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Abstract

Pantelleria, besides to represent the typmlity for pantellerite, a Fe-rich
peralkaline rhyolite, is well known in the petroical literature for the bimodality of the
erupted products: a mafic end-member which includigdly alkali basalts, and a felsic
end-member which consists of trachytes (mildly pedlane or metaluminous) and
pantellerites with a complete lack of intermediatampositions between these two
compositional groups.

Trachytes are the less evolved felsic contjpos thus represent the crucial rock-
type to investigate the relationships among mafaréntal) magmas and felsic
(derivative) melts.

The central aims of this thesis:

-petrogenesis of trachytes and their relationships ith parental basalts:

The petrogenesis of the trachytes is of paldr importance, since they have been
erupted in a narrow age-interval: final phaseshefdruption of the Green Tuff (~45ka)
and initial phases of the post-Cinque Denti calageagmatism (£35-29ka).

In particular the discovery of a productsb@nmoreiite lava flow) resulting from
mixing processes between mafic and trachytic maggnass evidence that basaltic
magmas intruded into the trachytic magma chamblembthe caldera associated with
episodes of refilling from depth of the residingdnytic magma body. It can be
regarded as a physical evidence of a strict relalips between basaltic and trachytic
magmas. This study confirms a Daly gap betweenlidikaaltic products (Si©~ 48
wt%) and trachytic rocks (S¥3- 64 wt %).

-pre-eruptive conditions (T, P, HOmer) of trachytes:

The principal focus of this thesis was the recams$ion of pre-eruptive conditions
of eruptions at Mt Gibele, by crystallization exipeents, performed at T = 900-950 °C,
P=1.0 - 1.5 kb, for a variable,8nei; in a total of 12 charges.

Experimental Phase equilibria characterize climopgne as the liquidus-phase,
followed by alkali feldspar and olivine. T-P-B pre-eruptive conditions of trachyte
magma are closely reproduced by 2 Runs that matdely phase abundance and

phase composition of the natural sample. Thus wapqse as the most likely



storage/crystallization conditions for trachyte magat: T = 950 °C, P= 1.5 kb8 neit
= 2.5- 2.8 wt %;

-petrogenetic relationships between trachytes and piellerites:

We were able to produce a pantellerite liquid (N&AMK= 1.24) at the following
conditions: T = 950 °C, P = 1 kb8t = 1.6 Wt %, at a total crystal content of 73 wt
%. These conditions are very different from theeirdd pre-eruptive T-P-4@ of
pantellerite magma (Di Carlo et al., 2010), beingchhigher in temperature and at an
H2Omert unrealistically low.

Nevertheless, we are allowed to assess thatl(gaités are derivative of parental
trachyte magma after 70 % of crystal fractionatiand this agrees with independent

estimates, either geochemical or via thermodinahmmdelling.



INTRODUCTION

The Island of Pantelleria represents therged portion of a large volcanic edifice
rising up from the Sicily Channel Rift.

Pantelleria, besides to represent the thgmality for pantellerite, a Fe-rich
peralkaline rhyolite, is well known in the petroicgl literature for the bimodality in the
erupted products: a mafic end-member which includigdly alkali basalts, and a felsic
end-member which consists of trachytes (mildly elane or metaluminous) and
pantellerites with a complete lack of intermediatanpositions between these two
compositional groups.

Given their occurrence in a variety of getdaic settings, the petrogenesis of
pantellerites is a highly debated issue and ajh@ome recent experimental petrology
studies (Scaillet & MacDonald, 2001, 2003, 2006; OCarlo et al., 2010) and
petrological papers (White et al., 2005, 2009) sHigght on several aspects regarding
phase equilibria, assessment of T-P pre-eruptivelitons, the role of dissolved.B
andfO, , some questions still remain unclear. Among tHatter we may include the
origin of the Daly gap in basalt-rhyolite volcarsuaites, the petrogenetic link between
mafic and felsic end-members.

At Pantelleriapantellerites were erupted either as pyroclastic flows, or anipa
fall deposits or else as lavas flowsachytes on the contrary, were erupted dominantly
as lava flows and, to a lesser extent, are founehakves in some young pantelleritic
lava flows. Trachytes are the less evolved erufatsic composition and consequently
represent the crucial rock-type to investigate rédationships among mafic (parental)
magmas and felsic (derivative) melts.

At Pantelleria the existing petrogenetic eledor pantellerites (for a more general
review see Scaillet and MacDonald, 2001) can bensarized in:

- Protracted fractional crystallization (FC heregfteom an alkali basalt parental
magma (Civetta et al., 1998) to trachyte (~ 75 #said removed) and later to
pantellerites (~ 90 % of solid removed). This moldas been developed purely on



geochemical grounds, while more recently White kt (2009), added valuable
petrological constraints to the fractional crystalion model.

- no direct consanguinity between mafic and felsiagmas. Following this
hypothesis, trachytes are the result of a two-gi@gess that encompasses the low-
degree partial melting of alkali-rich mafic cumast followed by fractional
crystallization at low-pressure (Lowenstern and bah 1991; Avanzinelli et al.,
2004).

Although there is a general consensus taatefierite is most likely deriving from
trachyte via fractional crystallization of an asédsge dominated by alkali feldspar at
relatively low pressures ar@®, (< FMQ) (Civetta et al.,1998; Avanzinelli et al.,@0
White et al., 2005; 2009; Di Carlo et al., 201®)e torigin of trachytes still remains
ambiguous.

In fact, according to White et al. (2008pchytes can suffer of a significant
degree of feldspar accumulation that prevents therbe strictly representative of a

liquid, rather a crystal mush.

The central aims of this study can be oatlias follows:

1. to examine primarily the petrogenesis of a suitemmtaluminous to slightly
peralkaline trachytes and secondarily of some sadguantellerites.

2. individuate inter formational petrologic variabyliin the commonly considered
“homogeneous”, trachyte body.

3. to focus on detailed petrological definition inding trace elements in key
mineral phase (clinopyroxenes).

4. perform thermodynamic modelling (MELTS code) in erdto explore the
viability of fractional crystallization (FC) procesand its adherence to natural
products.

5. after that all these points were assessed we pegfba small number of focused
crystallization experiments in the range 900- 960 2.0-1.5 kbar, bDneir < 3.0
wt%, fO, ca. FMQ in order to more constrain pre-eruptivaditions. All the
experiments were carried out at CNRS-InstituteSlgences d’ Orleans.



CHAPTER 1

GEOLOGY AND ERUPTIVE HISTORY OF THE PANTELLERIA

1.1 The Sicily Channel Rift Zone (SCRZ)

The island of Pantelleria is set in the IgidChannel Rift Zone (SCRZ), a
continental domain belonging to the Pelagian Bldtle northern promontory of the
African plate. The Sicily Channel was charactatizence Pliocene by transtensional
tectonics (Boccaletti et al., 1987; Catalano e2@08) coupled to diffuse mafic alkaline
volcanism, subaerial (Linosa and Pantelleria istqnand submarine (Graham and
Nameless Banks).

The SCRZ consists of three basins: the RangeTrough, the Linosa Trough, and
the Malta Trough. Volcanism occurs in all but thealtd Trough, and include two
islands (Pantelleria and Linosa) and several seataod’he thickness of the crust
throughout most of the Pelagian Block is 25-35 kmnning to 16-17 km in the SCRZ
(Civile et al., 2008).

