition, and
in support of simplicity, the shorter name of Ernici
is used in this book.

The Ernici volcanoes consist of about twenty
pyroclastic and lava centres scattered through the
central sector of NW-SE trending Latina Valley
graben (Angelucci et al. 1974). K/Ar ages are
about 0.7 to 0.1 Ma (Basilone and Civetta 1975)
and “’Ar/*°Ar ages range from 630 to 260 ka
(Boari et al. 2009). The Roccamonfina volcano is

13°00'E

a stratocone with a large central caldera, made up
of lava flows, domes and pyroclastic deposits,
emplaced between about 550 and 150 ka (Rou-
chon et al. 2008). Overall, volumes of erupted
rocks at Ernici-Roccamonfina are modest, largely
lower than those of the nearby Roman and
Campania provinces.

Early studies (e.g. Appleton 1972; Civetta et al.
1981) recognised two distinct rock series in the
Ernici and Roccamonfina volcanoes: a potassic
series (KS) and a high-potassium series (HKS),
showing contrasting enrichments in potassium,
incompatible elements, and radiogenic Sr. How-
ever, recent studies found a larger spectrum of
petrological characteristics, with rocks ranging
from calcalkaline (CA) and shoshonitic (SHO) to
potassic, Roman-type (HKS) and kamafugitic
(KAM) ultrapotassic (Frezzotti et al. 2007; Rou-
chon et al. 2008; Boari et al. 2009). A similar or
perhaps larger range of compositions has been
found for melt inclusions in early-crystallized
mineral phases (Nikogossian and van Bergen
2010). The rock associations occurring at
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Fig. 5.1 Location map of Ernici (full triangles) and Roccamonfina volcanoes
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Table 5.1 Age, volcanology and petrology of Ernici and Roccamonfina volcanoes

Volcano Age (in Ma) | Volcanology

Ernici 0.63-0.27 — About twenty monogenetic cones of
(Middle Latina strombolian scoriae, hydrovolcanic
Valley) surge and flow deposits and some lava

flows

Roccamonfina  0.55-0.15

Ernici-Roccamonfina and their wide geochemical
and isotopic variation are not encountered else-
where in central-southern Italy. This brought
Peccerillo and Panza (1999) and Peccerillo (2002)
to consider Ernici-Roccamonfina as a distinct
magmatic province.

Information on volcanology and petrology is
summarised in Table 5.1. Major, trace element
and isotopic data for representative samples are
reported in Table 5.2.

5.2 Regional Geology

The volcanoes of Ernici and Roccamonfina occur
on the Tyrrhenian side of the Central Apennines,
in a sector delimited by the Olevano-Antrodoco
line (OAL) or Ancona-Anzio line in the north-
west and by the Ortona-Roccamonfina line
(ORL) in the southeast (Locardi 1988; Milano
et al. 2008; Satolli and Calamita 2008). The
pre-volcanic sequences consist of Early Mesozoic
to Quaternary paleogeographic-structural units
made up of several thousand meters-thick Upper
Triassic to Miocene carbonates and Eocene-
Miocene silico-clastic formations. These are
overlain by east-verging allochthonous Miocene
limestones, marly limestones and flysch sequen-
ces, intercalated with Messinian and Pliocene

Petrology-Geochemistry

— Calcalkaline basalt, K-trachybasalt,
tephrite, phonotephrite, leucitite, and
melilitite rocks, with subalkaline to
alkaline potassic and ultrapotassic
affinity (HKS and kamafugites). Large
variation of incompatible element
abundances and Sr isotope ratios
(~0.706-0.711), both increasing from
subalkaline to ultrapotassic rocks

— Stravolcano with a main central — Subalkaline (calcalkaline basalt) to
caldera and eccentric cones,
consisting of alternating lava flows.
Post-caldera lava flows and domes

alkaline potassic (KS: trachybasalt to
trachyte) and ultrapotassic (HKS:
tephrite to phonolite) rocks.
Incompatible element abundances and
radiogenic isotope signatures similar
to Ernici

deposits. Foredeep sediments consist of Pliocene
to Lower Pleistocene terrigenous deposits (e.g.
Accordi and Carbone 1988). The OAL is the
transpressional tectonic boundary between the
Sabina units and the underlying Central Apennine
units, whereas the ORL is the transpressional
boundary between the Central Apennine units
and the underlying Apulian carbonate platforms
(Patacca et al. 2008; Satolli and Calamita 2008).

As elsewhere along the chain, various tectonic
phases affected the Central Apennines. Upper
Cretaceous to Lower Pliocene compressional
regime generated fragmentation of the carbonate
platform, and intensive thrusting and folding.
Successively, Middle Pliocene to Quaternary
extension generated intensive NW-SE faulting
and development of graben-horst systems, ini-
tially along the Tyrrhenian Sea border and suc-
cessively shifting toward the east (e.g. Patacca
et al. 1990; D’Agostino et al. 2001).

Satolli and Calamita (2008) consider the sector
between the OAL and the ORL as a discrete
junction area between the Central and the South-
ern Apennines. This hypothesis is supported by
paleomagnetic data, which demonstrate an inde-
pendent Miocene to Quaternary block rotation of
this region, with respect to both the Northern and
Southern Apennines (Mattei et al. 1995; Meloni
et al. 1997). Locardi (1988) suggested that the
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Table 5.2 Composition of representative samples from Ernici and Roccamonfina volcanoes

Ernici

Rock type CA basalt Trachybasalt Tephrite Kamafugite
Data source 3,1 3 1 3
Si0, wt% 48.62 49.57 47.34 46.03
TiO, 0.76 0.81 0.81 1.06
Al,O5 16.25 17.84 17.41 16.46
Fe,05 3.1 35 3.37 4.59
FeO 4.72 4.28 4.2 3.18
MnO 0.15 0.15 0.15 0.14
MgO 9.33 6.55 6.50 4.61
CaO 12.14 11.02 10.62 10.55
Na,O 2.59 2.48 2.15 2.17
K>O 0.73 3.39 5.79 9.77
P,0s 0.21 0.22 0.53 0.97
LOI 1.4 0.2 1.14 0.47
Sc ppm 33 26 - 20

v 220 228 263 242
Cr 563 167 284 13
Co 35.8 32 317 28.5
Ni 97 41 66.4 34
Rb 157 180 392 434
Sr 1003 1076 1692 2553
Y 20 21 31 43
Zr 114 132 263 516
Nb 6 9 12.8 36
Cs 6.99 10.6 22.6 539
Ba 466 563 1039 3938
La 33 42 85 242
Ce 69 85 168 478
Nd 30 31 78 181
Sm 6.82 8.2 14.4 33.7
Eu 1.72 2.02 297 7.03
Gd 6.45 7.8 9.97 28.8
Tb 0.88 1.03 1.37 3.02
Yb 1.91 227 2.13 3.01
Lu 0.29 0.35 0.29 0.42
Hf 3.27 3.79 6.07 14.9
Ta 0.46 0.62 0.56 1.07
Pb 22 26 42 141
Th 8.5 13.7 30.2 93.5

(continued)
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Table 5.2 (continued)

Ernici

Rock type

0]

871808,

L3N /44N d
206py,/204py,
207py,204py,
208py, 204py,
176177
Roccamonfina

Rock type

Data source
Si0, wt%
TiO,
AL O;
Fe,O5
FeO
MnO
MgO
CaO
Na,O
K,O
P,0s
LOI

Sc ppm
v

Cr

Co

Ni

Rb

Sr

Y

Zr

Nb

Cs

Ba

La

Ce

Nd

CA basalt
245
0.706532
0.512373
18.940
15.675
39.030
(0.282764)
Trachy- Sho
basalt shonite
4 4
47.28 55.19
0.91 0.73
15.80 18.96
2.48 4.14
5.96 2.46
0.15 0.16
9.35 3.04
12.05 6.24
1.32 2.89
1.29 4.45
0.30 0.24
3.22 1.36
44 -
- 189
350 9
43 19.9
74 11
189 162
819 898
30 31
146 199
16 17
18.0 4.98
841 656
41 53
77 109
36 43

Trachybasalt
4.3

0.706971
0.512341
18.8987
15.6811
39.025

Latite

58.00
0.62
18.69
2.86
2.60
0.13
2.68
5.57
297
4.86
0.20
0.83

159
20
15.2
12
188
773
31
211
19
7.06
561
65
121
45

Tephrite
6.4
0.709764
0.512144
18.886
15.673
39.075
0.282590
Tephrite
4 4
46.33 52.57
0.97 0.58
15.26 20.08
4.73 1.32
4.10 3.98
0.15 0.12
6.61 1.75
12.59 5.16
1.60 2.41
6.63 10.41
0.62 0.36
0.58 1.01
312 141
164 3
34.5 15.4
72 11
322 606
1784 1670
39 38
226 256
10 18
31.0 46.3
1460 1280
105 98
211 185
90 66

129

Kamafugite
7.6
0.711171
0.512120
18.726
15.670
38.969

Tephriphonolite Phonolite

2
56.93
0.40
20.02
3.60
0.10
0.84
3.63
3.23
9.35
0.16
1.16

96.6

5.17
437
1761
29
310
20
43.5
1451
103
189
68

(continued)
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Table 5.2 (continued)

Roccamonfina

Rock type Trachy- Sho Latite
basalt shonite

Sm 7.66 8.65 8.57

Eu 1.88 1.97 1.91

Gd - 6.85 6.67

Tb 0.70 1.07 1.06

Yb 1.73 2.80 2.91

Lu - 0.424 0.435

Hf 238 5.04 5.14

Ta 0.90 0.96 1.06

Pb 8.7 25 24

Th 7.8 19.1 212

U 1.7 5.6 7.1

87S1/30Sr 0.706662 0.707030 0.706975

MINd/MNd 0.512377 0.512369 0.512382

206pp/204pp, 19.153 19.008 -

207pp/204pp 15.680 15.693 -

208pp/204pp 39.199 39.168 -

5 The Ernici-Roccamonfina Province

Tephrite Tephriphonolite Phonolite
18.4 11.5 11.07
3.70 2.31 2.58
12.9 7.44 8.41
1.81 1.08 1.03
2.16 2.02 245
0.31 0.29 0.38
6.38 43 6.28
0.54 0.87 1.25
51 52 78
36.7 40.4 48.32
8.7 9.8 9.98
0.709529 0.709255 -
0.512152 0.512134 -
18.788 18.805 -
15.689 15.685 -
39.048 39.048 -

Source of data: (1) Gasperini et al. (2002); (2) Rouchon et al. (2008); (3) Boari et al. (2009); (4) Conticelli et al. (2009)

Central Apennines represent a segment of an
orogenic arc that developed as an independent
sector in the Middle Miocene between the OAL
and the ORL. According to this author, changes in
the degree of rotation along the Apennines dis-
rupted the orogenic belt and resulted in the for-
mation of various arc segments bordered by
dextral transcurrent faults.

The Ernici-Roccamonfina zone has a crustal
thickness of about 25 km. According to Panza
et al. (2004), the uppermost mantle is characterised
by a thin layer of material with relatively low
S-wave velocity (Vs ~ 3.95 km/s), which passes
to a thick lid with S-wave velocities decreasing
with depth from Vs ~4.65 to ~4.40 km/s. Such
an upper mantle structure seems unique in the
circum-Tyrrhenian area (Panza et al. 2004). A new
model by Panza et al. (2007) shows a more
homogenous structure with an S-wave velocity of
about 4.20 to 4.40 km/s, decreasing from Moho to
about 250-300 km depth. Vertical sections of dVs

and d(Vp/Vs) parallel to the axis of the Apennine
chain by Giacomuzzi et al. (2012) highlight a
mechanical discontinuity beneath the Central
Apennines. This consists of relatively low-velocity
mantle rocks extending from 100 to 300 km depth,
which separate two high-velocity bodies imaged
beneath the Northern and the Southern Apennines.
A mantle structural discontinuity has been also
suggested by other authors (Benoit et al. 2011;
Rosenbaum and Piana Agostinetti 2015), thus
reinforcing the idea of Ernici-Roccamonfina as a
geological distinct sector in the Italian peninsula,
clearly indicated by geochemical data of volcanic
rocks.

The Ernici area and other zones of Central
Apennines are characterised by high heath flow,
with peaks exceeding 300 mW/m? (Chiodini
et al. 2013). These values are somewhat sur-
prising, since volumes of erupted magmas are
small and the area has been traditionally con-
sidered as relatively cold.
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5.3 Ernici

5.3.1 Volcanology and Stratigraphy

The volcanic activity has been characterised by
moderately explosive and effusive eruptions that
generated strombolian scoriae, pyroclastic flow
and surge deposits, and a few lavas. The most
important eruptive centres include Patrica, Tec-
chiena, Colle Castellone, Pofi, Villa Santo Ste-
fano, and Giuliano di Roma. Most of these
volcanoes consist of mafic ultrapotassic rocks
(HKS); potassic (KS), shoshonitic (SHO) and

calcalkaline (CA) basalts occur in a few places
south of Ceccano (Fig. 5.2). Ultrapotassic lavas
with kamafugitic (KAM) affinity are found at
Colle Castellone (Boari et al. 2009).

According to K/Ar dating by Basilone and
Civetta (1975) the volcanism developed between
0.7 and 0.1 Ma. The most K-rich products
erupted first (about 0.7 to 0.2 Ma), followed by
the less potassic volcanics (about 0.2 to 0.1 Ma;
Civetta et al. 1981). “°Ar/*°Ar dating by Boari
et al. (2009) basically confirms the decrease in
potassium with time, but restricts the time span to
about 633 to 269 ka.

Volcanic
centre

g

Tecchiena

Frosinone
VR

Patrica «
\(

o

o
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Fig. 5.2 Schematic geological map of Ernici volcanoes. Simplified after Boari et al. (2009)
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5.3.2 Petrography and Mineral
Chemistry

The Ernici volcanics define a vertical trend on a
TAS diagram, spanning the basalt, K-trachybasalt,
shoshonite, leucite tephrite and foidite composi-
tional fields, and straddling the boundary between
subalkaline and alkaline rocks (Fig. 5.3a). Subal-
kaline mafic rocks are saturated to slightly
undersaturated calcalkaline basalts (Fig. 5.3b).
The alkaline rocks are mildly to strongly under-
saturated in silica and range from shoshonitic to
ultrapotassic, the latter spanning Roman-type and
kamafugitic compositions (Boari and Conticelli
2007; Frezzotti et al. 2007; Boari et al. 2009).
The calcalkaline basalts have sub-aphyric to
porphyritic texture with phenocrysts of diopside,
olivine (~Fog, s55) and plagioclase set in a
groundmass made of the same phases, plus a few
phlogopite, Fe-Ti oxides, and glass. The
K-trachybasalts and shoshonites have aphyric to
sparsely porphyritic textures with phenocrysts of
zoned diopside, Mg-rich olivine (up to Fogi_g3)
and rare microphenocrysts of plagioclase set in a
groundmass consisting of strongly zoned pla-
gioclase (~ Angg_ss), diopside, olivine (~ Fo;s_
50), magnetite, rare leucite and alkali feldspar,
and sporadic nepheline (Civetta et al. 1981; Boari
and Conticelli 2007; Frezzotti et al. 2007; Boari
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et al. 2009; Nikogossian and van Bergen 2010).
Olivine phenocrysts often contain spinel inclu-
sions. The HKS leucite-tephrites and leucitites
generally exhibit poorly porphyritic textures with
about 10-20 vol.% phenocrysts of clinopyrox-
ene, minor leucite and olivine (up to Fog)
commonly rimmed by clinopyroxene, and spo-
radic microphenocrysts of andesine plagioclase.
Clinopyroxene may also be present as 3-—
5 cm-long megacrysts with compositional zon-
ing from diopside to hedenbergite, which appears
colourless to green in thin section. The ground-
mass consists of leucite, clinopyroxene and
opaque minerals. Nepheline, K-feldspar, brown
mica and hastingsitic amphibole are also
observed. Rocks with kamafugitic affinity are
moderately porphyritic with phenocrysts of
diopside, leucite, and minor olivine (~ Fog;_g1).
Melilite occurs in the groundmass and as phe-
nocryst in a few rocks. Other phases include
monticellite, apatite, nepheline, phlogopite and
Ba-rich sanidine (Boari et al. 2009; Nikogossian
and van Bergen 2010).

Clinopyroxene from Ernici rocks is generally
diopside with rare hedenbergite. High wollas-
tonite contents are found in clinopyroxenes
from kamafugites. Ti/Al ratios are generally
low (around 0.1, atoms per formula units), but
clinopyroxene from kamafugites show somewhat
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Fig. 5.3 a TAS diagram for the Ernici and Roccamon-
fina volcanic rocks. The dashed line is the divide between
alkaline and subalkaline fields of Irvine and Baragar
(1971); b K,0/Na,O versus AQ diagram for the mafic

AQ = [g-(Ic+ne+kis+ol)]

normative

rocks (MgO > 4 wt%). AQ is the algebraic sum of
normative quartz minus normative undersaturated miner-
als (see Chap. 1)
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higher values, plotting close to Tuscany-Umbria
lamproite-kamafugite clinopyroxenes. Cr/(Cr +
Al) ratios of spinel-group minerals included in
olivine phenocrysts range from about 0.8 to 0.5,
and decrease from calcalkaline to ultrapotassic
rocks (Nikogossian ad van Bergen 2010). Overall,
their compositions fall in the field of spinels from
Umbria kamafugites (Boari and Conticelli 2007).

5.3.3 Petrology and Geochemistry

The Ernici rocks exhibit low SiO, contents and
moderate to high MgO (about 3 to 9 wt%).
Overall, the CA and SHO-KS rocks have higher
MgO and ferromagnesian element contents than
HKS volcanics (Fig. 5.4). Such a relationship is
also observed for melt inclusions contained in
early crystallised mafic phases (Nikogossian and
van Bergen 2010). LIL element contents increase
from CA to HKS and KAM rocks. There is an
erratic behaviour of some mobile trace elements
(e.g. Cs and Rb; Frezzotti et al. 2007; Table 5.2)
in the KS and CA basalts, which is not seen in
the melt inclusions and likely derives from sec-
ondary modification. REE are variably fraction-
ated with LREE/HREE ratios increasing from
CA and KS to HKS and KAM. Most rocks
exhibit a negative Eu anomaly, which is stronger
in the ultrapotassic samples (Fig. 5.5a). Incom-
patible element patterns are strongly fractionated
and show relative depletions of HFSE and Ba,
and positive spikes for LILE, LREE, and Pb
(Fig. 5.5b).

Sr-isotope ratios display a large range of values
®’St/*°Sr = 0.7062-0.7112). The lowest ratios
7St/%Sr ~0.7062 to 0.7076) are found in the
CA, SHO and KS rocks, which partially overlap
compositions of the Campania Province.
The HKS and KAM rocks show much more
radiogenic compositions (*’St/**Sr  ~0.7095-
0.7112), falling in the same field of Roman rocks.
Nd-isotope ratios increase from HKS-KAM to CA
rocks (Fig. 5.6a), the latter showing slightly lower
values than Campania mafic volcanics. Pb iso-
topic ratios (Fig. 5.6b) exhibit moderate variation,
with 2°°Pb/***Pb ~ 18.70 to 18.90, **’Pb/***Pb
~15.67 to 15.73 and ***Pb/**Pb ~39.00 to
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39.18, bridging the Roman and Campania com-
positional fields (Civetta et al. 1981; Conticelli
etal. 2002; Frezzotti et al. 2007; Boari et al. 2009).
HKS-KAM rocks have slightly less radiogenic Pb
isotope compositions than CA-SHO volcanics.
76Hf/""THF ratio is higher for the KS than HKS
(Table 5.2; Gasperini et al. 2002). Oxygen iso-
topic ratios of whole rocks are variable
(6"0smow ~+5.8 to +8.5), with most values
clustering around 3180 ~+8.0 (Turi et al. 1991).
Data on olivine and clinopyroxene phenocrysts
separated from rocks with different potassium
contents show 880, ~+5.50%o to +5.84%o and
8'%0px ~+5.55%o to +6.50%o, relative to SMOW
(Frezzotti et al. 2007). He isotope analyses of
clinopyroxene and olivine from two shoshonitic
samples by Martelli et al. (2004) yielded values of
R/RA =2.12-2.87.

5.3.4 Evolution of Ernici Magmas

Decrease in MgO, Ni, and Cr abundances from
CA-SHO-KS to ultrapotassic volcanics may
suggest a derivation of ultrapotassic magmas
from less potassic parents by evolution processes
such as fractional crystallisation or AFC. How-
ever, petrological, geochemical and isotopic
evidence argues against this hypothesis (Civetta
et al. 1981; Frezzotti et al. 2007; Boari et al.
2009). In fact, assimilation of large volumes of
crustal material (about 50 to 60%) would be
necessary to drive isotopic compositions of CA
and SHO-KS rocks to those of HKS and KAM
volcanics. Such a heavy assimilation would yield
oversaturation in silica and a much more dra-
matic decrease in MgO and compatible element
contents than observed in the Ernici rocks. The
monogenetic nature of the volcanic centres also
supports rapid ascent of magmas from the mantle
with little storage and evolution within the crust
(e.g. Boari and Conticelli 2007). Therefore, it has
been concluded that the compositional variability
shown by the Ernici rocks reflects the occurrence
of different primary melts. Such a deduction
leaves the absence of high-MgO ultrapotassic
rocks an unsolved thought-provoking problem,
probably related to mantle metasomatic effects.
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Major and trace element variations within
single series are likely the consequence of shal-
low level processes, including moderate degrees
of fractional crystallisation and mixing between
magmas with variable enrichments in potassium
(Civetta et al. 1981; Frezzotti et al. 2007; Boari
et al. 2009). Variation of oxygen isotope com-
positions also suggests episodic assimilation of
carbonate wall rocks (Frezzotti et al. 2007).
Positive correlations between MgO and compat-
ible trace elements, such as Cr, Ni, and Sc,
suggest separation of olivine and clinopyroxene.
In contrast, negative correlations between MgO
and Al,O5 and Sr rule out significant plagioclase
fractionation, in agreement with the few plagio-
clase phenocrysts occurring in the rocks,

especially in the HKS. The limited role for pla-
gioclase separation means that the negative Eu
anomaly observed in most samples is not related
to fractional crystallisation but is a feature of
primary melts.

