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.
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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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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
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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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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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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



2.5 Mafic Magmatism

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

43

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).

(a) (b)
008 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 10
i ] Tuscany lamproites |
L 4 ‘B, y proi 4
0.06 - Kamafugites+ 108
- Lamproites 7
5 o/ o T
s -/ Radicofani - . 5
F oo4f | - 406 _&
- Ernici - — <
+
I i ] S
0.02 B Vico-Pontine Islands- 104 ©
I Campania T
000 -I NN I N S I N N N N N N N S | I- 02
0.0 0.1 0.2 0.3 0.4 0.5 0.6 95 90 85 80 75 70
Al (afu) Fo, %

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
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(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

2 The Tuscany Province

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
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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
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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
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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)

Stage 1

Alpine suture
zone

European Plate

African-Neotethys
Margin

__ Sediment-harzburgite
mélange

Alpine suture
zone Stage 2
/ Adriatic Plate

Tuscany

Asthenosphere
upwelling

CA CA
SHO
A

LMP +
LMp CA-SHO
n A

Lherzolitic asthenosphere
upwelling

Harzburgite-sediment Lherzolite contaminated by
mélange body fluids from mélange

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
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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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