The Pantelleria Trough is characterized gy laverage heat flow values 100£20
mW/n? and a strong positive Bouguer anomaly 65-103 m@afrino & Capuano,
1995; Argnani & Torelli, 2001; Civile et al., 2008)

A strong magnetic anomaly suggests theepies of abundant basaltic material at
depth (Della Vedova et al., 1995).
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Fig. 1.1 - Morphological map of the Sicily Channeland surrounding regions. The Pantelleria
graben (PG), the Malta graben (MG), and the Linosagraben (LG) are the principal tectonic
depressions of the Sicily Channel. The external defmation front of the Maghrebides—southern
Apennines (MTF), TZ indicates the broadly N-trendirg transfer zone discussed in the text, and S-R
indicates the Scicli-Ragusa fault system. (From @ie et al., 2010).

Submarine magmatism in the Sicily Channel rift began during the early
Pliocene, the oldest basaltic sample was dredgdtbapthe Nameless Bank and dated
at 10Ma (Beccaluva et al. 1981). The two most reesaptions in the SCRZ were
submarine, and occurred in the Graham Bank in B8Rl in the “Foerstner volcano”
5km NW offshore Pantelleria in 1891 (Washington 9,9Berrino & Capuano et al.,
1995; Calanchi et al., 1989; Rotolo et al., 2006)

1.2 Pantelleria island volcanic complex

The island of Pantelleria represents thergete part of a large volcanic edifice,
whose submerged portion rises about 1000 metergeathe sea floor. Pantelleria is
elliptical in shape, with a NW-SE long axis oriethtin strict agreement with the Sicily
Channel Rift Zone.



Two concentric (nested) caldera rims represiee main structural feature of the

island:

0] the old caldera (age ca. 114 ka) named “La Vecchiataldera (Mahood &
Hildreth (1986), and

(i) the young caldera, named “Cinque Denti” by Mahd&odHildreth (1986) or
“Monastero” by Cornette et al. (1983). This laiterelated to the eruption of the
Green Tuff ignimbrite, 50 ka B.P. (Civetta et dl984; Mahood & Hildreth,
1986).

“La Vecchia” caldera (114 ka)

Fig.1.2 - The two concentric caldera rims: “La Vechia” caldera is the older and the more
external; “Cinque Denti” is the younger and more irternal and the circles point out of the eruptive
centers.



The volcanological evolution of the islacah be summarized as follows:

(1) an early period ~300-120 ka, which was domindiggantellerite lava flows
and subordinate ignimbrite or welded tuffs sheé&ges as old as 500 ka were
determined only in alkali granite cognate enclawghin the Green Tuff ignimbrite
(Rotolo & Villa, 2001), These old sequences areosgd at Salto La Vecchia —Balata
dei Turchi area (Sud-Est side of the island );

(2) an intermediate period (120-50 ka), characterizgdarge explosive eruptions
emplacing several ignimbrite sheets, the oldeshefm associated with the collapse of
the “La Vecchia’ caldera (~114 ka, Mahood & Hildret The SW, S, SE, and N rims
of this depression are still discerniblehe common character of all the ignimbrites at
Pantelleria is the extreme degree of welding amdmiorphism (i.e. post-depositional
flowage); both phenomena contribute to obliterdte primary structures of the
deposits;

(3) The Plinian eruption of the Green Tuff (GT), tleavered the whole island and
whose fine ashes travelled as far as Dodecanniamdri et al, 2007). Its age has
been estimated at between 50 ka (Mahood and Hildi®86) and 45 ka (Civetta et al.,
1988);

(4)the post Green Tuff volcanism (44-30 ka). Thisigeebegan with the eruption
of Mt Gibele-Montagna Grande thick trachytic lavaws (~ 44-37 ka; Mahood and
Hildreth, 1986) that cover two thirds of the CingDenti Caldera. During this period
effusion of pantellerite lava flows alternated witte emplacement of lava domes and

with low-energy strombolian to subplinian erupsasf pantellerite magmas;

(5) after the eruption of the Mt Gibele- Montagna Glarirachytes the eruptive
style turned to effusions of pantellerite lava flowhich alternated with low-energy
strombolian/subplinian eruption of pantellerite mm&g, resulting in a complex
interfingering of pumice fall sequences in the herh side of Montagna Grande

(Rotolo et al., 2007), and in lesser amount onatier fault limited sides of Montagna



Grande block. Montagna Grande was uplifted andrsgépd from the source vent of Mt
Gibele, in recent times (~ 29-18 ka). Cuddia Ramdaand Cuddia del Gallo explosive
and effusive eruptions represent the most receltamn@ events on the island (6 ka,
Civetta et al., 1998; Speranza et al., in presdgliee et al., in prep.)

C. Gallo C. Randazzo «T0°N

Fig. 1.3 - Cuddia Randazzo and Cuddia del Galloreptive centers, as seen from Mueggen.

It is important to stress out that the itefgost-Green Tuff volcanism activity was
centred dominantly within the caldera rims, butmhast contemporaneously, basaltic
magmas were erupted (scoria cones, lava flofig)L(4) in the N side of the island,
well beyond the caldera rims (with only exceptadrthe Khartibucale hawaiite scoria

cone, exactly over the caldera rim, close to Cata @ Denti).

* 30N

Fig. 1.4 C. Rosse (Mursia), a basalt scoria cornethe north side of the island.

Taken as whole, alkali basalts represenurado5 vol.% of outcropping rocks,
trachytes ca. 15 vol.%, the remaining 80 vol.% fepantellerites (Mahood and
Hildreth, 1986).



1.3 THE GREEN TUFF ERUPTION

The Plinian eruption of the Green Tuff (G&gsociated with the “Cinque Denti”
caldera collapse, represents a major divide irPduatelleria eruptive history, being the
last large explosive eruption, and the most powerffithe island as well.

The Green Tuff consists of a complex sequericar fall deposits, surge deposits,
and welded to reomorphic pyroclastic flows. It mm@®s a compositional zoning
upwards from pantellerite to comenditic trachyteafddod & Hildreth,1986; Civetta et
al., 1988), due to the emptying of chemically zomealgma chamber (Ferla & Meli,
2006).

The DRE volume of the products was estimabyd Mahood & Hildreth (1986) at
around 2.5 krh Wolff and Wright (1981) estimated instead thepged volume of the
Green Tuff at 7 krh (DRE), assuming that all of the products on thiani$ of
Pantelleria are of plinian origin and a dispersiaéaion that extends to the NE to
include the location of the Y-6 ash layer in theteen Mediterranean.

Making exception for the basal fall layemegerved only in the easternmost
sections of the island, the Green Tuff shows péveaselding and rheomorphism
throughout the sequence.

The Green Tuff was variably interpreted lmynier Authors as a sequence of
welded pyroclastic flows (Borsi et all963; Villari,1969; 1974; Orsi & Sheridam,
1984), as a welded pyroclastic fall (Wright, 198Uplff & Wright, 1981) or as a
combination of welded pyroclastic fall and compougwimbrite (Mahood & Hildreth,
1986).

The eruption of the Green Tuff was accomgariy collapse of a caldera 6x7 km
in size, which occupies the SW part of the islaiglX.2).



1.4 POST-GREEN TUFF VOLCANISM (50-6 ka)

Based on K-Ar datings, stratigraphycal datd location of the vents, Civetta et al.
(1988) and Orsi et al. (1991) splitted the poste@r&uff volcanism into 5 cycles of
activity. According to these authors, the GreenfTsifregarded as the first eruptive
cycle of the recent history of the island. Howeveew stratigraphycal data and
“OAr/*°Ar ages (La Felice et al., in prep.) suggest that $scheme have to be partially

modified.