5.4 Roccamonfina

5.4.1 Volcanology and Stratigraphy

Roccamonfina is an asymmetric truncated com-
posite cone, with a base diameter of about 15 km
and a 5 km wide NW-SE-elongated summit cal-
dera that is breached on its eastern side (Fig. 5.7
a). The caldera floor, sited at about 600 m above
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Fig. 5.7 a Relief shaded map of the Roccamonfina volcano; b Schematic geological map of the Roccamonfina

volcano. Simplified after Conticelli et al. (2009)

sea level, hosts several lava flows and domes,
which reach a maximum altitude of about
1000 m. The volcano is composed of lava flows,
domes and pyroclastic deposits, emitted both
from central and parasitic vents. Ages range from
about 0.6 to 0.05 Ma (Luhr and Giannetti 1987,
De Rita and Giordano 1996; De Rita et al. 1997;
Giannetti and De Casa 2000), but a shorter time
interval of about 550 to 150 ka has been sug-
gested by Rouchon et al. (2008) on the basis of
new K/Ar dating. The volcano developed within
the Garigliano graben, a NW-SE trending exten-
sional area cut by NE-SW faults (Chiesa et al.
1995; De Rita and Giordano 1996). Volcanic
rocks rest over Mesozoic-Cenozoic carbonate and
Miocene flysch sequences. Vg model published
by Nunziata and Gerecitano (2012) indicates a
5 km thick sedimentary succession, which over-
lies a high-velocity body (Vs = 3.8 km/s) prob-
ably representing a solidified magmatic chamber,
and a low-velocity layer that extends to the
nearby Campania volcanic area.

Volcanology and stratigraphy of the Rocca-
monfina volcano have been the subjects of several
papers (e.g. Giannetti and Luhr 1983; Luhr and
Giannetti 1987; Cole et al. 1992; Chiesa et al.
1995; Giannetti and De Casa 2000; Rouchon

et al. 2008; Conticelli et al. 2009 and references
therein). According to De Rita and Giordano
(1996) the volcano developed during three main
epochs. During the first epoch (about 600 to
400 ka) explosive and effusive eruptions of pho-
notephritic and tephriphonolitic lava flows and
pyroclastics formed the main cone and the central
caldera. Successively, large phonotephritic-
phonolitic and trachytic pyroclastic sequences
were deposited (about 385-230 ka), the most
prominent of which (Brown Leucitic Tuff and the
White Trachytic Tuff) caused further collapse of
the central caldera (Giannetti and Luhr 1983;
Luhr and Giannetti 1987). The latest activity
(250-59 ka) emplaced KS, SHO and CA prod-
ucts mainly inside the central caldera, and the
White Trachytic Tuff on the northern sector of the
main cone, where the Conca caldera was formed
(Fig. 5.7b). The Roccamonfina volcanics are
covered discontinuously by the tephra of Cam-
panian Ignimbrite (39 ka), a large pyroclastic
flow from Campi Flegrei (see Chap. 7).
Rouchon et al. (2008) recognised five main
stages of activity. The initial stages constructed
two superimposed HKS stratovolcanoes and
ended with the eruption of the Brown Leucitic
Tuff and a sector collapse at about 350 ka. The
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following stage was responsible for the emplace-
ment of the Lower White Trachytic Tuff at about
331 ka, and of trachybasaltic to trachytic lavas.
Successively, basaltic—shoshonitic parasitic cones
and lava flows were emplaced, and the Upper
White Trachytic Tuff was deposited by a sub-
plinian eruption, between 275 and 230 ka. The
final activity emplaced the Yellow Trachytic Tuff
at 230 ka and constructed the SHO and CA lava
domes/flows and pyroclastics at about 150 ka.

5.4.2 Petrography and Mineral
Chemistry

The Roccamonfina magmas range in composi-
tion from subalkaline to transitional and alkaline
ultrapotassic ~ (Fig. 5.3). The subalkaline-
transitional rocks mainly consist of SHO-KS
trachybasalts, shoshonites, latites and trachytes,
with a few CA basalts. The HKS rocks range
from leucite-tephrite to phonolite.

The HKS mafic rocks are generally por-
phyritic with variable amounts of olivine,
clinopyroxene and leucite phenocrysts set in a
groundmass containing the same phases plus
plagioclase, some nepheline and sanidine.
Tephriphonolites and phonotephrites contain
clinopyroxene, plagioclase, leucite and biotite
phenocrysts, whereas phonolites are generally
dominated by sanidine, some clinopyroxene,
leucite and glass (Chiesa et al. 1995: Conticelli
et al. 2009). Accessory phases include Fe-Ti
oxides, apatite and sphene.

The CA to KS basalts are variably porphyritic
with ubiquitous clinopyroxene phenocrysts plus
olivine (up to Fog3_79), and some plagioclase
(about Angg_g) set in a groundmass composed of
the same phases plus Fe-Ti oxides. Biotite is
present in small amounts. The evolved SHO-KS
rocks have porphyritic textures with phenocrysts
of clinopyroxene, plagioclase, biotite and sani-
dine. Plagioclase is abundant in the latites and
decreases in the trachytes, where sanidine dom-
inates phenocryst mineralogy. Accessory phases
include Fe-Ti oxides, apatite and in some cases
amphibole, garnet and sphene (e.g. Ghiara and
Lirer 1977; Giannetti and Luhr 1983; Luhr and
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Giannetti 1987; Giannetti and Ellam 1994;
Conticelli et al. 2009; Nikogossian and van
Bergen 2010). Xenoliths of metamorphic and
sedimentary wall rocks and cumulate lithologies
are found at Roccamonfina (Appleton 1972;
Giannetti and Luhr 1990).

In general, there is a strong compositional
variability for single mineral phases in the Roc-
camonfina rocks. Plagioclase is generally zoned
and ranges from bytownite to oligoclase.
Colourless to green diopside to hedenbergite
clinopyroxenes occur in many rocks. Olivine is
generally rich in MgO, even in the evolved rocks,
where crystals with Fogy_gs have been found;
NiO content is high, reaching 0.5 wt% in some
cases. Cr/(Cr+Al) ratios of spinel inclusions in
olivine phenocrysts are similar to Ernici, and
decrease from calcalkaline to ultrapotassic rocks
(Nikogossian and van Bergen 2010).

5.4.3 Petrology and Geochemistry

Variation diagrams of major and trace elements
versus MgO (Fig. 5.4) show positive correlations
for CaO, and ferromagnesian elements, and
opposite trends for incompatible elements. As for
Ernici, the CA, SHO and KS rocks show the
highest MgO contents among the exposed vol-
canics. An overall positive correlation is
observed for LILE and LREE versus K,O in
rocks with similar MgO contents, whereas HFSE
(e.g. Nb) remain nearly constant. However,
Giannetti and Ellam (1994) recognised some
exceptions to this general rule.

The REE patterns of mafic rocks are frac-
tionated, with increasing LREE contents and
La/Yb ratios from CA to HKS. Negative Eu
anomalies are observed in several mafic rocks,
especially for the HKS (Fig. 5.5a). REE patterns
of some trachytes (not shown) have an upward
concave pattern with low concentrations of
intermediate REE. Incompatible element patterns
of mafic rocks are fractionated, with relative
depletion in the HFSE and Ba, and positive
spikes for LILE, LREE and Pb (Fig. 5.5b).

Sr-isotope ratios range from about 0.7067 to
0.7099 (Fig. 5.4h). Similar compositions have
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been found for melt inclusions in olivine phe-
nocrysts by Koornneef et al. (2015). Nd-isotope
ratios range from about 0.5121 to 0.5124
(Fig. 5.6a). As in the case of Ernici, Sr-isotope
ratios decrease and Nd-isotope increase from
ultrapotassic to CA-SHO-KS rocks, spanning the
compositions of Roman and Campania pro-
vinces. Pb-isotope ratios display more radiogenic
compositions in the CA-SHO-KS than in the
HKS rocks (Fig. 5.6b; Hawkesworth and Voll-
mer 1979; Vollmer and Hawkesworth 1980;
Conticelli et al. 2009). Whole rock oxygen iso-
tope ratios are variable (8'*0%o ~+6.6 to +10.3)
with most values around 8'*0%o ~+8.0 relative
to SMOW (Taylor et al. 1979).

5.4.4 Evolution of Roccamonfina
Magmas

The Roccamonfina magmas underwent a more
complex evolutionary history than Ernici. Geo-
chemical data suggest that the evolution of KS
and HKS magmas was dominated by fractional
crystallisation, starting from K-trachybasalt and
tephrite parents. According to Conticelli et al.
(2009), mafic HKS magmas experienced domi-
nant fractionation of clinopyroxene, plus some
leucite, and accessory magnetite and apatite,
whereas plagioclase-clinopyroxene fractionation
was responsible for the evolution of felsic mag-
mas. The KS magma evolution was dominated
by fractionation of clinopyroxene-plagioclase-
olivine-magnetite in the mafic range, followed/
joined by biotite and K-feldspar in the evolved
compositions (Appleton 1972).

There is also ample geochemical and petro-
graphic evidence for mixing and wall-rock
assimilation during the evolution of Roccamon-
fina magmas (e.g. Giannetti and Luhr 1983; Luhr
and Giannetti 1987). Mixing between composi-
tionally contrasting magma types is suggested by
geochemical and isotopic disequilibria within
single samples, and by the coexistence of mafic
and felsic juvenile clasts in many pyroclastic
deposits. Assimilation of crustal rocks is indi-
cated by the increase in Sr and O isotopic ratios

5 The Ernici-Roccamonfina Province

from mafic to felsic CA-SHO-KS rocks (Taylor
et al. 1979; Conticelli et al. 2009).

As in the case of Ernici, the wide composi-
tional variation of mafic magmas cannot be
explained by evolution processes, but point to the
occurrence of distinct parental melts. Isotopic
variations also exclude a derivation of HKS
magma from a potassic parent by high-pressure
eclogite fractionation (Appleton 1972).

5.5 Petrogenesis
of the Ernici-Roccamonfina
Province

The Ernici and Roccamonfina volcanoes are
characterised by an association of calcalkaline,
shoshonitic, potassic and ultrapotassic rocks. The
latter have HKS and kamafugitic affinity,
resembling closely the analogous volcanic rocks
from the Roman and Intra-Apennine provinces
(Figs. 5.6 and 5.8). Therefore, as with these two
provinces, an origin by melting of
phlogopite-rich lherzolitc to clinopyroxenite
mantle contaminated by supercritical fluids or
melts from subducted marls, can be envisaged for
Ernici-Roccamonfina ultrapotassic magmas (see
discussion in Chap. 3 and 4).

The origin of mafic calcalkaline, shoshonitic
and potassic magmas is more controversial.
Basically, two main hypotheses have been pro-
posed. One suggests higher degrees of partial
melting of the same source of ultrapotassic
magmas (e.g. Boari et al. 2009), whereas another
hypothesis envisages polybaric melting of com-
positionally heterogeneous upper mantle sources
(e.g. Peccerillo 2002; Frezzotti et al. 2007;
Conticelli et al. 2009; Nikogossian and van
Bergen 2010).

Boari et al. (2009) believe that the Ernici
primary magmas were generated by melting of
upper mantle rocks that had undergone a
two-stage metasomatism, with an early pervasive
infiltration of melts from an oceanic slab, fol-
lowed by a second stage influx of melts from
subducted marly sediments. The marl-derived
melts concentrated along particular pathways
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Roccamonfina volcanoes, compared with the mafic vol-
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inside the mantle wedge, generating a network of
phlogopite-rich clinopyroxenite vein throughout
the peridotite. Melting processes, possibly trig-
gered by slab breakoff or asthenospheric upwel-
ling, first affected the vein network, generating
early KAM and HKS magmas. Successively,
melting involved the mantle surrounding the
veins, giving late KS, SHO and CA magmas by
dilution of early formed melts. The vein plus wall
rock melting process requires high amounts of
dilution by about 90% of a liquid with a com-
position as the Aeolian arc calcalkaline basalt, in
order to drive Sr-Nd isotope composition of HKS
and KAM magmas to those of the calcalkaline
and shoshonitic basalts.

An alternative hypothesis is that the
Ernici-Roccamonfina parent magmas originated
in a variably metasomatised upper mantle (e.g.
Peccerillo 1985, 2001; Giannetti and Ellam 1994;
Frezzotti et al. 2007; Nikogossian and van Bergen
2010). The KS-SHO-CA primary melts were
generated at relatively shallow depth where a
moderately contaminated phlogopite-peridotite
produced saturated or slightly undersaturated
liquids showing relatively poorly enriched com-
positions. In contrast, the HKS primary magmas
were generated at higher pressure by melting of
more strongly contaminated mantle rocks, with
undersaturated compositions being favoured by
incongruent melting of phlogopite at high

(IAP) provinces. Stars indicate average Enriched MORB
and OIB; crosses are average Normal MORB and
Depleted MORB (Sun and Mcdonough 1989; Gale
et al. 2013)

pressure (Wendlandt and Eggler 1980). Accord-
ing to Giannetti and Ellam (1994), the HKS par-
ental melts were generated in a phlogopite-rich
peridotite, whereas the KS and SHO-CA magmas
come from shallower amphibole-bearing peri-
dotite. Based on major and trace element study of
melt inclusions and host mafic minerals, Niko-
gossian and van Bergen (2010) come to the
conclusion that distinct primary magmas were
related to progressive melting of various types of
veins. Veining was formed by infiltration of two
distinct types of melts, with silicate and carbonate
composition, respectively. Variable proportions
of clinopyroxene, phlogopite and amphibole
crystallised along the veins, whose melting gave
different types of magmas. The mantle zoning
beneath Ernici-Roccamonfina could reflect per-
colation of metasomatic agents released by sub-
ducted upper crustal material, a process that is
able to generate strong vertical compositional
gradients above subduction zones (e.g. Chin et al.
2014). An alternative possibility is that there were
multiple metasomatic events in the area, as sug-
gested by several geochemical studies of whole
rocks and melt inclusions (Peccerillo 1999, 2002;
Nikogossian and van Bergen 2010).

Conticelli et al. (2009) accept a composition-
ally zoned mantle source for Roccamonfina
volcano and propose that the transition from
ultrapotassic to calcalkaline composition reflects
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an inflow of OIB-type mantle from the foreland
into the source region of primary magmas.
However, the similar HFSE concentrations (e.g.
Nb, Ta; Figs. 5.4d and 5.5b) in all the mafic
rocks from Ernici-Roccamonfina argue against a
role of OIB in the origin of CA to KS magmas,
since OIB-type components are enriched in
HFSE.

As for the pre-metasomatic mantle composi-
tion, a depleted nature is suggested by the low
abundances of Ta and Nb and by HFSE/HFSE
ratios (e.g. Zr/Nb) in the mafic rocks, which are
close to average N-type MORB (Figs. 5.5b and
5.8). Such a conclusion is supported by compo-
sitions of chromite inclusion and host olivine
reported by Boari and Conticelli (2007),
although Nikogossian and van Bergen (2010)
interpret Cr# variability of spinels as an effect of
metasomatism.

5.6 Mantle Metasomatism
and Geodynamic Implications

Several lines of evidence indicate that the mantle
metasomatic processes in the Roman and
Intra-Apennine provinces are compositionally
distinct from the Campania Province (e.g. Pec-
cerillo 2002; De Astis et al. 2006). Therefore, the
large range of mafic rock compositions at
Ernici-Roccamonfina, which span the Roman
and Campania volcanics, led to the conclusion
that two distinct episodes of mantle metasoma-
tism, with Roman and Campanian affinities, took
place in this volcanic district (Peccerillo 1999,
2002; Peccerillo and Panza 1999). As discussed
in Chap. 4, mantle metasomatism in the Roman
Province was accomplished by marly sediments
of the Adriatic continental plate. In contrast, the
mantle metasomatism in the Campania Province
is related to infiltration of fluids originated from
an oceanic slab, with some contributions by
sediments (Peccerillo 2002; De Astis et al. 20006;
see Chap. 7). It has been suggested that meta-
somatic fluids were provided by the Ionian sub-
duction system that is still presently active
beneath the southern Tyrrhenian Sea (Peccerillo

5 The Ernici-Roccamonfina Province

and Frezzotti 2015 with references). The occur-
rence of two distinct types of metasomatic pro-
cesses at FErnici-Roccamonfina generated a
heterogeneous mantle, which was the source of
compositionally distinct magmas. Since the CA,
SHO and KS rocks are younger than the HKS
volcanics, it has been suggested that the
Roman-type “Adriatic” metasomatism might
have preceded the Campanian-type “Ionian”
event (Peccerillo 1999; Peccerillo and Panza
1999).

A role for both the Ionian and Adriatic sub-
duction systems in the metasomatism of the
Ernici-Roccamonfina magma sources is compat-
ible with geophysical evidence. As recalled ear-
lier, the upper mantle beneath this area show
significant differences with respect to the nearby
Roman and Campania provinces. Tomographic
models by Giacomuzzi et al. (2012) show rela-
tively low seismic-wave velocities, which contrast
with the occurrence of contiguous high-velocity
vertical bodies beneath the Northern and Southern
Apennine arcs. In this view, there is a gap in the
Apennine subduction zone with a window
beneath Ernici-Roccamonfina. The absence of a
dehydrating slab could be an explanation for the
scarcity of volcanism in this region. Composi-
tional different melts or supercritical fluids that
were released from the Northern Apennine and
Southern Apennine subduction systems were
responsible for mantle metasomatism.

A detailed geodynamic scenario that brought to
the particular setting for the Ernici-Roccamonfina
zone is still lacking. It can be recalled, however,
that the Miocene to present evolution of the
Tyrrhenian Sea-Apennine system has been char-
acterised by an early stage of E-W extension,
which changed during Pliocene to NW-SE in the
south and NE-SW in the north (e.g. Sartori 2003).
Such a modification has been related to the dif-
ferent resistance opposed to slab retreat by the
Adriatic continental plate and by the Ionian
oceanic plate. Basically, the strong laterally vari-
able nature of the foreland prompted splitting of
the subduction zone, with the formation of
two independent slab segments exhibiting differ-
ent dipping direction and degrees of rollback
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(e.g. Carminati et al. 1998, 2012). Consequently,
an early process of west-directed subduction of a
continuous Adriatic-Ionian plate was followed by
a double system of west-directed subduction of
the northward migrating Adriatic plate, and
northwest-directed subduction of a clockwise
rotated and southeast retreating Ionian plate (e.g.
Malusa et al. 2015). In this context, the formation
of a window in the slab was inescapable and the
Ernici-Roccamonfina volcanism would be located
above the slab tear zone in which both the sub-
duction systems might have a role in mantle
metasomatism.

5.7 Summary and Conclusions

Volcanism in the Ernici-Roccamonfina area is
characterised by extremely variable petrological,
incompatible element and radiogenic isotope
signatures. At Ernici several monogenetic vol-
canoes were formed by the eruption of mafic
magmas, with CA to HKS and KAM affinities.
At Roccamonfina, effusive and explosive activity
built up a stratocone with a large central caldera
and various intra-caldera and flank cones and
domes. Roccamonfina rocks range from mafic to
felsic, with CA to HKS compositions.

The ultrapotassic rocks of Ernici and Rocca-
monfina volcanoes have compositions similar to
volcanoes of the IAP and Roman provinces,
whereas CA-SHO-KS rocks are geochemically
similar to Campania volcanoes. These variations
probably reflect a heterogeneous mantle source,
which was modified by two compositionally (and
temporally?) distinct metasomatic events. An
episode of metasomatism took place by infiltra-
tion of fluids released from the Adriatic subducted
lithosphere and was responsible for contamina-
tion of the mantle source of ultrapotassic magmas.
This event was followed/accompanied by the
arrival of new subduction-related material with
distinct compositional features. This may have
been provided by the oceanic Ionian slab and
associated sediments.
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Abstract

The Pontine archipelago consists of several volcanic islands and islets
sited at the eastern end of the 41° Parallel line. Ages of exposed products
range from about 4.1 Ma to less than 130 ka, and decrease eastward.
Calcalkaline rhyolites, peralkaline rhyolites, and trachytes occur in the
western islands of Ponza, La Botte, Palmarola and Zannone, where
mafic-intermediate calcalkaline to potassic 4.0-3.9 Ma old volcanism has
been recently discovered below sea level. A suite of basalt-trachybasalt to
phonolite rocks makes up the eastern islands of Ventotene and Santo
Stefano. Trachytes and peralkaline rhyolites derived from moderately
potassic mafic parents by fractional crystallisation plus crustal assimila-
tion. Calcalkaline rhyolites were formed either by crustal melting or by
AFC, starting from mafic-intermediate calcalkaline parents. Basalts and
trachybasalts from Ventotene have variable isotopic signatures, which
reflect open-system intra-crustal evolution processes and/or source
heterogeneity. The mafic rocks from Ventotene have geochemical and
isotopic signatures that resemble the moderately potassic rocks from
Ernici-Roccamonfina, suggesting similar type of mantle metasomatism
and geodynamic significance. The Pontine volcanoes represent the
northern termination of a Plio-Pleistocene volcanic alignment that extends
from Anchise and the western Aeolian seamounts in the Southern
Tyrrhenian Sea to offshore Central Italy. These represent remnant arcs that
were constructed across the Tyrrhenian Sea during the eastward migration
of the Ionian subduction system.