1.4a — The Montagna Grande trachyte

After a period of quiescence of at leaskaOthe Green Tuff eruption was followed
by the emission of Mt Gibele - Montagna Grandehyzic lava flows (2° silicic cycle
according to Civetta et al., 1988, Orsi et al., 9Bom the source vent of the Mt.
Gibele vent. K-Ar dating gives ages from 35 +/- & to 28 +/- 16 ka (Mahood &
Hildreth, 1986). Mt. Gibele is an edifice locatedhin the young caldera (fig.1.2). The
trachyte lavas gradually built a shield-like edfiwhich filled two thirds of the caldera,
for a volume estimated at 3 Rm

On the basisf their K—-Ar data, although affected by large aqubtl sigma errors,
Mahood & Hildreth (1986) considered the Mt. Gib&iechyte flowsas a prolongation
of the “Green Tuff” eruptive cycle.

After the emplacement of the trachytes, tineast 6 stocked lava flows pile, a
major tectonic uplift (vertical offset > 200 m) septed Mt Gibele from Montagna
Grande in recent times (~ 29-18 ka, Mahood & Hillyd986).

The faults that are bordering the E and Wésiof Montagna Grande, were used as
a preferential ascent pathways for pantellerite megythat were emplaced as small
domes (the two Mt. Gibile cones on the W) or srpainice cones (C. del Moro and

Carbonara on the E).



Gibele vent

young Gibele vent
:; J',-’f (Mueggen ﬂow)

Fig. 1.5 The Mt. Gibele source vent of trachyte las, as seen from Montagna Grande

Mahood & Hildreth (1986) stated that caldiitang trachyte eruption was due to
an isostatic compensation for the caldera collagsesn that the erupted volume of
trachyte is comparable with the difference betwetdre Green Tuff and the caldera

volumes.

Fig. .6 The Mt. Gibele source vent (height 700 nof trachyte lavas and the uplifted block of
Montagna Grande (height 836 m) seen from W (Rekha)e

-10 -



1.4b — Post trachytic phase felsic volcanism.

The period spanning the age interval 20a6wlas probably the most fertile in
eruption frequency of the post-Green Tuff historiruptions occurred from tens of
eruptive centers (Rotolo et al, 2007 and referenlcerein fig.1.7) located within the
caldera rims, and mostly around the base of thradatdera trachyte shield from radial

fractures and along the fractures bounding the Elgpma Grande tilted block.

The volcanic activity is characterized byusive events and low-energy from
strombolian to subplinian eruptions, emplacing |#eas, lava domes and pumice fall
deposits. All the erupted magmas have pantellezdgioposition. Trachytic magmas are
present only as enclaves which reach 20-30 vol%e whole erupted products in
Cuddia Randazzo and Gelfiser eruptions (Mahood Hifdteth,1986; Perugini et al.,
2002).

NE . sw
T

Fig. 1.7 Stratigraphic relationships between diffeent post-caldera eruptive units in the area shown
in the photo (photo taken from the caldera rim loated 2 km NE of C. Randazzo), (from Rotolo et
al., 2007).

-11 -



CHAPTER 2

REVIEW OF PETROGENETIC HYPOTHESIS AND PHASE
EQUILIBRIA CONSTRAINTS ON PANTELLERIA MAGMAS

Pantelleria island is well known in the pgtaphic literature for the presence of a
bimodal suite including transitional basalts anevhiies as mafic end member (SiO
45-52 wt %) and metaluminous to peralkaline traebyand pantellerites as felsic end
member (Si@> 62 wt %).

Rocks of intermediate composition such agyeaudtes, benmoreite and mafic
trachytes been found only as xenoliths (Villari,/49Civetta et al., 1984; Ferla et al.,
2006). The lack of intermediate composition in bitabsuite (Daly Gap) is a common

feature in the alkaline/peralkaline volcanism imtioental rift and oceanic island

settings.
16
141 Rhyolite
Trachyte
12 4
3
% 10 7
S
£ g \
= Mugearite-. / \
&
Z 61 : @. \\
4 \\
Alkali ’
2 hasalt
[l T T T T T T T T T
37 41 45 49 53 57 61 65 69 73 77

SiOtho/o
Fig. 2.1 Total alkali-silica (TAS) classification dagrams of Pantelleria volcanic rocks. (From
Civetta et al., 1998). Square = basalts and hawaes, circles = trachytes, triangles = rhyolites.

-12 -



2.1 - Mafic magmas -

The mafic rocks at Pantelleria range fronghsly hy-normative transitional
basalts/hawaiites to ne-normative alkali bas&lisdtta et al. 1998).

Two main groups of basalts, respectivelyptrd before and after Green Tuff, have
been recognized on the basis of major and traceniché composition (Avanzinelli et
al., 2004; Civetta et al., 1991, Civetta et al.989VNhite et al., 2009). K-Ar data give
ages of 11819 ka, 83%5 ka, and ~20-30 ka (MahoadHildreth, 1986; Civetta, 1984).

Basalts younger than 50 ka have lower ;T&hd BOs contents and lower
incompatible element and LREE abundances than ther cones. The different
chemistry is though to be due to a different degfe partial melting of a deep mantle
source. In particuldt'Srf°Sr ratios, that cluster around 0.7029 to 0.7032€(Ea et al.,
1998) in the mafic rocks, show that the primary imahagnas were derived from
mantle material which had been depleted in incoiblgaelements by a much earlier
episode of magma generation. None of the mafic sofilom Pantelleria have
petrological characteristics of really primary maggn

Nd isotopic ratios show a restricted ranfevalues in mafic rocks*Nd/*Nd
(0.5129 to 0.5130).

Sr and Nd isotope ratios are similar to ¢h@s OIBs or enriched MORBS; in
contrast, the Pb isotope ratié&PbF*Pb (19.13 to 19.945°Pb/**Pb (15.60 to 15.67),
208pp%ph (39.08 to 39.62) are more variable. The proportif several trace elements
(e.g. Ce/Pb, Nb/U, Th/U) suggests a MORB type neastlurces contaminated with
HIMU-like material (Esperanca & Crisci, 1995) or ENHIMU (Civetta et al., 1998).

Helium *He/He ratios of 7.3 Ra anit*C of - 4.5 %o measured in the free gases and
dissolved helium and carbon in waters (respectilely 6.3 Ra and -7.1 to - 0.9%o)
suggest a MORB-like source (Parello et al., 2000).
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2.2 - Felsic end member: trachytes to pamitde

The felsic end member includes a variety of magir@as metaluminous trachytes
to pantellerites, the Fe-rich peralkaline rhyolitgsical of the island.

From the isotopic point of view, trachyteavl ®’SrP°Sr (0.7031-0.7033) and
Pantellerites considerable higher th&fSrP°Sr > 0.7034 (Civetta et al., 1994, 1998).
Only few samples fall outside this range.

Based on geochemistry and mineralogy th@oilg groups of silicic magmas can
been distinguished (Civetta et al., 1998; Avantiredl al., 2004; White et al., 2005;
White et al., 2009):

a) metaluminous trachytes (Al < 1; where Agpaitic lkde molar (NaO +
K>0)/Al,O3) with low incompatible trace element (ITE) suchRis, Zr, Nb and Th,
(low ITE trachytes) but high content of Ba, andipes Eu anomalies;

b) metaluminous trachytes with high contents (Al <ofRb, Zr, Nb but lower Ba
and negative Eu anomalies (high ITE trachytes);

c) comenditic trachytes (S 66.0-67.0 wt%, 1 < Al < 1.3), with modest LREE
enrichment, similar to those of the pantellerites;

d)strongly peralkaline (Si©> 69.0 wt%, Al > 1.3 to 2.1) magmas from pantelieri
trachytes to pantellerites.

Geochemical and petrological evidence led té&/let al.(2005) to separate felsic
rocks into five categories, each typified by diffietr phenocryst assemblages, melt
agpaitic indexoxygen fugacityfO2) and temperature (see Table 2.1).