Keywords

Pontine volcanoes - Hyaloclastites - Calcalkaline rhyolites - Peralkaline
rocks - Potassic rocks « Remnant arc - 41° Parallel line - Southern
tyrrhenian sea - Geodynamics
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6 The Pontine Islands

6.1 Introduction

The Pontine archipelago consists of five islands
and a number of islets, roughly aligned in a
WNW direction, offshore the Campania-Latium
coast (Fig. 6.1). The islands are sited on the edge
of the continental shelf, about 60—70 km south of
the Gulf of Gaeta coast, and are mainly formed of
volcanic rocks, except for Zannone and Pal-
marola, where Paleozoic to Mesozoic metamor-
phic and sedimentary units, and Upper Pliocene
argillaceous marine sediments crop out. Ceno-
zoic limestones have been found by drilling at
Ponza (De Rita et al. 1986, 2004; Bellucci et al.
1997, 1999).

The Pontine Islands have been previously con-
sidered as belonging to the Campania Province
(Peccerillo 2005), but they are much older and have
distinct petrological-geochemical compositions
than the Campania rocks, thus identifying a sepa-
rate magmatic province. The western islands

~ Zannone

Palmarola

- 'Ponza

(Ponza, Palmarola, Zannone and La Botte islet) rise
from the top of a large structural high on the edge of
the continental shelf. Volcanismis 4.2—-1.0 Maold,
and emplaced an association of subaerial metalu-
minous trachyte-rhyolite and peralkaline rhyolites,
plus submarine mafic-intermediate calcalkaline to
potassic rocks (Barberi et al. 1967; Vezzoli 1988;
Conte and Dolfi 2002; Cadoux et al. 2005; Conte
et al. 2016). The eastern group (Ventotene and
Santo Stefano) has an age of 0.8 to less than
0.13 Ma, and consists of basalt-trachybasalt to
phonolite rocks (Métrich 1985; Métrich etal. 1988).
A NW-SE elongated volcanic ridge has been
recently imaged by high-resolution multibeam
bathymetry and geophysical data on the edge of the
continental shelf about 30 km north of the Ven-
totene island (Cuffaro et al. 2016).

The geological setting of the Gulf of Gaeta is
characterised by structural low and highs bordered
by ESE-WNW to E-W and NE-SW faults, related
to the intersection of the Ortona-Roccamonfina

La Botte

13°00'E

Fig. 6.1 Location map of the Pontine Islands

Gaeta [N
Gulf of Gaeta
Ventotene CET (o) §

Stefano
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Table 6.1 Ages, volcanology and petrology of the Pontine Islands

Volcano Age (in Volcanology
Ma)
Ponza 4.2-1.0

pyroclastic rocks

La Botte 1.2

sea level

Palmarola | 1.64-1.54

Zannone ? — Cryptodome

Ventotene 0.8
and Santo  t0<0.13
Stefano

with the 41° Parallel lines. The latter is a transfer
fault marked by E-W striking magnetic and free-air
gravity anomaly, which separates the northern and
the southern Tyrrhenian domains (Boccaletti et al.
1990a, b; Serri 1990; Bruno et al. 2000). Crustal
thickness is about 20 km (Panza et al. 2007).

A summary of the main petrological-
volcanological characteristics and ages of the Pon-
tine volcanoes are reported in Table 6.1. Represen-
tative geochemical data are given in Table 6.2.

6.2 Waestern Pontine Islands: Ponza,
La Botte, Palmarola
and Zannone

Ponza: Ponza is largely constructed of rhyolitic
obsidianaceous lava flows and hyaloclastites,
with minor dykes and pyroclastics overlying
older domes. Younger trachytic lavas are only
exposed as a dome and minor pyroclastics at
Monte La Guardia promontory, in the southern-
most end of the island (Scutter et al. 1998).
Extensive K/Ar dating indicates that volcanism
took place between 4.2 and 1.0 Ma, during two
phases of rhyolitic activity followed by the late
emplacement of La Guardia trachytes (Cadoux
et al. 2005). Modification of magma

— Mostly submarine lava domes, dykes,
breccias, hyaloclastites and minor

— Trachytic-phonolitic neck rising from a
larger platform sited about 150 m below

— Lava domes, breccia, and hyaloclastites
emplaced in a submarine environment

— Remnants of a largely collapsed
stratovolcano with caldera (Ventotene),
and a flank lava dome (Santo Stefano)

Petrology-Geochemistry

— Pliocene calcalkaline rhyolites followed
by Pleistocene comendite and trachytes.
Variable Sr isotopic ratios
(®7S1/%Sr = 0.7085-0.7139), increasing
from trachytes to rhyolites and
comendite. Submarine mafic-intermediate
calcalkaline to potassic rocks

— Major and trace element composition
similar to Ponza trachytes

— Peralkaline rhyolites with highly
radiogenic Sr-isotope compositions

— Calcalkaline rhyolites compositionally
similar and probably coeval to Ponza

— Basalt, K-trachybasalt to phonolite with
87S1/%6Sr ~ 0.7070 to 0.708, similar to
Roccamonfina

compositions was accompanied by an uplift of
the island, with shifting of volcanism from sub-
marine to subaerial (Bellucci et al. 1997, 1999;
De Rita et al. 2001, 2004).

Rhyolites from Ponza are calcalkaline,
although a peralkaline comendite occurrence is
reported by Conte and Dolfi (2002) among Pleis-
tocene products. Textures are generally vitro-
phyric, with scarce phenocrysts (<10 vol.%) of
plagioclase (~ Ango_3p), sanidine (~ Oryo_7s),
biotite (~Mg#,s), orthopyroxene (~Mg#,),
diopside to hedenbergite clinopyroxene, and
sporadic hornblende set in a glassy to microgran-
ular groundmass. Comendite is also scarcely
porphyritic with microphenocrysts of alkali-
feldspar (Or3s_30) set in a groundmass containing
alkali-feldspar, alkali-amphibole, mica, quartz,
bastnisite (Ce fluoride carbonate), and zircon
(Conte and Dolfi 2002).

Trachytes are dark to light coloured rocks
with scarcely to moderately porphyritic textures
and phenocrysts of plagioclase (~ Angs_3p),
alkali-feldspar ~ (~Or33_¢3), clinopyroxene
(Woy47_46En4_30Fe3_14) and biotite (~Mg#,o_
70). Groundmass is mostly formed of alkali-
feldspar, some clinopyroxene and Fe-Ti oxides
(Bellucci et al. 1999; Conte and Dolfi 2002;
Paone 2013).
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Many samples from Ponza show high values
of LOI, which might result from secondary pro-
cesses. However, geochemical data on mobile
elements such as alkalies seem to exclude this
hypothesis (Cadoux et al. 2005). Trachytes and
rhyolites define compositionally distinct groups
of rocks (Fig. 6.3). The comendite is strongly
enriched in La, Rb, Th and other incompatible
elements, but is depleted in Ba and Sr with
respect to both trachytes and rhyolites. Two
trends can be distinguished within trachytes for
some major and trace elements (e.g. La, Rb vs.
Si0,), one pointing to the highly enriched Ponza
comendite and the other to Palmarola peralkaline
rhyolites (Fig. 6.3). REE patterns are variably
fractionated, with negative FEu anomalies
(Fig. 6.4a). Volatile elements concentrations (F,
C]) range from several hundred to several thou-
sand ppm (Conte and Dolfi 2002).

87Sr/%6Sr ratios range from about 0.7085 to
0.714 and increase from trachytes to rhyolites
and comendite (Figs. 6.3h and 6.5a). Nd isotopic
ratio is higher in trachytes and comendite
(**Nd/'**Nd ~ 0.51240) than in the rhyolites
(**Nd/'**Nd ~ 0.51225; Conte and Dolfi
2002). Pb isotope ratios (*°°Pb/***Pb ~ 18.80;
97Pb/*Pb ~ 16.80;  ***Pb/***Pb ~ 39.00;
Cadoux et al. 2007) fall in the compositional
field of the Roman and Tuscany provinces, and

have lower values than rocks from Campania
(Fig. 6.5b, c). Oxygen isotope composition of
whole rocks and separated feldspars ranges from
3"®0gmow ~ +7.3%0 to +11.1%o, increasing
from trachytes to rhyolites (Turi et al. 1991).
The steep decrease in Sr-Ba and the increase
in incompatible element contents with a small
increase in silica within the trachytic rocks,
clearly suggest an evolution by alkali feldspar-
dominated fractional crystallisation, with the
comendite probably representing the final
residual liquid. A role of element enrichment by
fluid-transfer is envisaged by Belkin et al. (1996)
and Conte and Dolfi (2002) to explain some
extreme element enrichments, especially in the
comendite. Establishing the nature and origin of
parental melt of trachytes has been hampered by
the absence of exposed intermediate-mafic
products in the western Pontine Islands (Conte
and Dolfi 2002; Cadoux et al. 2005). However,
basalt to trachyandesite glass inclusions in pla-
gioclase from Monte La Guardia trachytic centre
and some submarine mafic-intermediate rocks
recently studied by Conte et al. (2016) may
represent the parent liquids of trachyte-
comendite suite (Fedele et al. 2003). Rhyolites
represent a compositional distinct group of
rocks, whose origin might be related to either
crustal melting (e.g. Paone 2013) or fractional
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Fig. 6.3 Harker diagrams of the Pontine volcanics
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Fig. 6.5 Sr, Nd and Pb isotopic variations of rocks from
the Pontine Islands. Fields of other volcanic provinces
(restricted to mafic rocks) and some mantle end-members

(EM1, HIMU, ZOZO, DMM; Stracke et al. 2005) are
reported for comparison. Composition of Tyrrhe-
nian MORB is indicated with a cross
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crystallisation plus crustal assimilation, starting
from a calcalkaline intermediate-mafic parent.
Such magma does not occur either in the out-
crops or among melt inclusions in the western
Pontine Islands, but has been recently found
among submarine samples by Conte et al.
(2016).

Zannone: Volcanism in this island is repre-
sented by a rhyolitic cryptodome intruded into
deformed and tilted Permian-Triassic sandstones
and  phyllite, Triassic  dolomites, and
Cretaceous-Miocene sediments (De Rita et al.
2004). The Zannone rhyolites are generally
altered by high-temperature fluids, which pre-
vented radiometric dating. They show poorly
porphyritic textures with phenocrysts of alkali
feldspar and biotite set in a devitrified ground-
mass. Analysis of the least altered samples and
data on immobile elements indicate a composi-
tion similar to the Ponza rhyolites.

La Botte: La Botte islet is a Pleistocene
trachytic-phonolitic neck, a few tens of metres
across, situated about 12 km SE of Ponza.
A single K/Ar age determination yielded a value
of 1.2 Ma (Savelli 1988). Rocks from La Botte
straddle the boundary between trachytes and
phonolites (Fig. 6.2). Textures are poorly por-
phyritic with phenocrysts of alkali feldspar plus
some clinopyroxene and biotite set in a trachytic
to pilotaxitic groundmass mostly made of alkali
feldspar (Conte AM, personal communication).
Major and trace element compositions are similar
to Ponza trachytes (Fig. 6.3).

Palmarola: Volcanic rocks at Palmarola occur
as domes and associated breccias and hyalo-
clastites, emplaced during two stages of activity
separated by deposition of marine sediments.
K/Ar dating by Cadoux et al. (2005) indicates
ages of about 1.6-1.5 Ma. The Palmarola rocks
are peralkaline rhyolites with Peralkaline
Index = 1.04-1.11. They show higher Na,O and
incompatible element contents, but lower Sr, Ba,
and LILE/HFSE ratios than Ponza rhyolites
(Cadoux et al. 2005). In contrast, variation dia-
grams highlight an affinity with some Ponza
trachytes. REE patterns are fractionated with
strong negative Eu anomalies (Fig. 6.4a). Over-
all, geochemical data suggest an origin of
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Palmarola rhyolites by feldspar-dominated frac-
tional crystallisation, starting from a parental
magma similar to some Ponza trachytes.

6.3 Ventotene and Santo Stefano

The islands of Ventotene and Santo Stefano are the
emergent remnants of a large collapsed stratovol-
cano, rising more than 700 above sea floor. Ven-
totene represents the south-eastern sector of the
caldera rim and consists of a sequence of thin lava
flows and pyroclastic deposits. Santo Stefano is a
flank lava dome, partially covered by pyroclastic
products. Pyroclastic rocks at Ventotene and Santo
Stefano include fall, flow and surge deposits, and
contain lava lithics, cumulate xenoliths and skarns
(Perrotta et al. 1996). K/Ar ages range from about
0.8 to less than 0.13 Ma. The Santo Stefano lava
dome records the oldest exposed activity. The suite
of basal lava flows at Ventotene was erupted
mainly between 0.8 and 0.5 Ma (Métrich et al.
1988). The caldera collapse occurred around
0.5 Ma (Perrotta et al. 1996). Rock compositions
range from basalt and trachybasalt to phonolite
(Fig. 6.2). Mafic rocks have a porphyritic texture
with phenocrysts of clinopyroxene, plagioclase
(~Angg_s50), and olivine (about Fogs_¢s), set in
holocrystalline to hypocrystalline groundmass
consisting of the same phases plus Fe-Ti oxides,
alkali-feldspars and rare biotite. Latites have sim-
ilar phenocryst assemblage as trachybasalts but
also contain biotite and zoned Cr-diopside to
hedenbergite clinopyroxene. Phonolites have
phenocrysts of sanidine, plagioclase (~ Angs_ss),
potassic ferropargasitic amphibole, and Fe-Ti
oxides sometimes replacing biotite. Haiiyne and
nepheline are found in some latites and phonolites
(Barberi et al. 1967; Métrich 1985; Métrich et al.
1988; D’ Antonio and Di Girolamo 1994; Bellucci
et al. 1999; D’ Antonio et al. 1999; Paone 2013).
Mafic rocks are undersaturated in silica (10-20 %
normative nepheline), exhibit low to moderate
enrichment in potassium, and plot in the fields of
basalt and trachybasalt on the TAS diagram
(Fig. 6.2). Major elements show an increase in
Al,Oj5 and alkalies, and a decrease in MgO, CaO,
FeOy1 and TiO, from basalt to phonolite
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(Fig. 6.3). Incompatible trace elements (Th, Rb,
LREE, Nb, etc.) increase from basalts to phono-
lites, whereas Sr and Ba show an opposite trend
(Métrich 1985). REE are fractionated with signif-
icant negative Eu anomalies in the phonolites
(Fig. 6.4a). Incompatible element patterns of
mafic rocks have negative anomaly of Ba and large
negative anomalies of HFSE, resembling closely
the Ernici-Roccamonfina trachybasalts (Fig. 6.4
b). Initial Sr-Nd isotope compositions in the mafic
rocks vary significantly (¥’Sr/*°Sr ~ 0.7070 to
0.7077; "*Nd/"**Nd ~ 0.51228 to 0.51244) and
partially overlap the compositional fields of
Campania an Ernici-Roccamonfina (Fig. 6.5a).
Slightly higher values of ®’Sr/*®Sr = 0.7070-
0.7089 have been found for two phonolite samples
by Barberi et al. (1967). There is a well-defined
negative trend of MgO versus °'St/*°Sr in the
mafic rocks, which is mirrored by a positive trend
for Nd isotope ratios (not shown). Pb-isotope ratios
(*°°Pb/2*Pb ~ 18.50 to 18.86; **"Pb/***Pb ~
15.64 to 15.70; ***Pb/***Pb ~ 38.45 to 39.09;
De Vivo et al. 1995; D’ Antonio et al. 1996, 1999)
define a trend towards the Plio-Quaternary
EM -type rocks from Sardinia on ®’Sr/*°Sr ver-
sus 2%°Pb/***Pb diagram (Fig. 6.5b). Whole rock
oxygen isotope ratios (8'*Osmow ~ +3.9%o to
+7.6%o) increase from basalts to felsic rocks (Turi
etal. 1991).
Overall, major and trace element data suggest
an evolution in an open system for the

6 The Pontine Islands

dominant fractional crystallisation of mafic
minerals and plagioclase, accompanied by
magma mixing (D’Antonio and Di Girolamo
1994; D’Antonio et al. 1999). High Sr-isotope
ratios observed in the phonolites as well as the
negative correlation of MgO and ferromagnesian
elements against Sr-isotope ratios in the mafic
rocks, strongly suggest significant interaction
with crustal rocks during magma evolution.

6.4 Petrogenesis and Geodynamic
Significance of Pontine Islands

The origin and geodynamic significance of
magmatism in the Pontine Islands are still poorly
understood. Mafic rocks from Ventotene show
trace element and radiogenic isotope signatures
that are different from those of the Campania
volcanoes (D’Antonio et al. 1999), and resemble
more closely the potassic rocks from
Ernici-Roccamonfina for LILE/LILE,
LILE/HFSE, HFSE/HFSE and radiogenic iso-
tope ratios (Fig. 6.6). Therefore, as with the latter
province, an origin in a depleted mantle source
contaminated by supercritical fluid or melts from
oceanic slab plus sediments can be envisaged for
Ventotene primary magmas.

The rocks from the western Pontine Islands
have a diverse origin. Geochemical and melt
inclusion data suggest that the Ponza trachytes

Ventotene-Santo ~ Stefano  magmas,  with evolved from moderately potassic mafic parents
(a) (b)
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Fig. 6.6 Variation of incompatible element and Nd-isotope ratios in the mafic rocks (MgO > 4 wt%) from Ventotene.
Compositions of nearby magmatic provinces are shown for comparison
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(Fedele et al. 2003; Paone 2013); comendites
could represent the final step of such a process.
However, gaseous transfer phenomena might be
responsible for some extreme element enrich-
ments in the comendite (Conte and Dolfi 2002).

The peralkaline rocks from Palmarola show
trace element evidence suggesting a derivation
by fractional crystallisation from parent magmas
similar to Ponza trachytes (Fig. 6.3). However,
compositional differences for some key trace
element ratios, suggest somewhat distinct par-
ental magmas (Cadoux et al. 2005).

Finally, the Ponza rhyolites define a compo-
sitionally distinct group of rocks, which appears
to have little affinity with other magmas from the
same region. According to Paone (2013), such a
compositional contrast is related to a different
origin for rhyolites, which would be formed by
crustal melting. However, the Ponza rhyolites
have similar composition as some acid calcal-
kaline rocks from the Aeolian arc, although
Sr-isotope ratios are much higher at Ponza. This
may suggest a derivation of Ponza rhyolites by
fractional crystallisation plus possible crustal
assimilation, starting from a mafic-intermediate
calcalkaline parent.

New data recently published by Conte et al.
(2016) on submarine mafic-intermediate rocks
from the western arc provide support to the
hypothesis of an origin of silicic rocks by evo-
lutionary processes dominated by fractional
crystallization. These submarine samples have
high-K calcalkaline to potassic petrological
affinity and are likely parental to various silicic
rocks cropping out at the surface. Submarine
rocks show variable but overall high Sr- and low
Nd-isotope ratios (87Sr/86$r ~ 0.7059 to 0.712;
B3Nd/*Nd 0.51253 to 0.51215), which
suggest anomalous mantle sources and signifi-
cant shallow level interaction between magma
and crust for the western Pontine Islands (Conte
et al. 2016).

According to several authors (Locardi 1991,
1993; Argnani and Savelli 1999; Savelli 2001)
the Pontine Islands, as well as the buried volca-
noes of the Campania Plain (see Chap. 7),
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represent the northern end of a remnant volcanic
arcs developed during Plio-Pleistocene across the
southern Tyrrhenian Sea, and left behind by
southeastward migration of the Ionian subduc-
tion system (Fig. 6.7). The arc extended from
Anchise volcano, west of Ustica, in the south, to
the Pontine Islands in the north; the Garibaldi
(Glauco) seamount and the ODP Site 650 are
located in the central sector of the arc, although
geochronological and geochemical data are
insufficient to support this hypothesis.

The Pontine Island magmas have clear
island-arc geochemical signatures (i.e. high
LILE/HFSE  ratios), which  support a
subduction-related origin at the northern end of
cross-Tyrrhenian  remnant However,
Cadoux et al. (2005) noticed a decrease of
LILE/HFSE ratios with time in the rhyolites and
trachytes from Palmarola and Ponza. This led to
the suggestion that an OIB-type component was
progressively involved in the origin of magma-
tism. Such a conclusion is supported by Sr-Pb
isotope data of the Ventotene mafic rocks, which
define a trend towards EM1-type Plio-Quaternary
OIB rocks occurring in Sardinia (Fig. 6.5b).
A similar trend is also shown by Procida-Vivara
basalts (Campania Province), which, however,
have lower Sr isotope ratios than Ventotene.

arcs.