Sample:  SIGQ wt% Al AFMQ Temperature Mineral assemblages
1. <65.0 <1.3 -0.7-11 880-990 augite + fayatiiémenite + magnetite
2. 67.0 1.4 -0.5 ~800 augite + fayalite + ilmeni
3. <68.0 1.5-1.6 -0.2 760-750 hedembergite + feeyal aenigmatite + quartz
Na-hedembergite or aegirine-augite + ilmenite
4. <72.0 1.6-1.7 0.0 740-700 ) i ) )
+ aenigmatite + quartz + ferrorichterite
5. 70.0 2.0 / ~700 aegirine-augite + aenigmatitgiartz

Table 2.1 Variation in mineralogy, temperature andoxygen fugacity in a suite of peralkaline to
strongly peralkaline rocks at Pantelleria (from White et al., 2005). Al = Agpaitic index: molar
(Nazo + KzO)/Al 203).

The comendites and pantellerites are chemaet by enrichment in LREE and
HFSE as Cs, Rb, Zr, Nb, Y, Th, Hf and a strong efig@h of Ba, Sr, Co, Ni, Sc with
peralkalinity increasing.
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2.3 Petrogenesis of felsic rocks

The origin of the trachytes at Pantelleaiag more in general in the continental rift
zones where the Daly Gap is present, remains alipgzzsue in the volcanological
literature. Two main models have been proposecateieria:

1. extremely protracted fractional crystallization rfroan alkali basalt parental

magma (Civetta et al., 1998; Avanzinelli et al.020White et al., 2009);

2. low-degree partial melting of alkali gabbros cunteato generate trachytoid
melts, successively evolving into pantelleritiagmas by low-pressure crystal
fractional (Lowenstern and Mahood, 1991).

The subsequent low-pressure differentiatadnthe trachypantellerite magma
resulted in the formation anorthoclase-cumulate trachytes and residual pantel
(Mahood & Stimac, 1990; Mahood et d1990; Lowenstern & Mahood, 1991).

In general to achieve increase in peralikglira Ca-rich plagioclase is removed
from a basaltic magma. The processes is able te\&clihe enrichment in alkalies,
depleting in the mean time derivative liquids imralna, “the plagioclase effect”of
Bowen (1945).

Once peralkalinity is approached, the rerhoda K-feldspar ensures a rapid
increase in peralkalinity dictated by the fractiboa of K-feldspar.“orthoclase effect”
iIs counterbalanced by the crystallisation of Naripea minerals: aenigmatite, Na-
clinopyroxene (at higiO,) or amphibole (at loviO,), “the pyroxene effect’of Scaillet
and MacDonald, 2003. Crystallisation of these natgers able to efficiently buffer the
increase in melt peralkalinity to Agpaitic Index+

Pantelleria provides proof the existence of a stratified magma chamber tieh
pantelleritemagma localized in the higher part, the anortheetash trachytienagma in
the middle part and the basaltic magma localizddvbthe trachyte in the lower part
(Civettaet al, 1984, 19881998; Mahood & Hildreth, 1986).

-15 -



2.4 Hypothesis about the origin of “Daly Gap”

One of the main problems in studies of pe@lale complexes, is the lack of rocks
of intermediate composition between basalt andhyt&; constituting the so-called
‘Daly Gap'.

Ferla et al. (2006) suggested that thertimeitic’ enclaves in Pantelleria volcanic
rocks are probably formed by the mixing betweer-&I-1 basalt, rising along dykes,
and overlying trachytic magma and are not represeet of magma of intermediate
composition. Although the chemical composition ¢ nclaves fills the ‘Daly Gap’,
they do not represent a continuous liquid line e$aknt from mafic to felsic magma
compositions.

Several models have been proposed for tiggnasf the Daly Gap and we briefly
report a few of them.

The abrupt chemical separation between naafet felsic rocks was considered by
Mahood and Hildreth (1986) to be due to the preseria shallow, low-density, mass
of felsic magma beneath the central part of thenl beneath the younger caldera, that
behaved as a density FILTER (Civetta et al., 1998).

White et al., (2009) have suggested thatdbmpositional gap is the result of
inhomogeneous crystallization rate for a givercaiincrease; to confirm the process of
fractional crystallization, Mushkin et al. (2003)ggest that the Daly Gap reflects the
relatively low sampling of intermediate composisorduring the cooling and
crystallization of magma chambers. The mafic contpos evolve slowly because of
the small difference in silica content betweenriedt and the fractionating assemblage.

Also the more felsic compositions evolvendiobecause of their low cooling rate
combined with the onset of K-feldspar crystallinati The fast evolution and low
sampling probability through the intermediate stegfiects the combination of efficient
cooling and large difference in silica content besgw fractionating crystals and the

magma.
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2.5 Phase equilibrium constraints on pre-eruptivaddgions of felsic
explosive volcanism, at Pantelleria.

Phase equilibria amassment in experimentastigation is particularly important:
1. to predict the liquid line descent (i.e. directiminderivative liquids) and
2. to make comparison with natural phase assemblageder to derive pre-

eruptive conditions.

2.5.1 Experimental phase equilibria

Recent experimental investigations (Scadldvlacdonald, 2001, 2003, 2006) and
melt inclusions studies (Gioncada & Landi, 2010yehahown that peralkaline melts are
rather HO-rich. These studies have demonstrated the imporole of pressure, water,
oxygen fugacity and silica disilicate activity (&) on the phase equilibria of felsic
peralkaline magmas.

The determination of storage conditions aftelleritic magmas can also provide
constraints on the more general problem of theiroogsilica-oversaturated peralkaline
magmas, which has been extensively debated (seett€iet al., 1998; Scalillet &
Macdonald, 2001; Macdonald et al., 2008).

Di Carlo et al. (2010) present the hydrobgage equilibria of a pantellerite with
agpaitic index (= molar N®+K,0/Al,03) = 1.4, within the pressure range 25-150 MPa
and temperatures between 680-800 °C, with oxyggadities below the Ni-NiO solid
buffer (NNO), and melt water contents;(Bher) up to 6 wt % (Fig. 2.2).

The phase relationships at 150 MPaat HO-saturation (ca. 6 wt% dDmel)
clinopyroxene is the liquidus phase, appearing&t 7C, followed by alkali feldspar
and then by quartz whose crystallization is infére® occur at around 650°C.
Aenigmatite is stable at temperatures below 74Wri@er HOmeit poor conditions, and
below 680 °C at kD < 5 wt %. Amphibole begins to crystallize at temperes lower
than 700 °C, and its stability field is drawn asmgindependent of melt water content.
lImenite was detected in only one charge, at 760arid 1.7 wt % EDmett.

Phase relationships at 100 MPashow broadly the same pattern as at 150 MPa,
with clinopyroxene being the liquidus phase, folkmlvby alkali feldspar and then
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qguartz. Amphibole begins to crystallize at T < 700, but is not stable at 29-
saturation at 680 °C, therefore having a negatigédping stability curve under20-
rich conditions. Aenigmatite displays the oppoditghaviour, its stability field being
limited to water contents > 2.5 wt % at around 680

Results at 50 MPg2.7 wt % HOmert at saturation) are similar to those at 100
MPa, except that aenigmatite was only identifiedme charge near the solidus, hence
this phase appears to have a very restrictedistdlald at this pressure.

The work shows that inference of crystalii@an pressure on the base of pre-
eruptive volatile contents obtained only from migitlusions analyses may lead to
significant errors, if not interpreted in the cotitef crystal-liquid equilibrium.

820
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Temperature (°C)
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Fig. 2.2 Isothermal-polybaric phase relationships foPAN 01113 pantellerite at: a) 800 °C, b) 750
°C and c) 680 °C. In (c) alkali feldspar and clinogroxene are always present. The dashed lines
represent the water saturation curve experimentallyderived for the Pan01113 composition (Di
Carlo et al, 2010).