6.5 Summary and Conclusions

The Pontine Islands are located offshore the Gulf
of Gaeta (southern Latium), along the eastern
segment of the 41° Parallel tectonic line. Volcanic
activity developed between about 4.1 Ma and less
than 130 ka and is younger in the eastern (Ven-
totene and Santo Stefano) than in the western
islands (Ponza, Palmarola, Zannone, La Botte).
Calcalkaline rhyolites, peralkaline rhyolites, and
trachytes occur at Ponza, La Botte, Palmarola and
Zannone, where mafic-intermediate calcalkaline
to potassic volcanism (4.0-3.9 Ma old) has been
recently discovered below sea level. A suite of
basalt-trachybasalt to phonolite rocks makes up
Ventotene and Santo Stefano.
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Fig. 6.7 Approximate position of Plio-Quaternary remna

nt volcanic arcs across the Southern Tyrrhenian Sea,

according to Locardi (1991) and Argnani and Savelli (1999)

The Pontine magmas have a complex origin
and geodynamic significance, which deserves
further investigation to be better understood.
Trachytes and peralkaline rhyolites likely derived
from moderately potassic mafic parents by frac-
tional crystallisation plus crustal assimilation.
Calcalkaline rhyolites were formed either by
crustal melting or by fractional crystallization or
AFC, starting from mafic-intermediate calcalka-
line parents. Basalts and trachybasalts from
Ventotene have variable isotopic signatures,
which reflect open-system intra-crustal evolution
processes and/or source heterogeneity.

All the magmas from the Pontine Islands
show island-arc geochemical signatures, i.e. high
LILE/HFSE ratios. However, there 1is a

significant decrease of these ratios with time,
which has been interpreted as indicating a role of
OIB-type mantle sources in the origin of younger
magmas. The basalts and trachybasalts from
Ventotene have geochemical and isotopic sig-
natures similar to mafic potassic rocks from the
Ernici-Roccamonfina Province. Therefore, a
similar type of mantle metasomatism is sug-
gested by geochemical data for all these
volcanoes.

The Pontine Islands, along with the buried
volcanoes of the Campanian Plain and, possibly,
the calcalkaline-shoshonitic Ernici and Rocca-
monfina rocks may represent the northern ter-
mination of  Plio-Pleistocene volcanic
remnant-arcs extending from the Anchise and
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western Aeolian seamount in the southern
Tyrrhenian Sea to Ponza, Ventotene, and the
Campanian Plain. These were constructed across
the Tyrrhenian Sea during the eastward migration
of the Ionian subduction system.
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Abstract

The Campania Province (about 0.2 Ma to 1944 AD) consists of
stratovolcanoes and multi-centre volcanic complexes (Vesuvio, Campi
Flegrei, Procida-Vivara, Ischia) that are built up by mafic to felsic alkaline
potassic magmas. Leucite-bearing ultrapotassic rocks are restricted to
Somma-Vesuvio. Older lavas (about 2 Ma) with calcalkaline affinity are
buried beneath the Campanian Plain. The rocks of the Campania Province
define various suites that were generated by polybaric fractional
crystallisation, mixing and assimilation of different types of wall rocks,
starting from trachybasalt parents. The leucite-bearing rocks of Vesuvio
also derive from trachybasalt, but extensive carbonate assimilation
induced strong silica undersaturation and crystallisation of leucite.
Therefore, primary ultrapotassic magmas, such as those occurring in the
Roman Province, seem to be lacking in Campania. In contrast, there is a
strong geochemical similarity between Campania and Stromboli, Aeolian
arc. Petrological and geochemical data, therefore, argue against the
commonly held view that the Campania volcanoes represent the southern
extension of the Roman Province and rather indicate they represent the
northernmost end of the eastern Aeolian arc. The Campania and Stromboli
rocks have intermediate OIB-arc geochemical signatures, which suggest
melt generation in a hybrid source, containing both OIB and subduction
components. The arc-type components have been provided by fluids
released by the subducted Ionian oceanic slab and associated sediments.
The OIB-type component is attributed to the inflow of asthenospheric
mantle from the foreland onto the subducting and southeastward retreating
Ionian slab. Migration of asthenospheric mantle was favoured by opening
of a slab window along the Apulian-lonian plate.
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7.1 Introduction Volcanic rocks range from mafic to felsic and

The Campania Province is the southernmost
sector of the Plio-Quaternary volcanic belt along
the Italian peninsula. It is formed by the dormant
volcanoes of Somma-Vesuvio, Ischia and Campi
Flegrei (Phlegraean Fields), and by the islands of
Procida and Vivara (Fig. 7.1). A number of
actively degassing submarine centres in the Bay
of Naples (e.g. Gaia Bank, Pentapalummo Bank,
Secca di Ischia, etc.) and the Plio-Pleistocene
volcanic rocks buried beneath the Campania
Plain are also included in the Campania Province
(Di Girolamo 1978; Passaro et al. 2014).

Castel Volturno
*

o Parete

Campi Flegrei

Procida Gulf of Naples

I Vivara
Ischia
10 km

14°00'E

the mafic rocks have silica undersaturated
potassic to ultrapotassic compositions (Fig. 7.2).
Older lavas (about 2 Ma) buried beneath the
Campanian Plain have oversaturated calcalkaline
basalt to andesite compositions. Lava xenoliths
from the pyroclastic deposits from Procida also
have calcalkaline petrological affinity.

The Campania Province hosts two of the most
famous active (though presently dormant) volca-
noes: Vesuvio and Campi Flegrei. They are sited in
an intensively populated area and, because of their
violent explosive activity, are considered among
the highest risk volcanoes on Earth. This has
prompted numerous studies, and some thousand
papers have been published on these volcanoes

N.00o L

ET o

N.O¥.0%

14°30'E

Fig. 7.1 Location of the Campania volcanoes. Extensional and transfer faults are indicated with dashed and full lines
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during the last two-three decades. The wealth of
data increased considerably our understanding of
volcanism in the area, but also expanded enor-
mously the number of hypotheses on magma
origin-evolution and modalities of eruption, ideas
that can be only partially considered in this review.

A summary of ages and compositional char-
acteristics of volcanism in Campania is given in
Table 7.1. Data for representative rocks are
reported in Table 7.2.

7.2 Regional Geology

Volcanism of the Campania Province developed
in a rapidly subsiding area, between the Southern
Apennines fold-thrust belt and the Tyrrhenian
backarc basin. The area is affected by NE-SW and
NW-SE main faulting, and volcanic centres are
located at the intersection between the two sys-
tems (e.g. Bianco et al. 1998; Bruno et al. 2003;
Acocella 2010; Milia and Torrente 2003, 2015).

The Southern Apennine chain consists of a
number of NE-verging thrusts, locally covered
by Plio-Quaternary autochthonous shallow mar-
ine and continental sediments. Tectonic units are
formed by a wide variety of rock types (lime-
stones, dolostones, flysch sequences, sandstones,
marls, ophiolitic rocks, etc.) that range in age
from Upper Triassic to Miocene (e.g. Ippolito

AQ = [g-(lc+ne+kal+ol)]

normative

et al. 1975; Grasso 2001). They mostly represent
basinal sequences formed on the border of the
African plate, which were delaminated and
superimposed over the Apulia foreland. The lat-
ter is located east of the Apennine chain and
contain Mesozoic to Tertiary platform carbonates
(e.g. Ogniben et al. 1975; Grasso 2001; Patacca
and Scandone 2001; Vai and Martini 2001).

Thrusting of tectonic units in the Southern
Apennines occurred during Upper Oligocene to
Lower Pleistocene, and had a northeast vergence.
Starting from Pleistocene, thrusting rotated toward
the southeast, in contrast with Northern Apennine
where northeast displacement persisted until
recently (Patacca et al. 1990). Latest compression
tectonic phases in the Southern Apennines were
related to subduction of the Ionian seafloor
beneath the Calabrian-Tyrrhenian microplate
(Gvirtzman and Nur 1999). Such a process gen-
erated backarc extension and block rotation in the
Campania Province, with formation of Quater-
nary NE-trending normal faults, NW-trending
transtensional faults, and E-W trending left-
lateral faults (e.g. Cello and Mazzoli 1999; Milia
and Torrente 2003).

The Campania Province is characterised by
high heath flow (> 100 mW/m?) with peaks up to
600 mW/m? at Ischia and Campi Flegrei (Della
Vedova et al. 2001; Carlino et al. 2012). The
thickness of the lithosphere is about 50 km and
increases eastward reaching more than 110 km in
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Table 7.1 Age, volcanology and petrology-geochemistry of Campania volcanoes

Volcano Age

~30 ka to
1944 AD

Somma-Vesuvio

About 0.2 Ma
to 1538 AD
(Monte Nuovo
eruption)

Campi Flegrei

Island of Ischia 150 ka to 1302

AD
Procida and About 70 to
Vivara islands 14 ka
Plio-Pleistocene ~2 Ma

buried volcanism

Volcanology

— Stratovolcano (Mount Somma)
with multiple caldera and an
intracaldera cone (Vesuvio). Early
effusion of lava flows forming the
Somma cone, followed by plinian
eruption and by a period of
moderately explosive to effusive
activity ended in 1944 AD

Multicentre volcanic complex with
two nested calderas, several
monogenetic pyroclastic cones and
maars made up of largely
prevailing pyroclastic rocks. Two
high magnitude caldera-forming
plinian eruptions emplaced the
widespread Campanian Ignimbrite
(39 ka) and Neapolitan Yellow
Tuff (15 ka) pyroclastic deposits

— Intensely faulted and eroded
stratovolcano consisting of
prevailing pyroclastic rocks and
minor lavas. Major explosive
eruption occurred at 55 ka, with
emplacement of Monte Epomeo
Green Tuff. Morphology
dominated by the 787 m high
central resurgent and tilted intra
caldera block of Mt. Epomeo, and
by minor highs along the coastline

— Coalescing hydrovolcanic tuff
cones and rings formed of ashes,
scoriae, pumices, and lithics

— About 1300 m thick sequence of
lavas encountered by deep
drillings at Parete and Castel
Volturno, in the Campanian Plain

Petrology-Geochemistry

Poorly undersaturated trachybasalt
to trachyte, and moderately to
strongly undersaturated
leucite-bearing foidites,
phonotephrites to phonolites.
Different trends for major and trace
elements but similar radiogenic
isotope ratios &Sr/%%Sr ~ 0.7062
to 0.7080) shown by the various
rock suites

Dominant trachyte phonolite rocks,
with minor younger latites and
shoshonites, showing similar
radiogenic isotope signatures as
Somma-Vesuvio, but increasing
Sr-isotope ratios from the older
silicic products to younger latites
and shoshonites

Dominant trachyte to phonolite
compositions, with minor late
erupted latites and shoshonites.
#7S1/%Sr ratios (~ 0.7060 to
0.7076) slightly lower than Campi
Flegrei and Somma-Vesuvio

Juvenile trachybasalt to trachyte
pyroclastic rocks. Calcalkaline
basalt lithic clasts. ¥’St/*°Sr
(0.7052 to 0.7073) increase from
mafic to felsic rocks

Altered calcalkaline basalt to
andesite lavas with
878r/5Sr ~ 0.7051-0.7080

the Apulia foreland (Calcagnile and Panza 1981).
The depth of the Moho increases from about
20-25 km at Ischia and along the Tyrrhenian Sea
coast to 35 km beneath the internal zones of the
Apennines, to decrease to about 25-30 km beneath
the Apulia foreland and the southern Adriatic Sea
(e.g. Locardi and Nicolich 1988; Piromallo and
Morelli 2003; Mele et al. 2006; Panza et al. 2007;
Nunziata 2010; Nunziata and Costanzo 2010;

Carminati and Doglioni 2012). In contrast with
other zones of the Apennine chain, the sector run-
ning from the Campania Province to Apulia is
characterised by a moderate elevation and by a
positive Bouguer anomaly, which crosses the
Apennines connecting the larger positive anoma-
lies of the Tyrrhenian Sea and Apulia (Turco and
Zuppetta 1998; Tiberti et al. 2005).
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7.3 Somma-Vesuvio

Somma-Vesuvio is a 1281 m high composite
volcano (Somma) with a large polygenetic
asymmetrical caldera, in which the active cone of
Vesuvio has grown during the last two thousand
years. The caldera has a horseshoe shape with a
maximum diameter of about 3 km. It is delimited
by a steep northeastern wall, and by an open
southwest rim, where the volcano slopes gently
toward the Tyrrhenian coast (Fig. 7.3).

The Somma-Vesuvio volcano sits over a 2 km
thick sequence of sedimentary and volcanoclastic
material, which overlies some 6-8 km thick

@
an Sebastiano al
Vesuvio

| Vesuvi
&7 ,) cone

Gulf of
Naples

Fig. 7.3 Sketch geological map of Somma-Vesuvio
volcano. Undifferentiated pyroclastics cover of the lower
flank of the cone and surrounding areas is not reported.

sequences of Mesozoic carbonate rocks, and the
Hercynian crystalline basement (e.g. Berrino
et al. 1998; Tondi and De Franco 2003). The
Moho is sited at a depth of about 30 km (e.g. De
Natale et al. 2006).

7.3.1 Volcanology and Stratigraphy

Somma-Vesuvio is a relatively young system,
developed during the last 30 ka, although much
older volcanic activity (some 0.4 Ma) is high-
lighted by deep borehole drillings in the area
(Brocchini et al. 2001). A summary of the

Simplified after the Geological map of Somma-Vesuvio in
Santacroce (1987)
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7 The Campania Province

volcanic activity at Somma-Vesuvio is schemat-
ically shown in Fig. 7.4a (Bertagnini et al. 1998;
Principe et al. 2004; Piochi et al. 2006a; San-
tacroce et al. 2008; Cioni et al. 2008; Sulpizio
et al. 2010).

The earliest eruptions of Somma volcano were
prevailingly effusive and emplaced a suite of mafic
potassic lava flows and scoriae, which crop out
along the walls of the caldera and at a few parasitic

(@) Somma-Vesuvio

1944 AD

’ 1631 AD

1570 AD
)

512 AD

>

Pollena 472 AD

Vesuvio cone building

Pompeii 79 AD

g

Avellino (4.3 ka)

Mercato or
Ottaviano (8.9 ka)

>

Verdoline or Novelle-
Seggiari (16 ka)

Large plinian eruptions and caldera formation

Pomici di Base
or Sarno (22 ka)

>

Somma cone building

cones (Santacroce 1987; MacDonald et al. 2015).
Some pyroclastic deposits (e.g. 33 ka-old Codola
eruption; Giaccio et al. 2008) are interposed
between the Somma lavas and the 39 ka-old
Campanian Ignimbrite (Campi Flegrei), but
some authors doubt that these pyroclastics origi-
nated from Somma (Santacroce et al. 2008).
Starting from about 22 ka until 79 AD, the
style of volcanic activity became more explosive,

(b) Campi Flegrei
Age Ka
— Monte Nuovo (AD 1538)
L Astroni
4 |— Nisida, Solfatara
5 Agnano
| Minopoli
12— Pomici Principali
i Neapolitan Yellow Tuff
16 |— Ponti Rossi NV
21— Trentaremi
Evidence of about 10
explosive eruptions
39 Campanian Ignimbrite
37-40 — Cuma dome
47 b— Punta Marmolite dome
53 — Capodimonte
58 f— Ponti Rossi D

79 }— San Martino tephra

157 |
183 | |

Taurano pyroclastics

Fig. 7.4 Simplified chronograms of the Somma-Vesuvio and Campi Flegrei activity. VEI is the Volcanic Explosivity

Index of Newhall and Self (1982)
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and plinian eruptions took place, affecting latite,
trachyte, phonolite and tephriphonolite magmas.
Plinian events were preceded by long periods of
quiescence and were probably associated with
caldera collapses (Sheridan et al. 1981; San-
tacroce et al. 2003). However, some authors
believe that the caldera might result from several
mechanisms, including rock removal by explo-
sion and gravimetric flank failure, an hypothesis
supported by the occurrence of extensive debris
flow deposits in the southern sector of the volcano
(e.g. Ventura et al. 1999; Rolandi et al. 2004).
Main plinian eruptions with VEI = 4-5 occurred
at about 22 ka (Pomici di Base or Sarno), 16 ka
(Pomici Verdoline or Novelle-Seggiari-Bosco),
8.9 ka (Mercato-Ottaviano), 4.3 ka (Avellino)
and 79 AD (Pompeii). Moderately explosive
activity (VEI = 2-3) took place between Avellino
and Pompeii eruptions (Santacroce et al. 2008
with references; Andronico and Cioni 2002).

The 79 AD eruption is one of the most famous
historical volcanic events and was responsible for
destruction of several ancient Roman cities and
villas, notably Pompeii, Herculaneum and Oplon-
tis (e.g. Sigurdsson et al. 1985; Lirer et al. 1997,
Giacomelli et al. 2003). The account of this erup-
tion given by Pliny the Younger in two letters to
Cornelius Tacitus is the first accurate description of
an eruption and is considered the first scientific
document in the history of volcanology.

Vesuvio started to grow after the 472 AD
“Pollena” eruption inside the Somma caldera
(Santacroce 1987; Rolandi et al. 1998; Santacroce
et al. 2003), and was built up by intense mildly
explosive and effusive activity, and by a few
high-magnitude plinian-subplinian events. The
1631 AD plinian eruption marked the onset of a
period of nearly continuous open-conduit magma
emission, which lasted until 1944 AD. Most erup-
tions of this period began with lava outpouring,
followed by explosive phases with formation of
lava fountains, steady columns and phreatovol-
canism (e.g. Arrighi et al. 2001; Marianelli et al.
2005). Vesuvio is presently in a quiescent state,
with CO, degassing mostly from the crater
area (Frondini et al. 2004), and shallow-focus
earthquakes with maximum magnitude M = 3-4
(Bianco et al. 1998; De Lorenzo et al. 2006).
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The internal structure of the Somma-Vesuvio
volcano has been the subject of many studies,
because of its importance for understanding
magma dynamics and forecasting future beha-
viour (e.g. Marianelli et al. 1999; De Natale et al.
2006; Pappalardo and Mastrolorenzo 2010).
Based on petrological-volcanological data, some
authors suggest that a shallow magma chamber
has been operating in conditions of alternated
periods of open or obstructed conduit (e.g. Joron
et al. 1987; Santacroce et al. 1993, 2003; Cioni
et al. 1995, 1997; Marianelli et al. 2005). This
reservoir was periodically replenished by mafic
magmas from depth. When the conduit was
obstructed, magma injection generated expansion
of magma chamber and extensive fractional
crystallisation, with the generation of felsic
melts. These accumulated at the top of the
reservoir, which became chemically zoned
(Cioni et al. 1995). Stronger explosions occurred
after quiescent periods, reflecting the recharge of
the system. In these cases the magnitude of
explosions correlates very significantly, though
not exclusively, with the duration of repose time
(Santacroce et al. 2003). During periods of open
conduit, the magma chamber was smaller and the
arrival of fresh magma resulted in either quiet
lava effusions or moderately explosive eruptions.
The 1944 eruption marks the transition from
open to obstructed conduit conditions.

However, it has been argued that geophysical
studies are unable to reveal a magma reservoir of
significant size at shallow depth (e.g. Zollo et al.
1998; Auger et al. 2001; Scarpa et al. 2002). The
high rigidity body detected by seismic studies
beneath the crater may represent crystallised
magmas along the conduit rather than a truly
crystallised magma chamber. Instead, a low
seismic wave velocity (magma) body has been
detected at depths of about 8 km and 10-12 km
(Zollo et al. 1996, 1998; Auger et al. 2001).
A deeper low-Vs layer has been imaged at the
regional scale and has been interpreted as the
source of all Campania volcanoes (De Natale
et al. 2006; Nunziata 2010).

Based on gephysical evidence as well as on
fluid inclusion geothermobarometry, rock geo-
chemistry, and mineral chemistry data, several
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authors envisage a multiple-chamber structure for
Somma-Vesuvio. Belkin et al. (1985) and Belkin
and De Vivo (1993) found a distribution of CO,
fluid inclusion densities suggesting an entrapment
at about 4-5 km, at 8—10 km and at 12 km. These
were interpreted as sites of magma ponding and
crystallisation beneath the volcano. Pappalardo
et al. (2004) and Pappalardo and Mastrolorenzo
(2010) suggest that two magma chambers have fed
the Vesuvio activity. The shallower reservoir,
located at the discontinuity between the carbonate
platform and the Hercynian basement (some
7-8 km) fed the plinian and sub-plinian eruptions,
whereas a 14-16 km deep reservoir(s) was
responsible for the effusive to moderately explo-
sive activity such as that occurred between
1631-1944 AD. Two long-lived magma storage
zones, at about 8 and 12 km, and a shallower
reservoir at about 5 km were suggested by Piochi
et al. (2006a, b) on the basis of geochemical,
geophysical and fluid inclusion data. The deepest
chambers were the source of 1944 AD eruption
and inter-plinian and sub-plinian events, whereas
the shallower reservoir was believed to originate
the plinian activity, such as Pompeii. In contrast,
Paone (2006) envisage a deep storage for magmas
of plinian eruptions.

In conclusion, the ideas on the plumbing
structure of Somma-Vesuvio volcano are many

7 The Campania Province

and somewhat contradictory. Most models accept
a multiple magma chamber system, which
underwent significant modification with time.
According to Borgia et al. (2005), such an evo-
lution is related to a slow but progressive
spreading of the volcano over its plastic sub-
stratum. This expansion determined variation of
the plumbing system, which had important
effects on the nature of magma evolution and
hence on the eruption style.

The present-day shallow system beneath the
crater consists of crystallised magmas hosting
low electrical resistivity material, likely brines
(e.g. Chiodini et al. 2001; Pommier et al. 2010).