-18 -



CHAPTER 3

TRACHYTES, GREEN TUFF AND PANTELLERITES :
FIELD RELATIONSHIPS

3.1Field relationships and sampling

The study area is entirely located withie ylounger caldera.

We focused primarily on the possibility tcetter describe/differentiate the
Montagna Grande trachyte body, which in the litenais referred to as a homogeneous
eruptive body, although detailed data are lacking.

Secondarily we focused also on the Greeffi Jequence, because this was the
latest eruption before the trachyte and, given rttegnitude and the related caldera
collapse, is likely to have thoroughly modified flembing system.

Trachytes represent the link between thdéicmend felsic poles at Pantelleria
(fig.2.1), consequently it is of great importance to understif some petrological
variability within the trachyte body occurs andsd, to ascertain possible connections
with the eruption timing (i.e. early/late episodes)
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Green Tuff

Trachytic lava flows
M.t Gibele

"Cinque Denti*

Caldera
p e

sanansnsnsnsosnr iy
< 35-29k
<45ka
d.
c. .
Uplifted and tilted block, Cuddia Randazzo
M.gna Grande
< 20 ka < 15 ka

Fig. 3.1 (a) the Green Tuff plinian eruption and réated caldera collapse, (b) the trachyte lava flosy
were poured out from M.t Gibele and filled 2/3 of he caldera; (c) the trapdoor uplift separated the
Montagna Grande block from the Mt Gibele source ent and (d) at ca. 6 ka begun the eruptive
cycle of Cuddia Randazzo.

Green colour = the Green Tuff plinian eruption

Yellow colour = trachyte lava flow

Blue colour = eruptive strombolian C. Randazzo.
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3.2 The Green Tuff sequence

The results of our analysis relate to graphy, distribution, texture, structure
show that the major part of the Green Tuff on #land of Pantelleria was emplaced by
a pyroclastic density current mechanism (consistihgarious flow units) and only a
minor part of this unit consists of fall and suggeducts.

The Green Tuff is the sole ignimbrite (wéthigh aspect ratio), among the at least
5 erupted at Pantelleria, that entirely drapesistend. The Green Tuff drapes the
former topography, showing great reomorphic thickgr{up to 30 m) in paleovalleys,
while thins out to few cm in the lee-side of thkefe

The most complete eruptive section is visible W Bxposures in the NE sector
of the island, between the Lake Specchio di VeaareCala Cinque Denti.

Here, a 3.5 meter thick stratigraphic secatiows the recognition of 5 members

within the Green Tuff sequence (Orsi and Sherid&84, recognize 8 members in a

nearby, not specified, locality).

Fig. 3.2 a) Location of the Green Tuff sequence otrops close to the Lake Bagno dell’acqua.
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b)

Member E:
welded porphyric

Member D:
welded fine-rich

Member C:
fiammae-rich

basal vitrophyre

Member B:
pumice flow

Nember A:
pumice fall

Fig. 3.3 b) a close-up vie of the sequence Cala Gire Denti for a total thickness of around 3.5 mt.

The Green Tuff mantling the inner wall of the caldea Cala Cinque Denti.

Each member is characterized by differentptve, depositional and textural

features. Nonetheless, the upper two thirds ofsénguence are strongly affected by

welding and rheomorphism that thoroughly obscunesprimary features of the deposit.

From bottom to top the sequence consists of:

Member A: The Green Tuff sequence is opened by a plipiamice fall deposit

which lies just above a reddish paleosbhis member is to 50-60 cm thick poorly

sorted pumice fall, the maximum and mean dimensibm&imice clasts are 5 and 7 cm,

respectively. Feldspar is the most abundant mineral

Non-welded basal pumice have also been fouitdic clasts are rare in this member.

Member B consists of an ashy deposit with dispersed pucies It is a chaotic,

unwelded,pumice flow (40-50 cm thick, with maximum and mean pumice digien
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around 3-5 cm), very rich in fine ash, which cob#l representative of the initial stages
of the column collapse. These latter are highlyiotgar and contain small amounts of
feldspar, clinopyroxene, aenigmatite. The abundafcashy matrix suggests for this
member a flow originThe pumice-fall beds of this member are very padithics.

Member Cconsists of a blackisWtrophyre (7-10 cm thick) that grades in to a
progressively flammae-poorer median portion of thiskly welded member, whose
total thickness is around 70 cm. We consider themiver as the result of the
emplacement of the first pyroclastic density cutren

Member D: Above the vitrophyre the sequence continues Mirtles-rich and
deeply welded to thoroughly pistachio-green portion, whicheafiates scattered and
elongated fiammae and also less welded atea®ntains a large amount of crystals,
mostly alkali feldspar up to 1 cm. Lithic clast® darger and more abundant than in
any other member. Higher up the sequence contimitbsa distinctly more, foliated
fabric, prominent respect to the eroded lower membEiammae, though rare, are
highly stretched, and flow folding is common. Weenpreted the lamination of this
member as a primary structure probably to be refeto a laminar diluted pyroclastic
density current. Rich of ashy matrix.

Member E: This member (50 cm thick) is brownish in coloudarch in alkali
feldspar phenocrysts (up to 5 mm in length andh & abundance around 35 vol %).
This member iswelded has a strongly altered scoriaceous portion, aasl leen
interpreted as the result of the tapping the lopation of the magma chamber during
the last eruptive phases (Civetta et al., 1988).

Members A and B are found only in the eade 9f the island, but with variable
thickness due to the erosive power of the upcomyrgclastic flow. Member C occurs,
from north to south, in great part of the GreenfBaiquences. Member E is found in
few localities of the island, among them, Costah#tigand Contrada Lago, in opposite

sides of the young caldera rim.
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3.3 Trachyte lavas

Montagna Grande, the most prominent topducafeature of Pantelleria, occupies
the center of the island, fig.1.7.

The volcanic mass has been extensively t@ffleby erosion processes and the
traces of the original vents are partially concgaléhe mountain shows a rapid flank on
the east and south part and gentle slopes in teeame north flanks.

The Montagna Grande uplifted block, as alyeaaid in the previous chapter,
consist entirely of trachyte stacked lava flows er@d by more recent pyroclastic
deposits and short pantellerite lava flows; theallows of Montagna Grande were
separated from their vent at Mt. Gibele by a norfaallt (fig. 1.7). Mt. Gibele
immediately east of the highest point of the sumnudge, is the largest and most
important crater.

Our sampling strategy of the Montagna Graawut Mt. Gibele trachytes body was
driven by the field identification of morphologiclmits of different trachyte flows
which were accompanied by subtle macroscopic vanatin the petrography of the

lavas.
Sample 0718 0748 0750 0747 0732
Locality “Qase “Montagna “Montagna “Fa\{are—Mt. “Mueggen”
Ricco” Grande Sud” Grande Nord” Gibele”
K-feldspar 32 28 30-32 30 20
Clinopyroxene 4 6 4 6 3
Olivine 3 <<1 1 2 2
Fe-Ti oxide 1 <<1 2 2 <<1
Tot ph+mph 45% 35% 35% 40% 25%
Groundmass 50% 55% 45% 50% 60%
Vesicles <5% 10% 20% 10% 15%

Tab. 3.1- Modal abundances (vol.%, void free) deried from BSE images, for trachytes mineral
assemblages — ph = pheno > 50® and mph = micropheno 50-50um and groundmass < 5am.