7.3.2 Petrography and Mineral

Chemistry

Joron et al. (1987) distinguished three main rock
series at Somma-Vesuvio. These are charac-
terised by different ages, degrees of silica under-
saturation and enrichment in alkalies (Fig. 7.5).
The rocks older than about 17 ka mostly consist
of poorly silica undersaturated to oversaturated
rocks ranging from potassic trachybasalt to tra-
chyte. These include the lavas and scoriae of the
Somma stratovolcano, as well as the pyroclastic
products of Pomici di Base (Basal Pumices) and

Somma-Vesuvio

(a) (b)
18 T T T T T T T T T T T 4
16 % 7 Ultrapotassic Zﬁ 0 é
R 14 1 7 : 13 =
Q\l 12 7] NO
X
& 1o 1t 1o X
N
G 7 1 (@]
S 8 N Potassi i -
> otassic ; H
= ; *
- 4k N i 41
6 [] Younger than 79 AD Shoshonitic AA @ :
4 F /\ 9kato79AD o :
2 A O Older than 9 ka . . . . . E 0
40 45 50 55 60 65 70 -60 -50 -40 -30 -20 -10 0 10
SiO5% AQ = [g-(Ic+ne+kal+ol)]normative
Fig. 7.5 a TAS classification diagram of basis; b AQ versus K,O/Na,O diagram for the

Somma-Vesuvio rocks; the dashed line is the divide
between the alkaline and subalkaline rocks (Irvine and
Baragar 1971). Data normalised to 100 % on a LOI-free

Somma-Vesuvio mafic to felsic rocks. Samples with
LOI > 4.0 wt% have not been plotted because of possible
alteration
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Pomici Verdoline (Greenish Pumices) eruptions.
Three other eruptions are included in this group
(Codola, Schiava and Taurano), although the
provenance of these pyroclastics has been ques-
tioned (Santacroce et al. 2008).

A second series (about 17 ka to 79 AD)
essentially consists of phonotephrites, teph-
riphonolites and phonolites with intermediate
degrees of silica undersaturation. These rocks
were mainly emplaced by three main plinian
events of Mercato (8.9 ka), Avellino (4.4 ka), and
Pompeii (79 AD), and by several minor eruptions
between Avellino and Pompeii (Andronico and
Cioni 2002).

Finally, a third series, younger than 79 AD,
shows strongly undersaturated leucite-bearing
phonotephrite, tephriphonolite to phonolite com-
position. However, trachybasalts are also found,
e.g. among the products of the 1906 eruption
(Santacroce et al. 1993). Ayuso et al. (1998) also
recognised three series on the basis of trace ele-
ment concentrations, although the time limit
between the two older series was set at about
9 ka, a limit that is also accepted in this book.

The rocks belonging to the poorly undersatu-
rated older series display variably porphyritic
textures, with phenocryst contents decreasing
from mafic to felsic volcanics. Plagioclase and
clinopyroxene phenocrysts are ubiquitous; oli-
vine and leucite occur in the mafic rocks, whereas
biotite, K-feldspar and some amphibole are
observed in the latites and trachytes. Ground-
masses range from holocrystalline to hypocrys-
talline and contain the same phases as the
phenocrysts plus Fe-Ti oxides, accessory garnet,
apatite and variable amounts of glass. Trachytic
pumices are strongly vesicular and range from
aphyric to poorly porphyritic with a few phe-
nocrysts of sanidine, plagioclase, green clinopy-
roxene and Fe-Ti oxides (Joron et al. 1987).

Phonotephrites of the mildly undersaturated
series are strongly porphyritic with phenocrysts
of plagioclase, clinopyroxene and leucite set in a
groundmass formed by the same phases and
glass. Tephriphonolites include lavas and pumi-
ces exhibiting variably porphyritic textures, with
phenocrysts of clinopyroxene (green to colour-
less in thin section), plagioclase, leucite, alkali
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feldspar, biotite and Fe—Ti oxides, set in a glassy
groundmass. Melanite garnet and amphibole
have been observed. Phonolites consist of
pumices with a poorly porphyritic to aphyric
vesicular texture; phenocrysts are represented by
clinopyroxene, sanidine, some biotite and leucite
set in a glassy groundmass; minor phases include
garnet, olivine and calcic plagioclase; nepheline
is observed in some rocks.

The highly undersaturated younger rocks
show more strongly porphyritic textures than
older lavas and pyroclastics. Phenocrysts of
mafic rocks consist of dominant clinopyroxene,
and minor leucite and olivine; groundmass is
holocrystalline to hypocrystalline and contains
the same phases plus plagioclase, opaques and
some brown mica. Tephriphonolites are strongly
porphyritic with phenocrysts of leucite, clinopy-
roxene and plagioclase, and sporadic olivine and
biotite set in holocrystalline to hypocrystalline
groundmass formed by the same phases plus Fe—
Ti oxides and apatite. Phonolites consist of
vesicular porphyritic pumices made of leucite
and clinopyroxene phenocrysts and of a glassy
matrix containing plagioclase, sanidine, garnet,
amphibole, Fe-Ti oxides and sporadic haiiyne.

Clinopyroxene mainly shows Cr- and
Fe-diopside to hedenbergitic compositions.
Zoning, both normal and reverse, is common
(e.g. Joron et al. 1987; Cioni et al. 1998; Morgan
et al. 2004; Aulinas et al. 2008; MacDonald et al.
2015). Ti/Al ratios are low (e.g. Lima et al.
1999), as typically observed for clinopyroxenes
from the Roman Province (e.g. Boari et al.
2009a, b). Olivine is scarce and exhibits a large
compositional variation both in the phenocrysts
(up to about Fogg) and in the groundmass (about
Fo70_45). Some highly forsteritic crystals (up to
Foo,) probably represent xenocrysts from disag-
gregated skarns. Plagioclase is strongly zoned
and exhibits a wide range of compositions
(~ Angp_s5p). Sanidine is more sodic in the
slightly undersaturated latites and trachytes than
in the highly undersaturated tephriphonolites and
phonolites. Leucite shows an almost stoichio-
metric composition. Mica is rich in fluorine and
ranges from phlogopite to biotite, the latter being
typical of felsic products. Amphibole is potassic
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ferropargasite (e.g. Marianelli et al. 1995; Cioni
et al. 1997; Lima et al. 2007).

Several ejected blocks are found in the
Somma-Vesuvio pyroclastic deposits. These
include lavas, sedimentary carbonates, skarns,
and mafic and ultramafic xenoliths (e.g. Joron
et al. 1987; Del Moro et al. 2001; Klébesz et al.
2012). Dunitic ejecta have been interpreted as
either cumulates, sometimes affected by post
crystallisation deformation, or possibly mantle
material that survived magma chamber processes
(Cigolini 1999). Xenoliths contain several min-
eral species that, along with those found in the
lavas and fumaroles, have been the subject of
study since the early history of mineralogy (see
Zambonini 1935). More than two hundred dif-
ferent mineral species have been found at
Somma-Vesuvio and some of them are typical or
exclusively found at this volcano (e.g. Russo and
Punzo 2004).

7.3.3 Petrology and Geochemistry
Variation diagrams of major elements for
Somma-Vesuvio rocks show a decrease in TiO,,
P,0O5, MgO, CaO, and FeOy,, and an increase
in K,O and Na,O with increasing silica
(Figs. 7.6). LILE (Rb, Cs, LREE, etc.) and HFSE
(Nb, Zr, etc.) increase with silica, whereas fer-
romagnesian trace elements (Sc, Cr, etc.), Sr and
Ba have an opposite behaviour (Fig. 7.7). In
general terms, the different rock series define
distinct trends for most major and trace elements,
as pointed out by many studies (e.g. Joron et al.
1987; Ayuso et al. 1998; Santacroce et al. 2008).
Note, however, that all the trends originate from
a single mafic composition. The mildly under-
saturated rocks, especially the Avellino and
Mercato pumices, define very sharp enrichments
for Na,O and incompatible elements, and strong
depletion in Ba and Sr. Volatile elements (F, Cl,
B) have high concentrations, reaching several
thousand ppm in most rocks (e.g. Somma et al.
2001).

7 The Campania Province

REE patterns are variably fractionated, with
small negative Eu anomalies, which increase in
trachytes and phonolites (Fig. 7.8a). HREE deple-
tion is observed in the phonolites of the mildly
undersaturated series. Patterns of incompatible ele-
ments normalised to primordial mantle composition
for mafic rocks are fractionated and contain positive
spikes of Pb and negative anomalies of HFSE
(Fig. 7.8b). However, in contrast with other potassic
rocks in Central Italy, Ba negative anomalies are
lacking, HFSE depletion is less marked, and Ta-Nb

abundances are much higher than average
N-MORB and resemble OIB.
Sr, Nd and Pb isotopic compositions

(Fig. 7.9) show similar range of values for the
three rock series (87Sr/86Sr ~ 0.7062 to 0.7080;
“Nd/'**Nd ~ 0.5122 to 0.5126;
%pp/*Pb ~ 18.88 to 19.12; *Pb/*'Pb ~
15.57 to 15.75; ***Pb/***Pb ~ 38.86 to 39.36;
Cioni et al. 1995; Ayuso et al. 1998; Somma
et al. 2001; Paone 2006). Significant isotopic
variations have been observed within single
cycles of volcanic activity or eruptions, indicat-
ing repeated episodes of wall rock assimilation
plus mixing with fresh magmas (Cortini and
Hermes 1981; Civetta and Santacroce 1992;
Somma et al. 2001; Cortini et al. 2004; Piochi
et al. 2006a, b). A trend towards Tyrrhe-
nian MORB and Plio-Quaternary Sardinia com-
positions is observed for Pb isotopes (Fig. 7.9b,
¢, d). "°Hf/"""Hf isotopic ratios determined on
two samples yielded values of about 0.28278
(Gasperini et al. 2002).

Oxygen isotope ratios of Vesuvio whole rocks
show wide variations (8'* Ogpow ~ + 7.0 %o to
+10.0 %o0) and are negatively correlated with
MgO (Ayuso et al. 1998; Paone 2008). Values
for separated olivine and clinopyroxene are much
lower, but still variable with 8'®*Ogmow ~ +
5.5 %o to +7.6 %o (Dallai et al. 2011). Helium
isotope analyses on clinopyroxene and olivine
from historical lavas gave values of R/Rp ~ 2.2
to 2.7, close to ratios of fumaroles (Tedesco et al.
1990; Graham et al. 1993; Martelli et al. 2004,
2008). 8''B clusters around —6 to —8%o relative
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Fig. 7.9 Sr-Nd-Pb isotopic variation of Campania vol-
canoes. The composition of other Italian magmatic
provinces and the Tyrrhenian MORB (ODP Site 655)
are also shown. NHRL is the Northern Hemisphere

to the NBS SRM 951 standard (Di Renzo et al.
2007; Paone 2008).

Evolution of Somma-Vesuvio
Magmas

734

Major and trace element variations suggest that
fractional crystallisation was the main mecha-
nism of magma evolution at Somma-Vesuvio.
The various trends of major and trace elements
have been interpreted to reveal either the pres-
ence of distinct types of parental magmas or an
evolution from a single parent by separation of
variable proportions of clinopyroxene and feld-
spar, possibly as a consequence of different
conditions of magma ponding and crystallisation

206Pb/ 204Pb

Reference Line of Hart (1984). The red star is the average

sediment from the Ionian Sea (Site 374; Klaver et al.
2015)

(Joron et al. 1987; Trigila and De Benedetti
1993). The occurrence of mafic melt inclusions
in olivine and clinopyroxene exhibiting
K-trachybasalt to K-tephrite compositions sup-
ports the former hypothesis (Marianelli et al.
1995; Lima et al. 2007). However, Pichavant
et al. (2014) furnish compelling experimental
evidence in favour of a single K-trachybasalt
parent for all the Somma-Vesuvio magmas.
According to these authors, assimilation of car-
bonate wall rocks favoured crystallisation of
clinopyroxene, generating the highly undersatu-
rated younger series (lacono Marziano et al.
2008). Note that significant carbonate assimila-
tion was demonstrated by oxygen isotope
investigation by Dallai et al. (2011) for magmas
of the last 4 ka. In contrast, processes of
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fractional crystallisation of clinopyroxene and
feldspar, plus mixing and assimilation of Her-
cynian silicate rocks generated the poorly and
mildly undersaturated older series. Di Renzo
et al. (2007) also found that the older series
evolved by AFC processes with assimilation of
deep Hercynian basement rocks, whereas the
younger Vesuvio series mostly underwent
assimilation of carbonate rocks at shallower
depths. The obvious implication of a single tra-
chybasalt parental magma at Somma-Vesuvio is
that ultrapotassic undersaturated mafic magmas
of mantle origin are absent in Campania. This
would represent additional evidence in favour of
the hypothesis that the Campania volcanoes are
genetically (and geodynamically) distinct from
the Roman Province (Peccerillo 2002).

Trace element data support multiple magma
evolution processes and allow understanding the

7 The Campania Province

role of single mineral phases during fractionation
(Fig. 7.10). Positive trends of Sr and Ba versus
Th and other incompatible elements for the
strongly undersaturated younger series, favour
pyroxene-dominated fractional crystallisation
processes, since all these elements have low
cpx/liquid partition coefficents. In contrast, the
trends of older rocks highlight an important role
of feldspar fractionation, which induced a sharp
decrease in Sr and Ba with increasing Th and
other incompatible elements (Fig. 7.10a, b).
Variation diagrams of incompatible elements and
La/Yb versus K,O show that some rocks of the
mildly undersaturated series (essentially Mer-
cato and Avellino) define nearly vertical trends.
These rocks are also strongly enriched in Na,O.
Most of these trends could be explained by
fractional crystallisation dominated by separation
of K-feldspar, which buffered potassium at a
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Fig. 7.10 Inter-element variation diagram for Somma-Vesuvio rocks. Arrows indicate qualitative element variation

determined by fractionation of some major mineral phases
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constant concentration, determining an increase
in sodium and incompatible elements. However,
the increase of La/Yb cannot depend on these
factors and require some additional process such
as fractionation of accessory garnet (Aulinas
et al. 2008) or mobile element enrichments by
gaseous transfer. The scattered Tb/Yb ratios and
the positive correlation of F versus La/Yb and
NayO seem the favour the second hypothesis.
Finally, a large number of data (e.g. compo-
sitionally zoned phenocrysts, contrasting types of
clinopyroxenes coexisting in the same rocks,
geochemical and isotopic variations within juve-
nile clasts from single eruption, mineral/host rock
isotopic disequilibrium, etc.) indicates that mix-
ing was a main evolutionary process at Somma-
Vesuvio (e.g. Civetta et al. 1991a; Marianelli
et al. 1999; Piochi et al. 2006a, b). The transition
from pumices to scoriae from the base to the top
of several pyroclastic fall deposits including the

79 AD eruption (e.g. Cioni et al. 1995, 2008 with
references), indicates that magmas with variable
compositions coexisted inside zoned reservoirs.
Felsic and mafic magmas were tapped sequen-
tially during various explosive events and
underwent mixing before eruption.

7.4 Campi Flegrei (Phlegraean
Fields)

The Campi Flegrei (Phlegraean Fields) is a
multi-centre volcanic complex with two nested
calderas sited northwest of Somma-Vesuvio,
along the northern coast of the Gulf of Naples
(Fig. 7.11). The volcanic area is characterised by
strong tectonic subsidence at the intersection of
Plio-Quaternary NE-SW and NW-SE trending
fault systems. Rocks cropping out at the surface
or cut by deep drillings consist of a complex

Gulf of Naples

Fig. 7.11 Aerial view of Campi Flegrei, with the city of Naples. Dashed lines indicate approximate positions of

caldera rims. Photo courtesy of NASA Earth Observatory
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series of pyroclastic deposits and fossiliferous
marine sediments overlying silicoclastic rocks
and lavas that sit over thermometamorphic rocks
occurring at a depth of about 3000 m. Several
dikes and sills cut the sedimentary deposits
(Piochi et al. 2014). Notably, no thick sequences
of carbonate rocks seem to be present beneath
Campi Flegrei. A 3 km deep drilling is currently
in progress in the center of the calderas (Campi
Flegrei Deep Drilling Project, CFDDP), aimed at
collecting key information on the shallow
plumbing structure of the volcano.

Volcanic rocks are dominantly pyrolastic, with
largely subordinate lava flows and domes (Ritt-
mann 1950; Rosi and Sbrana 1987). Campi Fle-
grei is well known for its spectacular fumarolic
activity and for bradyseismic inflation and defla-
tion of the ground that has been going on during
the last 2000 years (Woo and Kilburn 2010). The
best known evidence of soil uplift is observed on
a building known as “Serapeo”, where boreholes
left by marine molluscs cover about one-half of

three columns, testifying submersion below sea
level for some time (Fig. 7.12).

7.4.1 Volcanology and Stratigraphy

The Campi Flegrei volcanic complex is formed
by two nested resurgent calderas and by several
monogenetic, mostly phreatomagmatic, centres
(Fig. 7.11). The calderas are related to gigantic
explosive eruptions that deposited the Campa-
nian Ignimbrite and the Neapolitan Yellow Tuff
(Orsi et al. 1995; Civetta et al. 1997). The
Campanian Ignimbrite (CI) eruption (3940 ka;
Gebauer et al. 2014 and references therein) is a
phreatoplinian event that outpoured large vol-
umes of phonolitic-trachytic pyroclastics (from
54 to some 700 km® according to various esti-
mates; see Arienzo et al. 2011; Scarpati et al.
2014 and references therein). It is one of the
biggest eruptions in the Tyrrhenian Sea region,
whose products have been found over wide areas

Fig. 7.12 Columns of the Temple of Serapis (later re-interpred as a market building) with lithodome boreholes
testifying to a higher sea level at some stage in the past (Photo by F. Lucchi)



7.4 Campi Flegrei (Phlegraean Fields)

including the eastern Mediterranean Sea and
Russia (Scarpati et al. 2014 with references). The
Breccia Museo, a deposit of juvenile material
(pumices, scoriae and obsidians) and a wide
variety of intrusive, volcanic and sedimentary
lithics, is believed to represent the proximal
facies of Campanian Ignimbrite (e.g. Fedele et al.
2008; Gebauer et al. 2014). The Neapolitan
Yellow Tuff eruption (NYT), discharged some
40 km® of latite to trachyte-phonolite pyroclas-
tics about 15 ka before present, and was
responsible for formation of an internal about
10 km across resurgent caldera partly occupied
by the Bay of Pozzuoli (Orsi et al. 1995; Deino
et al. 2004; Sacchi et al. 2014). The deposits of
these eruptions rest over older pyroclastic prod-
ucts and a few lavas, for which OArPAr datings
yielded ages between 205 and 157 ka (Taurano
outcrop, east of Naples; De Vivo et al. 2001) and
between 78 and 40 ka (outcrops both outside and
inside the city of Naples; D’Antonio et al. 2007,
Scarpati et al. 2013).

The volcanism younger than 15 ka is concen-
trated inside the calderas and is characterised by
several phreatomagmatic explosive events that
generated a large number of craters and cones
(Agnano, Solfatara, Averno etc.), which pock-
mark Campi Flegrei and represent a main mor-
phological feature of the area (e.g. Orsi et al. 1996;
Fedele et al. 2011; Santacroce et al. 2003; Tom-
linson et al. 2012). The latest eruption formed the
Monte  Nuovo trachytic-phonolitic ~ cone
(Fig. 7.11). It took place in 1538 AD between
September 29th and October 7th, after two years of
local ground uplift, and increased seismicity and
fumarolic gas emission (e.g. Piochi et al. 2005).
A simplified chronostratigraphic scheme of the
Campi Flegrei activity is reported in Fig. 7.4b,
based on data by Cassignol and Gillot (1982),
Civetta et al. (1991b), Di Vito et al. (1999), De
Vivo et al. (2001), Pappalardo et al. (1999, 2002),
Orsi et al. (2004), Isaia et al. (2009), Smith et al.
(2011), Fedele et al. (2011), Scarpati et al. (2013).

After the Monte Nuovo eruption, the Campi
Flegrei volcano has undergone a number of cri-
ses characterised by ground inflation, intense
shallow seismicity, modification of gas temper-
ature and chemistry, but no eruptions have

179

occurred (e.g. Del Gaudio et al. 2010). The main
unrest events in the past 50 years, took place in
1969-1972 and 1982-1984 and were charac-
terised by intense shallow seismicity and ground
uplift of 170-180 cm (e.g. Orsi et al. 1996).
Successively, there was a period of subsidence,
followed by new inflation between 2005 and
2014 with a maximum uplift of 23 cm. These
unrest episodes have been related to pulses of
fluids coming from deep magma bodies and to
long-term heating of rocks, rather than to intru-
sion of magmas (e.g. Caliro et al. 2014: Chiodini
et al. 2015). De Vivo et al. (2010) suggest that
deep fluids entrapped beneath an impermeable
horizon generate ground uplift, whereas deflation
occurs when fluids find their way to the surface
through fractures in the impermeable layer.

The magmatic system of the Campi Flegrei
volcano is suggested to consist of a shallow 3—4 km
deep trachytic reservoir, which has been periodi-
cally refilled by a mafic magma chamber sited at a
depth of about 8 km, where a low-Vp and
high-Vp/Vs layer has been detected (Zollo et al.
2008; De Siena et al. 2010; D’ Antonio 2011). This
reservoir is hosted in the Hercynian crystalline
basement (e.g. Pappalardo et al. 2002) and is cur-
rently expanding, causing extension in the overlying
brittle zone and, therefore, creating favourable
conditions to the ascent of fluids, and possibly of
magmas, at shallow levels (Carlino et al. 2015).