Mueggen trachytes present lower crystal curtean the trachytes from Montagna
Grande and “Case Ricco”. The last, have, indeedrlymweonstant modal crystals, with

difference close to the detection limit of the ctaurpointing methodology.
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3.3a — Trachyte “Case Ricc@ample pan0718)

Here the trachyte thick flow unit is the dhat banks against the caldera wall close

to Siba-Sciuvechi alignment a Contrada Monastero.

S

Fig. 3.4 - Trachyte “Case Ricco” -

The lava is fresh, the colour is light grelge texture highly porphiritic. The
phenocrysts are alkali feldspar as large as 15 rhiohwform up to 30-35 vol.% of the
rock, and subordinate olivines, clinopyroxenes, medide.

Phenocrysts are settled in a crystallinaugdoass showing well developed flow
banding.
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3.3b- Trachyte Montagna Grande Su@amples pan0747-0748)

Fig. 3.5-Trachyte “Montagna Grande Sud"-

Immediately east of the highest point of suenmit ridge, there is the largest and
most important crater post green tuff. It show &most circular shape, about 100
meters deep.

Here the trachytes are characterised by &ligimdance and large size of the alkali-
feldspar phenocrysts, > 1cm. They constitute ab®t30 vol.% of the rock.
Clinopyroxene (6 wt%) is the most abundant mafinaral and Olivine is scarce (< 2
wt %).

The typical groundmass is holocrystallinet lau little glass may be present

occasionally, and some of the Mt. Gibele lavasgaiige vitrophyric.
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3.3c — Trachyte * MUEGGEN$ample pan0732)

Fig. 3.6 view of the last side of Mt. Gibele and dhe young trachyte flow, on the sie of Mt. Gibele

The trachytes are gray lavas usually compAttali-feldspar phenocrysts are
relatively small, 1-2 mm, and represent < 20 vabRthe rock. Minor quantity of grains
of augite and olivine are also found.

The typical groundmass is holocrystalling faw glass pockets may be present

occasionally. The occurrence of small prisms of litngles is peculiar.
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3.3d — Trachyte “Montagna Grande Nor@ample pan0750)

This sample was collected from a ridge & m@ter a.s.lf{g.3.7).

It consists of a usually very compact laveigh light grey colour and highly
porphyritic texture. Alkali feldspars form 30-35lvé6 of the rock. Crystals are tabular,
highly cleavable, with glistening surfaces, colesd and transparent, and are 2 cm in
length. Clinopyroxene, 1-2 mm in length, is the mabundant mafic mineral; the
groundmass is light grey and almost aphaniticugin the lens reveals the presence of

micro phenocrystals.

3.4 - The mafic lava inter bedded in trachyte

During the field survey, surprisingly, wecenntered a short (100 meters) mafic
lava flow at the top of the trachytes pile of Maga Grande, at elevation of 730
meters.

The major importance of this mafic lava flaw (i) in being the sole mafic magma
within the caldera (intracaldera mafic) and (ietsole product with intermediate
composition (benmoreite, see cap. 4) recoverelddnsiand.

This sample (pan0749) is, dark grey in coldughly porphyritic (Pl = 55-60
vol.%) and shows seriate texture with abundant glamporphyric crystal clots.

Macroscopic phenocrysts, in order of dedrgasbundance, are: alkali-feldspar,
with tabular shape, colourless and transparen? rhm in length, and large

clinopyroxene and olivine crystals (up to 4 mm).
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Fig.3.7 a) field view of the benmoreitic lava flowclose to the summit of Montagna Grande and b)
hand specimen.
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3.5 The trachytic enclaves in C. Randazzo panier

Cuddia Randazzo is a composite structur@, t@5.5 ka old (Civetta et al., 1988;
Speranza et al., 2010), that includes: (i) a plentie lava dome, (ii) the dome is
broken at the NE termination to originates thel3yblong Khaggiar lava field and (iii)
an outer pumice ring, partially dissected by tloend collapse, envelopes the dome
itself (fig.3.9) .

The Randazzo fall deposit thins away from the sewent and ends out in less than
200 meters, suggesting a strombolian distributibine juvenile fraction consists of
well-inflated coarse pumices (crystal20 vol %) and denser, less vesiculated, darker
scoriae (crystals 30 vol. %) associated with abundant bread-crustipeous bombs.

A main feature of these deposits is the oetwe of abundant, rounded to
ameboidal trachytic enclaves (15-20 vol %), witld$par megacrysts up to 2 cm, which
have been interpreted as comagmatic clasts (Piosmgral., 2000; Perugini et al.
2002). Lithics of pantelleritic lavas are scarce.

Fig. 3.8 - Cuddia Randazzo is composite structurénait includes a core dome (a), a lava flow (c) and
a pumice fall (b).
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3.5a -Enclaves in lava flow-

The Khaggiar lava flow, originates from tBeddia Randazzo pumice cone.

The Khaggiar pantellerite lava is a darkyggtassy rock with small crystals of
alkali-feldspar. It also includes abundant fragmeith irregular shape, of a light-grey
trachyte with large crystals of feldspar. Here rafthese fragments will be called
ENCLAVES.

Fig. 3.9 a) Khaggiar flowa population of inclusions which show diffuse, creulated contacts with
the host lava;b) close-up view. It also includes abundant fragmernwith irregular shape, of a light-
grey rock with large crystals of feldspar.
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3.5b -Enclaves in the pumice fall-

Similar characteristics can be observedha gumice cone of Cuddia Randazzo,
along the road which cuts the cone on its SW flémKact, abundant ENCLAVES with
rounded shape and dimensions from few cm to 50m80ate common in the pumice
deposit. They are light-grey with large anorthoelasystals, too.

Perugini et al., 2002 estimated at about/@@o of trachytic enclaves in the lava
dome of Cuddia Randazzo. Enclaves belonging tatiter portions of the dome show
irregular morphologies and high vesicles contertorinpared to enclaves occurring in
the more internal portions of the dome (Perugiralgt2002).

The textural relationships described abolearty suggest that the porphyritic
enclaves represent portions of trachyte magmaieattavhile still semi-molten into the
pantellerite host magma as also suggested by MadwoadHildreth (1986).
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CHAPTER 4

WHOLE-ROCK PETROCHEMISTRY

4.1 General features

Whole-rock analyses and CIPW norm are presentédinte 4.1.
The mafic volcanics have a SiGontent ~ 46.4- 47.4 wt %, while the silicic rocks
range from 60.9 wt % to 70.6 wt % SiQvith a compositional gap between mafic and

silicic end members of 11.8 wt %, a part for omgka intermediate sample.

1é
Na:O+K20 wt%
14 - _
Trachytd  Rhyolite
12 o¥ P 8
O m
10 -
Benmorette /\
g A \
ugearite \\
fi
\
** \
4 4 .
Alkals \\

5 basalt
D Ll T Ll T Li T Ll 1

37 41 45 49 53 57 61 65 69 73 77

102 wt%

@ Fan2-3Basalt OU720-21-22-23 Green Tuff member A-B.C.D

A 0749 Benmoreite Q0731 Green Tuff member E

B 0732 trachyte” Muegzen 7 O 242C Pumice C Randazzo

B 0718 trachyte “C Ricco X 21 Trachytic enclaves

[0 0742 trachyte “M.gna GrandeS X 23 Trachytic enclaves

[l V750 trachyte “M.gna GrandeN ” 24 Trachytic enclaves

Fig. 4.1 Total-alkali versus silica (TAS) diagram ér the classification of volcanic rocks (Le Maitre,
2002).
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According to the TAS classification griéfig. 4.1) the C. Mursia e C. Bruciata
products fall in the field of the alkali basalta@% = 46.4- 47.4 wt %, Alkali = 4.6-4.8
wt % and nefelina = 3.8- 4.0). The silicic magmasge from trachytes (acmite = 0.0-
1.8) to rhyolites (acmite = 2.1- 2.4) with a nearbntinuous compositional variation.

In particular, most of trachytes from MomagGrande (Montagna Grande N,
Montagna Grande S. and Case Ricco) are metaluminacisytes (Al = 0.97 -1.00), a
part for one sample (Mueggen) with Al =1.18.

The trachytic enclaves found in the Cuddamé®azzo pumice cone are peralkaline
with Al = 1.1-1.2 Table 4.1). The single intermediate rock found among the lafas o
Montagna Grande, has benmoreitic composition wi®y S 55.6 wt % and Alkali = 8.2
wt %. The Green Tuff samples have a peralkalirengbtry ranging from peralkaline
trachytes in the upper membemdmber E) to peralkaline rhyolites in the lower

members (basal fallout amdembers A, B, C, D.

ALD Wt

Cormenditic
trachyte

0
X
X

Pantellentic

Comendite Trachyte

®

(o
- Pantellerite
j 1 L T T T
i) 2 4 6 3 10 12
FeO wt%

QU0720-21-22-23 Green Tuff Q283C Pumice €. Randazzo
member 4-B-C-D ¢ 21 Trachytic enclaves

QU731 Green Tuff member E K 23 Trachytic enclaves
B 0732 Trachyte” Muegger’ 24 Trachytic enclaves

Fig. 4.2 The Macdonald (1974) classification diagra for the classification of peralkaline trachyte
and rhyolite.
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According to the classification diagram ofaddonald (1974) Kig. 4.2 the
composition of the peralkaline rocks range from @aditic trachyte (AO; = 15.7-
14.1 wt %; Fe@: = 6.4- 7.1 wt %) to Pantellerite (A3 = 8.5- 9.5 wt %; Fe@@ = 7.6-
8.2 wt %).

4.2 Major and trace element variations

There is a general decrease in MgO, CaOp,Ta@d BOs, and increase in 10
with increasing Si@from 46.4 to 70.6 wt %. N® increases from basalt (f&a~ 3.7-
3.8 wt %) to trachyte (N® ~ 5.7-6.9 wt %;) , and then slightly decreasehe
rhyolites down to NgD = 6.1 wt %. Fegdecreases from 13.1 to 5.6 wt % from basalts
to trachytes and increase up to 8.1 wt % in parigt magmas. AlO; remains nearly
constant (around 15.0 wt %) from basalt to trachgtel decreases down to 8.3 wt % in
pantellerite Fig. 4.3; Table 4.).

Most incompatible trace elements (Rb, Th, B shows an extreme enrichment
from basalt to trachytes, while the compatible ,(@re V) trace elements show a rapid
decrease (down to 20 ppmirid. 4.4)

The basaltic products, show REE enrichmdytsa factor of about 10 to 100
comparated to chondrite values, and are charaetedizy modest LREE enrichment
(CelYb) = 6.8-7.6, and a slightly positive Eu anomaly (RW/E 1.16-1.18) Fig.
4.58). Except for TiQ > 3.0 wt % in the sample from C. Rosse, the chalmic
composition of these products, for example 0.7 wtP@s and the values of
incompatible element and LREE abundances (Sr <ppd0, Zr < 160 ppm, Nb < 50
ppm, Ba < 400 ppm, La < 30 ppm), corresponds totypeal composition of the
basalts younger than 50 ka discussed in Civetié €1998).
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Sample Pan2 Pan3 749 732 718 748 750 747 720 1 72 722 723 731 2A2C Pant21 Pant24 Pant23
c. c. M. c. M. M. M. Cinque Cinque Cinque Cinque c. c. c. c.
Locality Mursia Bruciata Grande Mueggen Ricco Grande Grande Grande Denti Denti Denti Denti Zighidi Randazzo Randazzo Randazzo Randazzo
welded Wwelded welded
Trach. Trach. Trach. Trach. Trach. fine- fine-
Rock-type  Basat Basalt Benm. lava lava lava lava lava p.fall P.flow eutax. rich  depleted pumice Trach. Trach. Trach.
Formation Basalt Trachyte Green Tuff
Member A B C D E
SiO,wt % 46.39 47.43 55.62 66.82 63.78 63.68 60.94 64.87 70.26 69.82 69.80 70.59 63.07 68.68 64.41 64.48 63.89
TiO, 3.42 2.96 1.91 059 0.75 0.76 1.30 0.74 0.59 0.55 0.60 0.60 0.82 0.65 0.62 0.63 0.76
Al,O3 13.99 14.87 14.54 12.68 15.83 1590 1459 13.93 9.00 8.51 9.31 9.28 15.66 9.48 14.05 14.27 15.09
Fe;0; 1438 1261 9.75 777 616 6.21 8.52 7.19 8.48 9.08 8.53 8.35 7.06 8.75 7.46 7.26 7.06
MnO 0.57 0.58 0.20 024 019 0.19 0.23 0.23 0.19 0.19 0.11 0.27 0.25 0.11 0.27 0.26 0.25
MgO 5.68 5.73 3.73 0.28 0.52 0.51 1.28 0.33 0.27 0.28 0.26 0.10 0.27 0.38 0.20 0.21 0.38
CaOo 10.16 10.20 5.23 0.82 1.87 1.83 2.76 1.03 0.38 0.43 0.40 0.39 0.93 0.58 1.14 1.17 1.48
NaO 3.68 381 525 579 6.63 6.56 6.20 6.81 6.21 6.21 6.05 6.42 7.05 6.97 6.87 6.88 6.85
K0 0.94 1.02 296 5.01 422 426 3.89 4.54 4.62 471 4.83 4.20 4.72 4.63 4.98 4.83 4.96
P,Os 0.77 0.78 0.82 0.10 0.15 0.19 0.43 0.14 0.01 0.01 0.02 0.04 0.23 0.43 0.10 0.11 0.08
Tot 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
FeO 3.08 1149 8.95 7.06 561 567 7.75 6.54 7.53 8.17 7.68 7.52 6.42 7.88 6.93 6.79 6.60
LOI 0.06 0.06 0.67 130 059 0.07 0.69 0.89 4.45 2.08 1.32 2.00 0.40 3.12 0.36 0.32 0.23
Al 0.47 053 0.82 099 097 097 0.99 1.16 1.69 1.80 1.63 1.68 1.07 1.58 1.19 1.16 1.10
Mgv 46.78 50.22 45.76 743 15.69 15.34 25.05 9.26 6.75 6.48 6.41 2.62 7.84 8.96 552 5.89 10.44
CIPW
Q 0.00 0.00 0.00 13.59 2.62 2.72 0.73 7.60 2771 28.00 2732 2752 0.83 23.49 6.00 5.62 2.20
Or 5.60 6.00 18.20 29.60 2491 2519 2299 26.83 2732 27.83 2854 2482 27.89 27.38 29.43 28.54 29.31
Ab 20.40 21.80 45.10 37.33 56.07 5553 5246 46.37 20.53 1755 2243 2435 5427 22.98 44.54 46.51 50.00
An 18.88 2048 7.36 0.00 1.00 135 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ne 3.95 3.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ac 0.00 0.00 0.00 187 0.00 0.00 0.00 1.74 2.24 241 2.20 2.20 1.70 2.09 1.84 1.80 1.75
Ns 0.00 0.00 0.00 222 0.00 0.00 0.00 2.16 4.45 2.08 1.30 2.00 0.80 4.67 2.60 2.20 3.50
Di 26.50 25.20 12.60 3.02 6.39 5.68 8.94 3.70 1.59 1.82 1.60 2.30 2.75 2.50 4.40 4.50 0.60
ol 14.51 13.77 8.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 1.74 1.53 1.19 0.00 0.75 0.75 1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