7.4.2 Petrography and Mineral

Chemistry

The Campi Flegrei pyroclastics and lavas range
in composition from shoshonite and latite to
dominant trachyte and phonolite, with the
absence of basaltic rocks (Fig. 7.13). A few
phonolites are peralkaline (Armienti et al. 1983;
Rosi and Sbrana 1987; Melluso et al. 2012). The
rocks older than 39 ka and the Campanian Ign-
imbrite have compositions straddling the limit
between trachyte and phonolite; the Neapolitan
Yellow Tuff ranges from tephriphonolite-latite to
trachyte and phonolite (Fig. 7.13; Orsi et al.
1995; Wohletz et al. 1995; Civetta et al. 1997;
Pappalardo et al. 1999, 2002). Rocks younger
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than 15 ka cover a wider range of compositions,
from shoshonite to trachyte and phonolite
(D’Antonio et al. 1999a, b; D’Antonio 2005;
Smith et al. 2011).

Rock textures range from porphyritic to suba-
phyric, with phenocryst contents decreasing from
shoshonites to trachytes and phonolites (Armienti
et al. 1983). Lavas generally display higher phe-
nocryst contents than scoriae and pumices with
similar major element composition (e.g. Piochi
et al. 2008; Melluso et al. 2012). Latites contain
clinopyroxene, plagioclase, some olivine and
biotite phenocrysts, set in a hypocrystalline
groundmass made of abundant sanidine, Fe-Ti
oxides and glass. Trachytes and phonolites range
from holocrystalline to glassy, with phenocrysts of
alkali feldspar, minor clinopyroxene, biotite, pla-
gioclase, Fe-Ti oxides and rare amphibole,
nepheline and sodalite-group minerals. Accessory
phases include apatite, britholite, zircon, spinel
and titanite (Armienti et al. 1983; Rosi and Sbrana
1987; Pappalardo et al. 2002; Melluso et al. 2012).
Leucite has been only observed in a few rocks
(Astroni and Agnano Montespina eruptions; e.g.
Tonarini et al. 2009).

Clinopyroxene ranges from colourless
Mg-rich to green Fe-diopside and hedenbergite,
with colour/chemical zoning often observed in

single crystals (e.g. Pappalardo et al. 2002;
Fowler et al. 2007). A complete variation from
diopside to hedenbergite and aegirine is found in
some lavas; these also contain phlogopite,
aenigmatite and fayalite (Melluso et al. 2012).
Olivine (up to Fogp) is commonly altered to
iddingsite. Plagioclase (about Angg_»g) is gener-
ally zoned and is mantled by sanidine in the most
evolved rocks (Armienti et al. 1983). Alkali
feldspar has variable K,O content, with Orszg_gg
(Fowler et al. 2007; Melluso et al. 2012).

743 Petrology and Geochemistry
The Campi Flegrei rocks show scattered distribution
of many major and trace elements, especially among
felsic rocks (Fig. 7.14). The mafic post-NYT rocks
show more smooth variation trends.

REE patterns are fractionated, with negative
Eu anomalies in the felsic rocks (Fig. 7.15a).
Incompatible element patterns of mafic rocks
normalised to primordial mantle composition
(Fig. 7.15b) show Pb spikes and moderate neg-
ative anomalies of Ta and Nb.

Sr—Nd-Pb isotopic ratios (Fig. 7.9) are variable
A7St/*Sr ~ 0.7067 to 0.7086; “**Nd/"**Nd ~
0.5124 to 0.5126; **Pb/**Pb ~ 18.90 to 19.25;
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27Pb/*MPb ~ 15.66 to 15.77; *®Pb/™Pb ~
38.95 to 39.38; e.g. Vollmer 1976; Cortini and
Hermes 1981; D’Antonio et al. 1996, 2007; De
Vita et al. 1999; Pappalardo et al. 1999, 2002).
Significantly higher ®’Sr/**Sr (and lower Nd—Pb
isotope ratios) is observed in the younger
shoshonite-latites than in the phonolite-trachytes
(Fig. 7.14h). Oxygen isotope ratios of clinopyrox-
enes range from 3" 0gmow = 6.6 to 7.0 %o,
whereas values of alkali feldspars range from 8.1 to
8.5 %0 (Pappalardo and Mastrolorenzo 2012).
Boron isotopic compositions display ''B ~ —6.5
to —10.6 %o (Tonarini et al. 2004, 2009; Di Renzo
et al. 2011). He-isotope data reported by Martelli
et al. (2004) for olivine and clinopyroxene
show R/Rp = 2.53-3.02, slightly higher than at
Vesuvio.

7.4.4  Evolution of Campi Flegrei

Magmas

Scattered major and trace element distribution at
Campi Flegrei reveals that magmas experienced
a complex interplay of various evolution pro-
cesses, including fractional crystallisation, mix-
ing, and assimilation of wall rocks. These
processes affected distinct batches of magmas,
which were emplaced at different times beneath
the volcano (e.g. Armienti et al. 1983). The

Rb Th Nb K Ce Pr P Zr Eu Ti Y Lu
Cs Ba U Ta La Pb Sr Nd Sm Gd Dy Yb

rocks. Patterns of average N-MORB and OIB (Sun and
McDonough 1989; Gale et al. 2013) are also shown

poorly variable Sr-isotope ratios for some pyro-
clastic deposits such as CI and NYT (Fig. 7.14h)
suggest scarce magma-wall rocks interaction for
these eruptions. According to Gebauer et al.
(2014), rocks crystallised along the walls of
magma chamber(s) acted as a carapace that iso-
lated the CI and NYT melts from host rocks,
preventing assimilation. However, isotopic vari-
ations observed for the bulk of Campi Flegrei
rocks clearly indicate an important role of crustal
assimilation for late-emplaced latites and
shoshonites (Pappalardo et al. 2002; Di Renzo
et al. 2011; Gebauer et al. 2014). Pappalardo
et al. (2002) suggested that crustal contamination
was a result of the longer time spent by younger
magmas in the deep reservoirs. However, if the
post-NYT rocks are considered separately, no
significant increase of Sr-isotope ratios with time
is observed (e.g. Di Renzo et al. 2011). Alter-
natively, variable degrees of crustal contamina-
tion could depend on the distinct compositions of
wall rocks that hosted the phonolite-trachyte and
the shoshonite-latite magma chambers (e.g.
D’Antonio et al. 2007; Arienzo et al. 2009;
Tonarini et al. 2009; D’Antonio 2011; Melluso
et al. 2012). Finally, the very significant increase
of Sr- and a decrease of Nd-Pb isotopic ratios
with increasing MgO (not shown) might suggests
that variable degrees of contamination could be
related to the degree of magma evolution, with
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the hotter mafic magmas being able to dissolve
higher amounts of wall rocks than the cooler
felsic ones. A similar process has been demon-
strated to occur at several volcanoes, such as the
Alicudi and Filicudi islands, in the Aeolian arc
(see Chap. 9).

Finally, percolation of fluids through magma
chambers also played a role in determining the
composition of some magmas. Anomalous
enrichments of some volatile elements (K, Sb, Cl
and F) in felsic rocks could be related to gaseous
transfer processes (Villemant 1988).

7.5 Ischia Island

The Island of Ischia (Fig. 7.16) is the remnant of
a large volcano, located offshore the Campi Fle-
grei, at the intersection of NE-SW and NW-SE
regional faults. The morphology of the island is
dominated by the central volcano-tectonic horst
of Monte Epomeo, by the Ischia graben in the
northeast, and by numerous gravitationally col-
lapsed areas (e.g. Rittmann 1930; Vezzoli 1988).
Monte Epomeo is a tilted resurgent block, whose

Ischia

Fig. 7.16 Ischia, Procida and Vivara islands. Schematic
rocks distribution of main eruptive periods at Ischia is
simplified after the geological map in Sbrana and

uplift of about 900 m in the last 33 ka has been
related to intrusion of a trachytic magma body
whose solidified roof is revealed by a high Vs
layer at about 700 m below sea level (Carlino
et al. 2012; Strollo et al. 2015). A caldera rim has
been inferred from seismic and gravity data along
the periphery of the island (Sbrana and Toccaceli
2011). Ischia is subjected to intensive diffuse CO,
soil degassing (Inguaggiato et al. 2000) with
emission of about 15 kg s~ for the entire island
(46 km?; Pecoraino et al. 2005).

7.5.1 Volcanology and Stratigraphy

The Ischia Island was constructed during several
phases of prevailingly explosive activity,
volcano-tectonic collapses and erosion (e.g. Gil-
lot et al. 1982; Poli et al. 1987; Civetta et al.
1991c; Brown et al. 2008, 2014). The lowest
exposed rocks (>150 ka) consist of pyroclastic
deposits and intercalated lava flows and pale-
osols. Younger rocks (about 150 to 75 ka) consist
of pyroclastic deposits and lava domes cropping
out along a semicircular structure, probably a

Procida

Vivara /

Bhia Porto
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1

Castello
d’lschia

[ Recent activity (~16 ka to 1302 AD)
|:| Post-Epomeo volcanics (~33-18 ka)
B Mt. Epomeo green Tuff (~60-56 ka)
I Ancient Ischia (> 75 ka)

Toccaceli (2011) and Melluso et al. (2014). Stars are
some Ischia volcanic centres
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caldera rim. Eruption of pumice fall, block and
ash flows, and ignimbrites took place between 75
and 70 ka. A main phase of activity occurred at
60-55 ka with the eruption the Monte Epomeo
Green Tuff (MEGT) ignimbrite and the associated
caldera collapse. This was followed by caldera
resurgence and explosive and effusive eruptions
at several centres. Volcanism ended with the
emplacement of lavas and some pyroclastics from
monogenetic centres along extensional faults of
the Ischia graben (16 ka to 1302 AD). The latest
eruption occurred in the Arso area, eastern Ischia,
and emplaced mafic lavas and scoriae.

7.5.2 Petrography and Mineral

Chemistry

The Ischia rocks consist of dominant trachytes,
minor phonolites and latites, and rare shoshonites
(Poli et al. 1987; Civetta et al. 1991c; Brown
et al. 2008, 2014). Basaltic-trachybasaltic rocks
are absent (Fig. 7.17).

Textures are generally porphyritic with vari-
able relative amounts of alkali feldspar, plagio-
clase, clinopyroxene, biotite, and Fe-Ti oxides

7 The Campania Province

phenocrysts. Groundmass ranges from micro-
crystalline to holohyaline, with glass contents
increasing from intermediate to felsic rocks (Di
Girolamo et al. 1995; Piochi et al. 1999 (Rittmann
1930; Chiesa and Poli 1988; Crisci et al. 1989;
D’Antonio et al. 2013). Olivine (~ Fogq_75) with
inclusions of chromiferous spinel is present as
phenocryst and in the groundmass of shoshonites
and sometimes shows kinking; zoned Mg—
Fe-diopside is a main phenocryst of the interme-
diate rocks. Plagioclase/alkali feldspar ratio
decreases from intermediate to felsic rocks and
both phases show large compositional variation
(Angs_ps; Ory4_19). Sodalite-group minerals occur
in some trachytes and phonolites. Apatite and
titanite are common accessories; aenigmatite,
amphibole, aegirine, and Zr-Ca—Na-REE-F sili-
cates (rinkite, kochite, hainite, hiortdahlite, etc.)
have been found in the groundmass of peralkaline
trachyphonolites (Melluso et al. 2014).

7.5.3 Petrology and Geochemistry

The Ischia rocks have slightly higher Na,O/K,0
ratio than Campi Flegrei, indicating a weak sodic
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Fig. 7.17 TAS classification diagram for Ischia, Procida-Vivara, and for volcanism buried beneath the Campanian
Plain. The dashed line is the divide between alkaline and subalkaline rocks (Irvine and Baragar 1971). Data have been

recalculated to 100 % on a LOI-free basis
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affinity; some trachyphonolites show peralkaline
compositions (Melluso et al. 2014). Felsic rocks
show scattering for several major and trace ele-
ments (Fig. 7.18), but some inter-element dia-
grams (not shown) exhibit rather smooth trends.
REE patterns are variably fractionated, with
negative Eu anomalies in the evolved rocks
(Fig. 7.19a). As for other Campania mafic vol-
canics, incompatible element patterns of least
evolved rocks exhibit moderate negative
anomalies of HFSE, no Ba anomalies and posi-
tive spikes of Pb (Fig. 7.19b). Sr isotopic ratios
range from about 0.7060-0.7070 (Fig. 7.18h),
and disequilibrium among coexisting minerals
has been observed for some rocks (e.g. Civetta
et al. 1991c; Brown et al. 2008, 2014).
13Nd/"**Nd ranges from 0.5125 to 0.5126. Pb
isotopic ratios are close to those of other Cam-
pania volcanoes (206Pb/204Pb ~ 18.98 19.23;
27Pb/*Pb ~ 15.65 15.71;  *°°Pb/’™Pb ~
39.05 39.37; Vezzoli 1988; D’Antonio et al.
2007). Oxygen isotopic data on olivine,
clinopyroxenes and alkali feldspars range from
8"0smow ~ +3.5 to +7.7 (Turi et al. 1991;
D’Antonio et al. 2013). Boron isotope ratios
show §''B = -2.8 to 9.5 %o (Tonarini et al.
2004; D’Antonio et al. 2007). He-isotope ratios
for olivine and clinopyroxene (R/Rj = 3.23—
3.45) show high values relative to Flegrei and
Somma-Vesuvio (Martelli et al. 2004).

7.5.4  Evolution of Ischia Magmas

The Ischia rocks mostly represent evolved com-
positions from mafic potassic parents. However,
primitive rocks are absent at Ischia, and melt
inclusion data indicate maximum MgO contents
around 4.0 wt% (Moretti et al. 2013). Magma
evolution was dominated by fractional crystalli-
sation, with separation of mafic minerals and
plagioclase in the intermediate compositions and
alkali feldspars in the felsic magmas. Fractional
crystallisation was accompanied by mixing
among compositionally different but comag-
matic melts (Melluso et al. 2014). Based on
melt-inclusion data, Moretti et al. (2013) envisage
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a major crystallisation zone at about 8-10 km
depth, as suggested for other Campania volca-
noes. CO, had a major role during magma evo-
lution and was probably responsible for fluid
mobile element enrichments during differentia-
tion. Plots of rock compositions against time have
shown replicating element variation trends for
different eruptive phases, indicating repeated
episodes of magma ponding and crystallisation,
interrupted by magma mixing and eruption (Poli
et al. 1987; Civetta et al. 1991c). Mixing between
compositionally different types of magmas is also
supported by isotopic disequilibria observed
among coexisting phases in single rocks. Isotope
data also highlight interaction between magmas
and wall rocks (D’Antonio et al. 2013).

7.6 Procida and Vivara

The Island of Procida and the nearby islet of
Vivara are sited between Campi Flegrei and
Ischia (Figs. 7.1 and 7.16). Procida consists of a
number of coalescing explosive monogenetic
cones (Terra Murata, Pozzo Vecchio, Fiumicello,
Solchiaro), whereas Vivara is the remnant of a
tuff cone. A few of the Procida-Vivara rocks
have been dated, and ages of volcanic activity
from about 70 to 14 ka has been inferred
essentially from stratigraphic relationships with
deposits of Campi Flegrei and Ischia eruptions,
and '*C dating of paleosols (e.g. D’Antonio and
Di Girolamo 1994; D’Antonio et al. 1999a; De
Astis et al. 2004; Fedele et al. 2006).

7.6.1 Volcanology and Stratigraphy
The material erupted at Procida and Vivara
consists of scoriae, hyaloclastites, pumices and
lithics, which are interfingered with and some-
times hardly distinguishable from pyroclastic
deposits from Ischia and Campi Flegrei. Basaltic
lava lithics, notably from the Solchiaro centre,
represent an older and compositionally distinct
cycle of volcanic activity that is not exposed at
the surface.
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7.6.2 Petrography and Mineral

Chemistry

The Procida-Vivara juvenile pyroclasts are all
potassic alkaline and range from trachybasalt to
trachyte (Fig. 7.17). Rock textures are por-
phyritic and variably vesicular. Mafic scoriae
contain phenocrysts of diopside, plagioclase
(~ Angg_go) and some olivine (~ Fogq_gp), set in
a matrix made up of the same phases plus
Ti-magnetite, rare alkali feldspar and glass.
Chromite inclusions are sometimes observed in
olivine. Trachytes consist of dominant sanidine
phenocrysts, with minor green clinopyroxene and
andesine plagioclase (Di Girolamo and Stanzione
1973; D’Antonio and Di Girolamo 1994; De
Astis et al. 2004, 2006; Fedele et al. 2006).
Lithic clasts are porphyritic with phenocrysts
of Mg-rich olivine (Fog;_go) and diopside, set in
a matrix containing plagioclase, Ti-magnetite,
rare alkali feldspar and glass. Some olivine
crystals contain inclusions of Mg—Cr-spinel.

7.6.3 Petrology and Geochemistry

The Procida-Vivara juvenile pyroclasts show
decreasing abundances of TiO,, MgO, FeO,
ferromagnesian trace elements and Sr, and
increasing K,O, Na,O and incompatible ele-
ments with silica (Fig. 7.18). REE and

incompatible element patterns are similar to
Ischia (Fig. 7.19). Sr-Nd isotope ratios show
more primitive compositions than other Campa-
nia volcanics (¥’St/*®Sr = 0.7052 to 0.70733;
BNA/**Nd = 0.5125 to 0.5127), whereas Pb
isotope ratios mostly overlap (**°Pb/***Pb ~
18.97 to 19.31; **’Pb/***Pb ~ 15.65 to 15.80;
208pp/20ph ~ 38.99 to 39.45). Oxygen isotopic
ratios of clinopyroxenes and alkali feldspars
increase from about 8'%Osyow = +5.5 %o to
+8.1 %o passing from basalts to felsic rocks (Turi
et al. 1991). 8''B%o is in the range —5.29 to
—8.89 (Tonarini et al. 2004). He-isotope ratios
for olivine show the highest values
(R/R4 = 4.76-5.21) in the Campania Province
(Martelli et al. 2004).

Lithic lava clasts have MgO-rich composition
and represent the most primitive rocks in the
Campania Province. They show a broadly cal-
calkaline affinity, but are undersaturated in silica
(Fig. 7.2) and have been classified as K-basalts
(e.g. Mazzeo et al. 2014). Ni and Cr are high,
nearly in the range of mantle-equilibrated melts.
REE and incompatible element patterns are
fractionated and not much different from the
associated trachybasaltic scoriae, although
incompatible element abundances are lower in
the lava lithics (Figs. 7.18 and 7.19). Sr-isotope
ratios are the lowest and Nd isotope ratios are the
highest observed in the Campania Province
&7St/%°Sr ~ 0.7051;  'Nd/"**Nd ~ 0.5127).
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Pb isotope ratios show relatively low **°Pb/***Pb
ratios, which are shifted towards Plio-Quaternary
EMI-type OIB from Sardinia. 5''B%o have val-
ues of —3.6 and —4.8 (Tonarini et al. 2004).

Evolution of Procida
and Vivara Magmas

764

Major element trends suggest fractional crystalli-
sation as a main evolutionary process at
Procida-Vivara; variable isotopic compositions
and relatively high ¥’Sr/*®Sr in some evolved
samples indicate assimilation of wall rocks during
evolution (D’Antonio et al. 1999a). Overall,
juvenile scoriae show primitive compositions
(high MgO, Ni, Cr, etc.) that testify to rapid ascent
of mafic magma from source to the surface. Rel-
atively low Sr- and high Nd-isotope ratios of these
rocks also reveal a less enriched source at
Procida-Vivara than at other Campania volcanoes.

7.7 Buried Volcanism Beneath
the Campanian Plain

The onset of volcanic activity in Campania is
much older than indicated by rocks cropping out
at the surface. Evidence for ancient volcanism is
provided by deep borehole drillings in the
Vesuvio area and in the Campanian Plain, as well
as by lithics found at Procida.

Deep borehole drilling south of Vesuvio
(Trecase well, Fig. 7.3) reached the sedimentary
bedrocks after crossing several levels of tuffs and
lavas ranging in composition from leucite
tephrite to phonolite. The deepest recovered
volcanic products are 0.4 Ma old leucite tephritic
lavas that testify to ancient ultrapotassic mag-
matism in the Somma-Vesuvio area.

Drilling in the Campanian Plain, at Parete and
Castel Volturno (Fig. 7.1), north of the Campi
Flegrei caldera, encountered a thick sequence of
calcalkaline rocks underlying the Campi Flegrei
volcanic suites (Di Girolamo et al. 1976; Barbieri
et al. 1979; Albini et al. 1980). At Parete, a huge
complex of calcalkaline basalts to andesites was
found at depths of 250 to 1900 m. A single K/Ar
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age measurement on the deepest drilled rock
yielded a value of 2 + 0.4 (Barbieri et al. 1979).
At Castel Volturno similar rocks were drilled at a
depth of about 2000 m, intercalated with Pleis-
tocene marine sediments. Buried volcanics show
porphyritic textures with phenocrysts of zoned
plagioclase, clino- and orthopyroxene and sparse
biotite set in a groundmass consisting of the same
phases plus Fe-Ti oxides. They are oversaturated
in silica and show moderate enrichments in
incompatible elements. Sr isotopic ratio varies
considerably and partially overlaps values of the
Campania Province (*’St/*°Sr = 0.7051-0.7081).
REE are fractionated with a flat HREE pattern
(Barbieri et al. 1979; Albini et al. 1980).

The importance of buried volcanism beneath
the Campanian Plain is high because it testifies to
a temporal transition from calcalkaline to
potassic-ultrapotassic magmatism in the Campa-
nia area. A similar evolution has been observed
at Stromboli, where early calcalkaline activity
has been followed by shoshonitic and potassic
alkaline magmatism (see Chap. 9).

7.8 Petrogenesis of Campania
Magmas

The Campania Province is composed of a wide
variety of rocks, which range from mafic to felsic
and from mildly to strongly undersaturated in
silica, the latter being restricted to Somma-
Vesuvio. Geochemical and petrological data
suggest that complex evolutionary processes,
starting from trachybasaltic parents, generated the
volcanic suites at Campi Flegrei, Ischia and
Procida-Vivara. Geochemical and experimental
petrology evidence suggests that a trachybasalt
magma was also parental to all the Somma-
Vesuvio rocks (e.g. Mormone et al. 2011;
Pichavant et al. 2014). Therefore, experimental
and geochemical data fit the hypothesis that all
the Campania rocks derived from broadly similar
mildly alkaline potassic parents, and that com-
positional variations at various centres are related
to different roles of evolutionary processes, such
as polybaric fractional crystallisation, absolute
amounts and relative proportions of assimilated
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carbonate and silicate wall rocks, and mixing.
Gaseous flux, especially CO,, may have been an
additional factor of magma modification in some
centres (e.g. Villemant 1988; Mormone et al.
2011; Moretti et al. 2013 with references). MgO
versus ®'Sr/*Sr relationships best highlight con-
trasting styles of magma evolution in the Cam-
pania volcanoes (Fig. 7.20a). The negative trend
of Procida-Vivara is typical of AFC processes,
whereas the positive correlation of Campi Flegrei
suggests higher degrees of assimilation for mafic
than for felsic magmas. In contrast, scattering at
Vesuvio and Ischia suggest an irregular interac-
tion between magmas and wall rocks. Variable
composition of the substratum that host magma
chambers is a main factor of contrasting evolu-
tionary processes. In particular, the occurrence of
thick sequences of carbonate rocks beneath
Somma-Vesuvio favoured the formation of
strongly undersaturated leucite-bearing suites by
magma-wall rock interaction (e.g. lacono Mar-
ziano et al. 2008; Pichavant et al. 2014). In con-
trast, assimilation of Hercynian basement at other
centres, especially Campi Flegrei, yielded sig-
nificant radiogenic isotope variation but did not
lead to undersaturation in silica.

Incompatible element patterns show significant
similarities among trachybasalts from various
centres. However, there are remarkable varia-
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radiogenic isotope compositions among various
volcanoes, with a general decrease of incompati-
ble element contents and Sr-isotope ratios from
Somma-Vesuvio and Campi Flegrei to
Procida-Vivara and Ischia. Such a trend becomes
more cogent if the Procida lithics are also con-
sidered. Overall, these data suggest that the pri-
mary magmas in the Campania Province were
generated in mantle sources that underwent mod-
ification by a single type of metasomatic agent, but
the western sector was less intensely modified than
Campi Flegrei and Somma-Vesuvio.

Morris et al. (1993) suggested that the Be and
B contents and Be/B ratios of Somma-Vesuvio
are different from those found in arc rocks,
arguing against a subduction-related enrichment
for mantle sources. Such a hypothesis was shared
by other authors (e.g. Ayuso et al. 1998). How-
ever, all the rocks from Vesuvio and other
Campania volcanoes show island arc geochemi-
cal signatures given by negative anomalies of
HESE in their incompatible element patterns.
This supports a subduction-related origin for
primary magmas (Di Girolamo 1978; Serri 1990;
Beccaluva et al. 1991; Peccerillo 1999, 2001; De
Astis et al. 2000). In this view, trace element and
radiogenic isotope variations of mafic rocks in
Campania reflect variable degree of modification
by a single type of subduction-related fluid,

tions of incompatible element abundance and which imparted homogenous trace element
(a) (b)
0709 T T T T T T T T T T T T 05
A\ Somma-Vesuvio § Procida-Vivara
[] CampiFlegrei g1 Procida mafic lithics
@ Ischi 0.4
0.708 . e
- L AN Etna _
L Sardinia 03 >
“~ 0.707 i Plio-Quaternary %
2] =
& - q0.2
{’ 4 Vulture
0.706 i
i Colli Albanj _ Emici q01
Tyrthenian MORB Roccamonfina
0 2 4 6 8 10 12 17.00 18.00 19.00 20.00 21.00
MgO % zoepb/zmpb

Fig. 7.20 a Variation diagram of %’Sr/*®Sr versus MgO% for Campania volcanics; b Nb/Zr versus 2*°Pb/?*Pb
diagram for the Campania mafic rocks (MgO > 3.5 %), compared with other volcanoes from central-southern Italy



190

patterns to the magma sources, but also generated
heterogeneities in the degree of trace element and
radiogenic isotope enrichments.

The Campania rocks exhibit relatively higher
contents of HFSE, especially Ta and Nb, and
lower LILE/HFSE ratios than other mafic rocks
in Central Italy. Since HFSE are relatively
immobile during arc metasomatism (e.g. Kessel
et al. 2005), the observed abundances likely
reflect the composition of pre-metasomatic
mantle rocks. High contents in Ta and Nb, rela-
tive to other incompatible elements are typical of
OIB rocks (e.g. Sun and McDonough 1989), and
it has been suggested that OIB-type components
have been involved in the origin of the Campania
Province (e.g. Serri 1990; Beccaluva et al. 1991;
De Astis et al. 2006; D’Antonio et al. 2007;
Mazzeo et al. 2014). This conclusion is sup-
ported by HFSE/HFSE ratios of Campania vol-
canoes (e.g. Nb/Zr), which are closer to Etna
OIBs, compared with other Central Italy volca-
noes (Fig. 7.20b). In contrast, values of Roman
and Ernici-Roccamonfina province plot with the
Tyrrhenian MORB, indicating distinct and more
depleted pre-metasomatic mantle sources (see
Chaps. 4 and 5).

Campi Flegrei, Somma-Vesuvio and Ischia
have Sr—Nd-Pb isotope compositions that plot
along a trend connecting OIB rocks of Etna
(Sicily) and the upper continental crust (Fig. 7.9).
Such a relationship agrees with a role of OIB-type
mantle, but also requires the involvement of the
upper crustal components in the genesis of the
Campania Province. As discussed for other
Central Italy volcanoes, mantle-crust interaction
can be accomplished by both introduction of
sediments into the mantle wedge (source con-
tamination) and wall rocks assimilation during
magma ascent to the surface (magma contami-
nation). However, it has been amply demon-
strated that isotopic compositions as those of the
Campania rocks cannot derive entirely from
magma contamination, and are mostly related to
mantle-upper crust mixing. Mantle contamination
by upper crustal rocks, particularly subducted
sediments, is strongly supported by high B and
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low 8''B%o of Campania volcanics (e.g. Tonarini
et al. 2004, 2009). Sr—-Nd-He-B isotope signa-
tures are much closer to mantle end-member than
observed for other volcanic rocks in Central Italy.
This indicates a lesser role for crustal contami-
nation in Campania. Geochemical modelling
suggests that fluids originated from an
oceanic-type slab, plus a contribution by 2-4 %
sediments decreasing from Vesuvio-Campi Fle-
grei to Procida-Ischia, are able to explain the
whole range of isotopic compositions of mafic
rocks from the Campania Province (D’Antonio
et al. 2007, 2013; Mazzeo et al. 2014).

When plotted on Pb-Sr diagram, the Procida
lithics depart from the main trend between Etna
and upper crust, pointing towards low
206pp294ph compositions (Fig. 7.9b). A similar
trend, but at higher Sr isotope values, is observed
at Ventotene. These trends require a role for a
mantle component with low 2°°Pb/?**Pb, such as
that of the Sardinia Plio-Quaternary magmatism
(e.g. Gasperini et al. 2000, 2002; Lustrino et al.
2000). Therefore, mantle material coming from
the west could be involved in the evolution of
mantle sources of the Procida magmas. Such a
process could be related to the particular position
of Procida-Vivara volcanoes on the edge of the
Tyrrhenian Sea basin.

7.9 Geodynamic Significance

The hypothesis of an OIB-type mantle source
contaminated by subduction-related fluids raises
the problem of the origin of these two compo-
nents and the way they interacted in the mantle
wedge. A particularly important point to consider
for discussion is that the Campania volcanoes
show close similarities to shoshonitic and potas-
sic rocks from Stromboli, for both incompatible
element and radiogenic isotope ratios (Peccerillo
2001). Such an affinity is best shown by com-
paring incompatible element patterns of mafic
potassic rocks (Fig. 7.21). For clarity, only one
sample from each volcano is shown in this dia-
gram, but the statistical significance of these
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Fig. 7.21 Incompatible element patterns of representative Campania mafic rocks, Stromboli potassic basalts (KS), and

Colli Albani tephrites

selected samples can be verified by inspection of
more spiderdiagrams in this Chapter and in
Chap. 9.

It is evident that the Stromboli potassic alkaline
basalt has an almost identical pattern to samples
from Somma-Vesuvio, Campi Flegrei and Ischia,
and that these are different from Colli Albani or
other Roman volcanoes, as amply discussed ear-
lier. These data, along with radiogenic isotopes,
clearly suggest that magmas from Stromboli and
Campania are genetically related and were formed
in the same type of source, which had a similar
evolution i.e. an interaction between OIB mantle
material and slab-derived fluids.

The Stromboli volcano is sited in the eastern
Aeolian arc, a region characterised by a narrow
seismic Benioff-Wadati zone related to the sub-
duction of the Ionian oceanic plate beneath the
southern Tyrrhenian Sea (e.g. Orecchio et al.
2014 and references therein). The seismic plane
extends north-westward reaching the southern
limb of the Campania Province where a few
earthquake foci at a depth of about 350 have
been registered. The close compositional simi-
larity between Campania volcanoes and Strom-
boli, therefore, fits well a mantle evolution

scenario in which a single type of OIB-type
peridotitic mantle was contaminated by the same
type of subducted material released from the
Ionian slab (Peccerillo 2001).

Campania volcanoes are closer to the Apulian
than to the Ionian foreland, and an origin of fluids
from the Apulia subduction zone has been sug-
gested (Chiarabba et al. 2008; Moretti et al.
2013). However, in such a case, distinct com-
positions would be expected for the Campania
and Stromboli magmas.

Therefore, the geodynamic model that better
explains the compositional characteristics of the
Campania Province and its similarity with
Stromboli is that the source contamination for all
these volcanoes is related to fluids coming from
the subducted Ionian plate and associated sedi-
ments. According to this model (Fig. 7.22a) a
single continuous slab was initially subducting
beneath the southern Apennines and the eastern
Aeolian arc, from Apulia to the Ionian Sea area.
Collision of the Apulia block was followed by an
along-strike tear in the slab (Fig. 7.22b), which
propagated southward, according to a mechanism
of slab tear-off as described by Wortel and
Spakman (2000) and Spakman and Wortel


http://dx.doi.org/10.1007/978-3-319-42491-0_9

192

(2004). The southern segment of the slab
remained attached to the Ionian foreland,
retreating south-eastward (e.g. Gvirtzman and
Nur 1999; Rosenbaum and Lister 2004a, b; Panza
et al. 2007; Peccerillo et al. 2013). Dehydration
and melting of the oceanic slab and associated
sediments produced contamination and melting
of the Stromboli and Campania mantle sources
(Fig. 7.22c). The slab tear-off could have occur-
red at about 0.8 Ma when compression phases in
the western Apulia come to an end and distension
tectonics favoured the Vulture magmatism (Pat-
acca and Scandone 2001).

Such a model is also able to explain some
apparently minor regional geochemical varia-
tions. Inspection of spiderdiagrams (Fig. 7.21),
highlights higher Rb, Cs and K at Vesuvio than
at Stromboli. If not acquired during shallow-level
magma evolution, these variations could be
related to phengite breakdown in the deepest part
of the subduction zone. It is well established that
this mineral is a common phase of metasedi-
ments, is the main carrier of LILE, and becomes
unstable at deep mantle levels where it
breaks down to release its load of K, Rb and Cs
(Schmidt et al. 2004).

A last point to clarify is the origin of the
OIB-type pre-metasomatic mantle components of

7 The Campania Province

the Campania and Stromboli magmas. The
occurrence of an OIB-type mantle in this region
has been explained by a process of mantle inflow
from the foreland onto the sinking and retreating
Ionian slab, through the window opened by
horizontal slab-tear after the Apulia collision.
Sinking and south-eastward retreat of the slab
promoted suctioning of asthenospheric Ionian
mantle around the margin of the slab (De Astis
et al. 2000; Peccerillo 2001; Peccerillo and
Frezzotti 2015). A slab window has been clearly
evidenced by geophysical data (e.g. Chiarabba
et al. 2008; Neri et al. 2009; Giacomuzzi et al.
2012). Therefore, the OIB component beneath
the Stromboli and Campania volcanoes would be
allochthonous in origin.

A different hypothesis on the origin of
OIB-type components invokes a deep mantle
upwelling beneath the southern Tyrrhenian Sea
and contamination by subducting lonian plate
(Gasperini et al. 2002; Cadoux et al. 2007).
According to this view, deep mantle material
would have been emplaced at shallow mantle
levels through zones of slab discontinuity.

The Campania Province was preceded by an
older cycle of volcanism that had much less
potassic composition. Such an older calcalkaline
activity is testified by the occurrence of thick
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Fig. 7.22 Geodynamic evolution model for the southern
Italian Peninsula. a A continuous subduction zone of the
Apulian-Ionian plate was active until about 0.8 Ma;
b Slab breakoff in the Apulian sector was associated to
extension or transtension at the contact between Apulia
and the southern Apennines, with the formation of
Vulture volcano; active subduction continued in the

Ionian sector; ¢ Sinking and rollback of the narrow
Ionian slab prompted suctioning of asthenosphere from
the Apulia foreland; such an allochthonous mantle
material was contaminated by fluids from the subducting
slab generating a hybrid OIB-arc mantle wedge, whose
melting gave the Campania and Stromboli magmas
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2 Ma-old basalt to andesite lava sequences
encountered at depths of 300-1800 beneath the
Campanian Plain, and by lava xenoliths in the
Procida pyroclastic deposits. The geodynamic
significance of the increase in potassium with
time for the Campania area is poorly known and
it could be speculatively related to a modification
of the slab geometry and/or composition after the
Apulia-Ionian slab breakoff.

7.10 Summary and Conclusions

The Campania volcanoes are formed by alkaline
potassic to ultrapotassic magmas. An older vol-
canic cycle with calcalkaline affinity is buried
beneath the Campanian Plain.

The rocks of the Campania Province range
from mafic to felsic and define various rock
suites with contrasting geochemical and isotopic
variations. However, a single type of trachybasalt
parental melt is suggested for all the rock suites
by experimental petrology and geochemical evi-
dence. Therefore, primary ultrapotassic rocks,
such as those occurring in the Roman Province
and at Ernici-Roccamonfina, seem to be lacking
in Campania. This supports the hypothesis that
the Campania volcanism is genetically and geo-
dynamically distinct from the Central Italy
potassic alkaline provinces.

There is a large compositional overlap for
several incompatible trace element and radio-
genic isotopic ratios among mafic rocks from
Campania and Stromboli. Geochemical data,
therefore, provide an important evidence for a
genetic and geodynamic link between Campania
and the eastern Aeolian arc volcanoes.

Both Campania and Stromboli rocks have
geochemical signatures intermediate between
OIB- and arc-type magmas, which suggest melt
generation in a hybrid source, consisting of
OIB-type mantle rocks and subduction-related
components. The eastern Aeolian arc develops
over the Tonian Wadati-Benioff zone extending
from Calabria to the southern edge of the Cam-
pania Province. This has led to suggestion that
the arc-related geochemical components in the
Campania and Stromboli magmas have been
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released by the subducted Ionian oceanic slab
and associated sediments.

The OIB-type mantle component of the Cam-
pania and Stromboli volcanoes is probably pro-
vided by the inflow of asthenospheric mantle from
the foreland onto the subducting and southeast
retreating Ionian slab. Migration of asthenospheric
mantle was favoured by the opening of a window
generated by slab breakoff along the Apulian-
Ionian plate. Deep mantle rocks emplaced into the
mantle wedge through slab discontinuities are also
possible source of OIB-type components. Pb iso-
tope data on the Island of Procida also suggest a
contribution by mantle components coming from
the Tyrrhenian Sea or Sardinia.
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Abstract

Mount Vulture (0.75-0.14 Ma) is an isolated stratovolcano with a central
caldera sited east of the Apennine chain near to the Apulia foreland, away
from other Italian recent volcanoes. Mount Vulture is built up of
undersaturated alkaline rocks that show high enrichments in both Na and
K. Carbonatitic pyroclastics and a few lavas were erupted late in the
history of the volcano. Silicate rocks range from foidite, melilitite and
haiiynite to haiiyne-bearing phonolite. Incompatible element patterns
show arc-type negative anomalies of HFSE but also contain relative
depletion of K and Rb, a typical feature of OIB magmas. He-isotope ratios
(R/Ry ~ 6.0) are much higher than other volcanoes in the Italian
peninsula and resemble Etna. Carbonatites have similar radiogenic isotope
ratios as the silicate rocks supporting an origin by unmixing. Overall,
geochemical data suggest a magma origin within an OIB-type upper
mantle that was contaminated by subduction-related fluids. OIB compo-
nents were provided by the asthenospheric mantle from the foreland,
whereas the arc-type signatures were furnished by fluids released from the
detached Apulia-Ionian slab and associated sediments. Magmas were
generated by redox melting in a post-collisional setting above the detached
and sinking plate after slab breakoff.

Keywords

Mount Vulture - Melilitite - Haiiynite - Carbonatite - Alkaline rocks -
Redox melting - Silicate-carbonate liquid unmixing - Ionian plate - Apulia -
Geodynamics
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8 The Apulian Province (Mount Vulture)

8.1 Introduction

The Apulian Province, also referred to as the
Lucanian Province (Conticelli et al. 2010), con-
sists of a single volcano (Mount Vulture) and a
few peripheral minor centres. Vulture is the only
young Italian volcano sited east of the Apennine
chain, near to the western boundary of the Apulia
foreland (Fig. 8.1). Activity was characterised by
emplacement of silica undersaturated alkaline

lavas and pyroclastics, which, in contrast with
other alkaline volcanoes in central-southern Italy,
are highly enriched in both sodium and potas-
sium. These characteristics led Washington
(1906) to establish a separate magmatic province
for Mount Vulture, an assessment validated by
the finding of carbonatitic rocks among the latest
products of this volcano (Stoppa and Woolley
1997; Stoppa and Principe 1997; D’Orazio et al.
2007).

-

Late pyroclastics
and lavas (Monticchio)

Cone-building lavas (a)
and pyroclastics (b)

\ Extensional fault

( > Calderatim

ﬁ’ Eruptive centre

Fig. 8.1 Schematic geological map of Vulture volcano, simplified after Giannandrea et al. (2006). Inset shows position
of Vulture volcano and the main structural units in the region
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Mount Vulture is located at the eastern margin of
the Southern Apennine thrust front, near to the
Bradanic Trough and Apulia. The latter is a
portion of the Adriatic foreland, a promontory of
African plate delimited by the Apennine chain on
the west and by the Dinarids on the east. Field,
geophysical, and exploration well data indicate
homogeneous structural-lithological features for
Apulia, characterised by some 7000 m of sedi-
mentary rocks overlying a Paleozoic basement.
The sedimentary sequence consists of Permian to
Early Triassic terrigenous deposits (Verrucano
auct.), Triassic dolomites and evaporites, Lower
Jurassic to Cretaceous limestones, dolomitic
limestones and dolostones, overlain by thin dis-

continuous Paleocene-Oligocene organogenic
deposits and calcarenite, and Neogene-
Quaternary  carbonate-terrigenous  sediments

(e.g. Doglioni et al. 1994; Del Ben et al. 2015).

The Bradanic Trough (Fossa Bradanica) is a
narrow NW-SE trending sedimentary foredeep
basin located between the southern Apennines
thrust front and Apulia. The Bradanic basin is fil-
led with several kilometres thick sequences of
Pliocene—Lower Pleistocene terrestrial and marine
sands and shales, which rest over the westward
dipping Apulian foreland. The contact between
Apulia carbonate platform and the overlying
foredeep sediments occurs at about 5 km depth
(Boenzi et al. 1987), where the magma chamber of
Vulture volcano probably developed.

The Vulture area experienced an early phase
of  compressional tectonics related to
Adria-Southern Apennine convergence, which
lasted until Middle Pleistocene when an inver-
sion of stress regime generated NE-trending
extensional and strike-slip faults (e.g. Bonini
et al. 2011; Palladino 2011 and references
therein). Such a modification started about
0.8 Ma before present, almost contemporane-
ously with the onset of Vulture volcanism (e.g.
Cello et al. 1982) and with deposition of unde-
formed foredeep sequences on the outer thrust
front (e.g. Patacca and Scandone 2001). A later
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onset of tectonic inversion is recognised in the
Gulf of Taranto south of Vulture area, where
extension started at about 0.2-0.3 Ma (Pieri et al.
1997). Contemporaneously, there was an uplift
of the Apulia foreland, which contrasts with
subsidence in the central Adriatic area still con-
tinuing at present.

Moho depth beneath Apulia is about 30 km
and increases going towards the southern Apen-
nine chain. The thickness of the lithosphere
ranges from 120 to 70 km and decreases south-
ward, a feature that has been attributed to erosion
by Adriatic asthenosperic mantle flow through
the slab window opened by horizontal tear along
the Adriatic-Ionian slab (Miller and Piana
Agostinetti 2011; see Chap. 7).

8.3 Mount Vulture

8.3.1 Volcanology and Stratigraphy

Mount Vulture is a 1326 m high composite cone
with two large calderas (Fig. 8.1), constructed at
the intersection between the NE-SW trending
Ofanto graben and NW-SE faults (Giannandrea
et al. 2006). The volcanic sequence consists of
dominant pyroclastic rocks and minor lava flows,
which cover an area of about 150 km?”. Activity
took place between about 0.75 and 0.14 Ma (La
Volpe et al. 1984; Villa and Buettner 2009). The
oldest rocks consist of dykes, domes, and ign-
imbrites, whose emplacement was followed by
voluminous central-type activity that built up the
main cone between 600-550 ka and generated a
central polygenetic caldera. Rock compositions
of this phase range from tephrite and basanite to
phonotephrite, and include a few melilitite,
melafoidites and haiiynite or haliynophyre. The
latter is a variety of foidite with haiiyne as
dominant foid, which forms a large 0.56 Ma old
peripheral outcrop at Melfi. The latest history of
Vulture volcano is characterised by a long period
of quiescence, followed by explosive and effu-
sive eruptions of carbonatite-melilitite magmas at
about 140 ka, and by the formation of two


http://dx.doi.org/10.1007/978-3-319-42491-0_7

206

intra-caldera maars occupied by the Lakes of
Monticchio (Stoppa and Principe 1997; D’Orazio
et al. 2007).

The Vulture volcano is affected by intense
CO, degassing with a total budget of
4.85 x 10® mol/yr. This high value supports the
existence of actively degassing mantle-derived
melts at shallow depth (Nuccio et al. 2014;
Caracausi et al. 2015).

The pyroclastic deposits of Mount Vulture,
especially around the Monticchio maars, contain
abundant ultramafic nodules and megacrysts of
clinopyroxene, amphibole, and phlogopite. Some
xenoliths represent cumulate rocks whereas oth-
ers are fragments of lithospheric mantle (Stoppa
and Principe 1997; Jones et al. 2000; Downes
2001; Downes et al. 2002).

8.3.2 Petrography and Mineral
Chemistry

The Vulture volcano erupted both silicate and car-
bonate magmas. Silicate volcanics exhibit variable
K,0/Na,O and degree of silica undersaturation
(Fig. 8.2a). They range from foidite, tephrite and
basanite to tephriphonolites and phonolite
(Fig. 8.2b), with minor melafoidites and melili-
tites. Some samples plotting in the field of basalts
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have high LOI contents (>3.5 %) and have likely
undergone secondary loss of alkalis. Bindi et al.
(1999) distinguished two series of rocks: a
feldspar-bearing basanite-tephrite to phonolite suite
and a volumetrically subordinate feldspar-free
melilitite, melafoidite, and hailiynophyre series.
Basanites contain phenocrysts of MgO-rich olivine
(~Fog(_gs) with Cr-spinel inclusions, colourless to
pale green diopside, and haiiyne set in a glassy to
microcrystalline groundmass containing magnetite,
plagioclase, Sr-Ba-rich anorthoclase and rare phl-
ogopite. Tephrites and phonolitic tephrites contain
phenocrysts of complexly zoned diopside to
hedenbergite clinopyroxene, haiiyne, and leucite
with some plagioclase, amphibole and biotite;
groundmass consists of plagioclase, anorthoclase,
clinopyroxene, feldspathoids and accessory apatite;
corroded olivine has been also observed. Phonolites
show phenocrysts of Ba-Sr-rich alkali feldspar,
haiiyne, green clinopyroxene, leucite and some
melanite garnet, magnetite, and apatite. Melilitite is
characterised by phenocrysts of MgO-rich melilite,
Ti-rich clinopyroxene, and Fe-Ti oxides, set in a
holocrystalline groundmass composed of the same
phases plus nepheline, leucite, haiiyne, apatite,
perovskite, and schorlomite garnet; calcite,
clinopyroxene, nepheline, and magnetite are also
present. Melafoidite (Santa Caterina locality)
shows clinopyroxene phenocrysts surrounded by a
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Fig. 8.2 a K,0/Na,O versus AQ diagram for mafic
silicate volcanic rocks from the Vulture volcano (MgO >
4 wt%). AQ is the algebraic sum of normative quartz

Si0,%

minus undersaturated minerals (see Chap. 1); b TAS
diagram for the Vulture silicate rocks
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matrix made of clinopyroxene, nepheline, leucite,
hatiyne, Fe-Ti oxides, gehlenite-rich melilite, and
apatite. The Melfi haiiynophyre consists of abun-
dant haiiyne, clinopyroxene, leucite, and apatite
phenocrysts set in a holocrystalline groundmass of
the same phases plus nepheline, Na—Fe-Sr-rich
melilite and magnetite (De Fino et al. 1986; Melluso
et al. 1996; Beccaluva et al. 2002).

Melilitite-carbonatite tuff sequences and lavas
erupted late in the history of Vulture volcano.
Pyroclastic rocks consist of a mixture of silicate
and carbonate material. Important mineral phases
include melilite, diopside, phlogopite, Sr, Ba,
REE-rich calcite, apatite, pargasitic amphibole,
spinel, perovskite and haiiyne (Stoppa and Prin-
cipe 1997). The carbonatite dikes and lavas
cropping out at Vallone Toppo di Lupo have
poorly porphyritic textures with phenocrysts of
calcite, melilite, apatite and Ti-magnetite set in a
matrix made up of the same phases plus monti-
cellite and Ca—Fe-Ti-Nb-LREE oxides. Melilite
shows high contents of gehlenite and
soda-melilite components and resembles closely
melilite from the associated silicate lavas. Calcite
is the only carbonate phase occurring in the rock,
which is classified as alvikite (D’Orazio et al.
2007).

Mantle xenoliths from the Monticchio pyro-
clastic deposits consist of spinel lherzolites,
harzburgites, wehrlites, dunites and some
pyroxenites (Jones et al. 2000; Downes et al.
2002). They are fresh, porphyroclastic in texture
and contain olivine (Fogy_g;), orthopyroxene
(~Engg), Mg—Cr-rich clinopyroxene, glass,
some carbonates, chrome-spinel, phlogopite, and
accessory apatite and sulphides. Geothermo-
barometric measurements yielded equilibration
P-T conditions of 14-22 kbar and 1050-1150 °C
(Jones et al. 2000). Rare relics of Mg—Ca garnet
may testify a deeper origin (Stoppa et al. 2009).

8.3.3 Petrology and Geochemistry

Major elements are rather scattered in the Vulture
silicate rocks, whereas more linear trends are
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observed for carbonatites (Fig. 8.3). Ni and Cr
show a wide range of values with some silicate
lavas exhibiting concentrations close to those of
mantle-equilibrated melts. The Vulture volcanics
are highly enriched in volatile elements, espe-
cially sulfur and chlorine, whose concentrations
reaches a per cent level. Cl and S show smooth
positive correlations with Na,O in the silicate
rocks (see De Fino et al. 1986), which contrast
with the scattering observed for other elements.
REE are fractionated (Fig. 8.4a) with small
negative Eu anomalies and very high values of
La/Yb ratios (up to 300) in some phonolites.
Carbonatites show similar patterns to mafic sili-
cate rocks, but enrichment in LREE is higher
(D’Orazio et al. 2007; Mongelli et al. 2013).
Incompatible element patterns of silicate rocks
(Fig. 8.4b) are fractionated and show OIB-type
concentrations of Ta and Nb and moderate HFSE
negative anomaly, a feature that is also observed
in the high-pressure ultramafic xenoliths (Dow-
nes et al. 2002). Notably, there are negative
spikes of Rb and K, which are not found in other
alkaline rocks from the Italian peninsula, and are
typically observed in some OIB-type Na-alkaline
magmas, such as those from Iblei and Etna (see
Chap. 10). Carbonatites have higher contents of
several incompatible elements than silicate rocks
(e.g. Str, Ba, Nb, LREE), but are depleted in Rb,
K, Zr and Ti. These compositions strikingly
contrast with those observed in the San Venanzo
and Cupaello carbonate-rich rocks, which are
moderately to strongly depleted in all the
incompatible elements relative to the associated
kamafugitic lavas (see Chap. 3).

¥781/*Sr (0.7052-0.7070) and '*Nd/"**Nd
(0.5126-0.5127) show similar values for silicate
rocks and carbonatites, and resemble closely the
Campania Province (Fig. 8.5a). Compositions of
ultramafic xenoliths are somewhat more primitive,
with ®’St/*°Sr and '"“Nd/'**Nd of separated and
leached clinopyroxenes ranging between 0.7042—
0.7058 and 0.51260-0.5131, respectively (Downes
et al. 2002). Lead isotope ratios (Fig. 8.5b) are
comparable to slightly more radiogenic than Cam-
pania  volcanoes  (**°Pb/***Pb = 19.14-19.55;
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297pb/PMPb = 15.67-15.72; *®Pb/"*Pb = 39.17-  +10.2%o0 to +12.7%o, which is much lower than
39.56; De Astis et al. 2006; D’Orazio et al. 2007). values observed in the Central Apennines
Stable isotope studies are scanty. Cavarretta and carbonate-rich volcanics. Carbon isotope signa-
Lombardi (1990) and Marini et al. (1994) found tures of calcite show 613CPDB = —6.7%o0 to —9.2%o.
8'S = +4.0%o to +6.6%o relative to VCDT. Pre-  Boron isotope values fall in the range 8''B = 5.6%o
liminary oxygen isotopic investigation on to —9.6%o for both silicate rocks and carbonatites
clinopyroxenes from mafic rocks yielded values of  (Stoppa and Principe 1997; D’Orazio et al. 2007).
3"80gmow around +5.4%o to +5.8%o (Stoppa and He/*He on a few samples show R/Rp ~ 6.0,
Principe 1997; Dallai, personal communication). much higher than Campania volcanoes and com-
Calcite from alvikite lavas has 81805Mow = parable to Etna (Martelli et al. 2008).
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8.3.4 Petrogenesis of Vulture
Magmas

De Fino et al. (1986) suggested that the rock
series from foidite to phonolite could be related to
combined fractional crystallisation and mixing,
mainly with separation of clinopyroxene, biotite,
Fe-Ti oxides and accessory apatite. They also
suggested that the positive correlations between
halogens and Na,O could result from assimilation
of evaporitic rocks, a process, however, believed
as limited by Marini et al. (1994) on the basis of
sulphur isotope data. Melluso et al. (1996) and
Beccaluva et al. (2002) accepted shallow level
fractional crystallisation as a main evolutionary
mechanism, and advocate basanitic melts as par-
ents of the basanite-phonolite suite. Fractionation
was dominated by olivine and clinopyroxene in
the primitive basanites progressively joined by
clinopyroxene, plagioclase and alkali feldspar.
A distinct origin by unmixing of a sulphur-rich
carbonatite melt has been proposed for haiiyno-
phires by Panina and Stoppa (2009).

Beccaluva et al. (2002) recognise different
types of primary magmas at Vulture, suggesting
that the melilitite-basanite-foidite association
derives from variable degrees of partial melting
of a heterogeneous mantle source, at less than
90-100 km depth. A similar magma segregation
depth (about 2.2 to 3.5 GPa) is also inferred by
Jones et al. (2000) and Solovova et al. (2005), on
the basis of geobarometric investigations on
xenoliths. Pressure conditions of magma segre-
gation correspond to the middle-lower litho-
sphere in the area and support the currently held
hypotheses of a lithospheric origin for worldwide
undersaturated Na-alkaline magmatism (e.g. Pilet
et al. 2011; Dai et al. 2014). The variable K/Na
ratios of Vulture mafic rocks require the occur-
rence of both Na- and K-rich phases such as
phlogopite and amphibole in the source, with
different relative amounts of these phases enter-
ing into the melt. Amphibole occurs as megacryst
in the Vulture volcanics but has not been
observed as primary phase in the mantle xeno-
liths (Jones et al. 2000).

8 The Apulian Province (Mount Vulture)

There is a general agreement that the mantle
source of Vulture magmas has been metasomat-
ically modified by fluids/melts coming from
depth, although the nature and origin of these
fluids are controversial. Based on petrology/
geochemistry of xenoliths, Downes et al. (2002)
suggest that the lithospheric mantle in the area
was affected by an early episode of melt extrac-
tion, followed by metasomatic enrichments by
subduction-related silicate melts. Beccaluva et al.
(2002) advocate a two-stage enrichment process,
with early infiltration of intraplate-type
Na-silicate-carbonatite fluid, followed by a sec-
ond subduction-related metasomatic enrichment.
Other authors propose metasomatism by car-
bonatitic melts coming from a mantle plume (e.g.
Bell et al. 2004, 2013) or directly from the
core-mantle boundary (Stoppa et al. 2009).

It has been previously shown that trace ele-
ment data of lavas and mantle xenoliths clearly
indicate the coexistence of both OIB- and
arc-type signatures at Vulture. Subduction-
related geochemical characteristics include neg-
ative anomalies of HFSE, and enrichment in
some LILE; OIB-type components are high-
lighted by depletion on K and Rb relative to
other LILE, high absolute enrichments in HFSE
(e.g. Nb, Ta), and high He-isotope ratios. These
data lead to conclusion of magma origin in
OIB-type mantle sources, contaminated by
subduction-related fluids or melts.

The occurrence of coexisting arc- and
OIB-type characteristics has been also envisaged
for the Campania volcanoes (Chap. 7). However,
Campania magmas are enriched in Rb and K
relative to other LILE, as observed for many arc
rocks. Moreover, He-isotope ratios are much
higher at Vulture than in the Campania rocks and
fumaroles. Therefore, OIB-type signatures are
more evident at Vulture, calling for a greater role
of OIB-type components.

The origin of Vulture carbonatites has been
generally attributed to unmixing from a melilitite
silicate melt. Liquid immiscibility is strongly
supported by coexisting carbonate and silicate
phases separated by a meniscus-shaped boundary
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in some melt inclusions from Monticchio phe-
nocrysts (Solovova et al. 2005). Pressures of 0.2
and 2.0 GPa have been suggested for this process
by D’Orazio et al. (2007) and Rosatelli et al.
(2007). In contrast, a direct origin from the upper
mantle has been envisioned by Stoppa et al.
(2009). Enrichments in Sr, Ba, and LREE of
carbonatites relative to associated silicate rocks
are well explained by unmixing since these ele-
ments preferentially partition into carbonate with
respect to silicate melts. However, relative
depletion of K and Rb in carbonatites is some-
what problematic, since carbonate/silicate melt
partition coefficients for these elements are not far
from unity (Martin et al. 2012).

8.4 Geodynamic Significance
of Mount Vulture

The Vulture volcano is sited away from other
Italian Quaternary volcanoes, in a very particular
setting between the Apulia foreland and the east-
ern side of the Apennine chain. Coexistence of
island-arc and OIB-type geochemical signatures
reflect such a particular geodynamic setting.
However, the association of carbonatites and
melilitites is typical of cratonic areas and is rare or
absent in subduction-related environments. These
unique features make the geodynamic significance
of Mount Vulture a particularly challenging issue,
but most of the suggested hypotheses are rather
speculative and inadequately supported by data.
According to D’Orazio et al. (2007), Mount
Vulture developed over an along-dip tear of the
Adriatic-Apulian slab, resulted from the differ-
ential retreat of the foreland at different sides of
the Tremiti-Mattinata-Ofanto transfer zone.
According to these authors, the hybrid
OIB-orogenic compositional characteristics of
Vulture magmas could be explained by a model
that envisages (i) flowing of upper mantle
material from the west against the retreating
Adriatic slab, (ii) gradual ascent along the verti-
cal slab fracture zone, (iii) contamination by
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slab-derived fluids, (iv) decompression melting
at shallow levels, and (v) ascent of magmas along
the transfer fault.

The occurrence of vertical tear faults in the
subducting lithosphere has been suggested at
several places along the Apennine-Maghrebide
system, as a result of different rates of slab rollback
(Rosenbaum et al. 2008). The volcanic rocks
erupted above these slab discontinuities show
geochemical evidence of an OIB-type component,
which is provided by foreland asthenospheric
mantle ascending through the slab tear faults.
However, an association of melilitite-carbonatite
rocks with hybrid arc-intraplate geochemical sig-
natures has not been found elsewhere along the
Apennines and remains unique to Vulture.
Therefore, an exceptional magmatic association
likely requires an unusual tectonic setting.

Peccerillo and Frezzotti (2015) suggested that
the Vulture volcano is related to the occurrence
of both a vertical and an along-strike tear faults
in the Ionian-Adriatic slab. Such a structural
setting may have started in the Middle Pleis-
tocene, contemporaneously with the transition
from a compressional to an extensional tectonic
regime. The along-strike tear fault progressively
propagated toward the south, as testified by the
younger age of the tectonic inversion in the Gulf
of Taranto (0.2-0.3 Ma; Pieri et al. 1997). This
process brought to the formation of a narrow
lithospheric slab that remained attached to the
Ionian plate and retreated southeastward by
rollback (see Chap. 7, Fig. 7.22). An important
effect of such process was the suctioning of
asthenospheric mantle material from the Apulia
foreland, which migrated above the mantle
wedge, flowing around the edge of the retreating
Ionian slab. Such an allochthonous mantle was
metasomatised by subduction fluids, ultimately
generating a hybrid OIB-arc source. The Vulture
magmas, as well as those of other volcanoes
above the Ionian subduction zone, i.e. the Cam-
pania Province and Stromboli, were generated in
such a hybrid mantle (De Astis et al. 2000, 2006;
Peccerillo 2001). The stronger OIB-type
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signatures at Vulture relative to Campania and
Stromboli could be simply related to its prox-
imity to the slab tear zone, where geochemical
effects of inflowing mantle were much stronger.
Therefore, the magmatism of the Campania
Province, Stromboli and Vulture would have
similar geodynamic significance since they are
all related to the inflow of intraplate mantle from
the foreland and to the contamination by fluids
released from the oceanic-type Ionian slab and
associated sediments.

Partial melting beneath Mount Vulture could
be related to fluid release from the sinking slab
and/or mantle decompression melting in an
extensional tectonics setting. However, these
processes are expected to generate more wide-
spread magmatism, and might not apply to a
single isolated volcano. Therefore, a redox
melting mechanism has been suggested by Pec-
cerillo and Frezzotti (2015). Redox melting is a
process by which melt is generated when a rock
comes into contact with fluids characterised by
contrasting oxidation state or also when rocks
with distinct oxygen fugacities are brought close
to each other by tectonic movements (e.g. Foley
2011). Redox melting by carbonation can occur
in the presence of both CO,-H,0 and is able to
generate SiO,-undersaturated magmas ranging
from carbonatitic to melilititic, depending on the
degree of partial melting (Foley et al. 2009).
Dehydration reaction along a subducted slab,
addition of carbonate sediments to the upper
mantle and hydrothermal alteration of slab min-
erals are all able to induce heterogeneity of oxi-
dation states in the upper mantle, thereby
creating the conditions for redox melting at a
local scale. Redox melting may be unlikely in
subduction settings because of the low thermal
gradients. However, in the case of Mount Vul-
ture, tear-off of the slab, inflow of mantle and the
consequent increase of temperatures may have
favoured redox melting.

8 The Apulian Province (Mount Vulture)
8.5 Summary and Conclusions

Mount Vulture is sited on the eastern side of the
Apennine chain near to the Apulia foreland, away
from the bulk of recent volcanism along the
Tyrrhenian side of the Italian peninsula. The vol-
cano consists of an association of silicate and
carbonatic lavas and pyroclastic rocks, which is
rarely, if ever, observed in orogenic areas. Silicate
rocks are rich in alkalis and range from foidite and
melilitite to phonolite. Incompatible element pat-
terns show small negative anomalies of HFSE, a
typical island-arc geochemical signature. How-
ever, there is also depletion in K and Rb relative to
other LILE, which is typical of many OIB-type
magmas. He-isotope ratios are much higher than
other volcanoes in the Italian peninsula and
resemble OIB-type rocks from Etna. Carbonatites
have similar radiogenic isotope ratios as the sili-
cate rocks supporting an origin by unmixing of a
single carbonate-rich silicate liquid. Overall,
geochemical data suggest a magma origin within
an upper mantle characterised by OIB-type sig-
natures, which was contaminated by fluids coming
from an oceanic slab and associated sediments.
The geodynamic significance of Vulture vol-
cano is still a matter of debate. A hypothesis is
that volcanism developed above the intersection
between a vertical and an along-strike tear zone
of the Apulia-Ionian lithosphere. This brought to
the formation of a detached narrow slab that
retreated southeastward, sinking into the upper
mantle. Slab retreat caused suctioning of
asthenospheric mantle from the foreland above
the sinking slab, where it underwent contamina-
tion by subduction fluids. The contribution by
suctioned mantle and slab fluids imparted both
OIB- and arc-type signatures to the Vulture
magmas. A similar origin has been envisaged for
the Campania Province and for Stromboli,
although the role of OIB-type components is
much less evident than at Vulture (Table 8.1).
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Table 8.1 Major, trace element and isotopic compositions for representative rocks from the Mount Vulture volcano

Rock
Si0; ¢,
TiO,
ALO;
Fe,O5
MnO
MgO
CaO
Na,O
K,0
P,05
LOI
Sc ppm
v

Cr

Co

Ni

Rb

Sr

Y

Zr

Nb
Cs

Ba

La

Ce

Pr

Nd
Sm
Eu
Gd
Tb
Dy
Ho

Er
Tm
Yb
Lu

Hf

Melilitite*
1,2,3,5
38.48
2.08
13.67
10.94
0.23
3.65
16.84
3.83
5.00
1.05
4.12
13
273

7

29

15
116
2497
71
548
126
7.08
2064
217
42