-36 -



Hy 0.00 0.00 1.50 1047 6.08 6.53 9.34 9.10 13.41 1449 1330 12.30 9.15 13.68 9.31 9.03 8.12
Il 6.50 560 3.60 112 144 1.44 2.47 141 112 1.04 1.10 1.10 1.56 1.23 1.18 1.20 1.44
ap 1.83 185 194 024 035 045 1.02 0.33 0.51 4.21 112 1.45 1.89 0.51 121 1.10 1.45
Tot 99.92 100.00 100.38 99.46 99.62 99.62 99.47 99.24 98.88 99.43 98.91 98.03 100.84 98.52 100.51  100.49 98.38
Scppm 32 29 16 5 4 5 11 9 11 2 6 7 10
\Y 377 308 120 5 6 5 41 5 10 10 10 5 5 5 5 5 5
Cr 80 110 70 20 20 20 20 20 11 17 9 39 20 20 20 20 20
Co 48 44 18 <1 2 <1 6 2 <1 <1 <1 <1 <1
Ni 30 40 50 20 20 20 20 20 12 12 8 0 20 20 20 20 20
Cu 60 60 20 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Zn 120 110 160 260 150 150 170 180 140 340 160 160 130
Rb 19 21 41 98 7 70 65 53 145 148 140 146 39 187 69 69 50
Sr 432 481 352 11 187 184 177 137 3 2 5 12 66 19 12 15 42
Y 32 31 46 113 65 64 59 59 185 195 139 187 49 164 56 54 42
Zr 156 154 405 1309 607 615 489 499 1871 1945 1846 1895 302 1648 469 435 324
Nb 50 49 85 242 123 128 104 111 457 480 459 465 73 389 103 100 72
Ba 341 365 910 89 1058 1048 1048 1151 289 314 314 290 2159 84 429 594 1943
La 27 31 62 147 81 78 67 74 89 95 92 82 56.7 207 69 66 53
Ce 58 66 123 275 153 150 133 139 312 270 300 278 102 386 133 131 105
Pr 7.08 8.13 14 29,3 17 164 15 16.3 13.1 434 154 15 12
Nd 30.1 339 539 103 627 61 553 61.2 51.7 153 57.8 55.3 45.8
Sm 6.99 772 107 19.7 121 11.6 11 12 10.3 30.6 114 11 9.09
Eu 277 3.05 396 286 377 366 321 4.06 5.04 4.36 297 3.21 4.25
Gd 7.56 8.10 10.1 17.7 11 104 9.77 11 9.67 30 10.2 9.77 8.23
Tb 1.12 117  1.60 33 194 185 1.71 1.88 1.65 5.19 1.8 1.71 1.42
Dy 5.88 6.07 8.87 198 115 11 9.98 11 9.24 29.9 10.5 9.98 7.99
Ho 1.05 1.06  1.59 377 225 21 186 2.06 1.68 5.85 1.96 1.86 1.46
Er 2.78 2.84 454 115 651 615 542 591 474 17.4 5.75 5.42 4.2
Tm 0.38 0.40 0.64 1.73 09 091 0.81 0.87 0.65 2.52 0.85 0.80 0.60
Yb 231 237 396 113 613 584 511 5.44 4.06 15.7 5.37 511 3.81
Lu 0.33 032 057 1.68 091 088 0.77 0.81 0.60 227 0.81 0.77 0.57
Hf 4 410 940 303 136 138 103 11.7 7.00 39.1 10.6 10.3 7.5
Th 2.54 279 859 289 126 135 9.38 10.7 5.04 33.1 9.66 9.38 6.54
u 0.76 0.85 1.88 346 333 3.23 2.4 2.57 6.2 9.74 2.54 2.40 1.7
(CelYb)y 6.8 7.63 847 6.64 681 7.00 7.03 6.97 7.43 6.70 6.75 6.99 7.52
Eu/Eu* 1.16 118 116 0.47 1.00 1.02 111 1.08 1.54 0.44 0.84 0.95 1.50

Table 4.1 whole rock analyses. Al = Agpaitic indealar (NaO + K;0)/Al,05) LOI = loss on ignition.

-37-



* pan23 basalt
/A 0749 benmoreite

© 0720212223

B 0718 trachyie C. Ricco

B 0732 trachyte Muoeggen
O 0748 irachyle M.gna Grande S

©24a2C pumice C. Randazzo
X pani21 trachylic enclave
pani24 trachylic enclave

Green Tuff member A-B-CD i
m % pani23trachylic enclave
10 00731 . B 0750 tIachyh;L_d.gnaGtandeN
1e L 2 ] 1
A
X 1]
14. * * A
] 3
12-
2 |
10.
*8 1; =
8 © 0 C!J (0
12 4-
Ca0 wt . TiQ, wt%
101 *
3- *
g4
6 2- FAY
A
4] [
=) 1-
2] B (p H<oap
(OR |
0 t <> @ 0 T T T T T T T
8 6
Na,0 wt%e o KO wt%
7 O%E &* l<> @
]
61 = & 4 m ©
|
A
Fiy
5 4
2 4
4 4
** »
3 h 7 7 T 7 T T 1 0 T
16 1
o FeOswi% P,0; wt?e
147 0.5 P I
*
127
067
i PN
10
=) 0@3 0.4] - ®
8 [ |
Ox* | O
6 . 02 !Xx .
. e 0 N P <)
40 45 50 55 60 65 70 75 40 45 50 55 60 65 70

Si0, wi%

Si0, wi%

75

Fig. 4.3 Major-element variation (Harker) diagramswith SiO, wt% used as differentiation index.

-38-



* pan23 basalt
/v (749 benmoreite
O g72021-2223

B 0718 trachyie C. Ricco

B 0732 trachyte Mueggen
E 0748 trachyicM.gna Grande S

< 2A2C pumice C. Randazzo

X pani21 trachytic enclave
pantz4 trachytic enclave

Green Toff member A-B-CT) B 0750 trachyleM.gnaGrandeN X pani23 trachylic enclave
O 0731 Green Tuffmember E 1950 )
160, Rbppm $ Zrppm 8
<
1550
120
]
. 1150
80 E
| T 750
LS [ ]
& m X
401 350 L o
*®
9 T T T T T T 150' %’ %’
2500
500
Nb ppm 8 Bappm o
4007 & 2000 #
300 1500
'S
m N
200 1000 A
1007 m X
iy ox 500 .o 8
*e
e
0 T T T T T T T 0 T T T T T T T
500 1 - 250
St ppm Y ppm
*
400 7 200]
R ?
¢
300 7 150] O
200 7 .
™ i 100
m W
100 1 50 A o
o>K .o x
¥
o i i I_O@ 0

40 45 50 55 60 65

5i0, wt%

70 75 40 45 50

5 6 65 70
510, wt%

Fig. 4.4 Trace-element enrichment diagramvith SiO, wt% used as differentiation index.

i5

Trace elements in theenmoreitic lava have values intermediate between basalts
and trachytes, it is characterized by high LREEchment Cg/Yby = 8.5, and a weak
Eu positive spike (Eu/Eu* = 1.16).
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What is interesting, trace elements contehtie trachytic samples show a general
dispersal in the Harker diagrams. More in dethileé groups can be distinguished.

The metaluminous trachytes from Montagna Grande (Montagna Grande N,
Montagna Grande S, Case Ricco), with Si©m 60.9 wt % to 64.8 wt %, show poorly
variable contents of incompatible trace elementthenranges Rb = 53-77 ppm, Zr =
300-615 ppm, Nb = 58-128 ppm, and nearly constantent of Ba = 1048-1128 ppm
and Sr=177-187 ppm.

This values correspond to the chemistryhef High-ITE metaluminous rocks of
White et al. (2009).

The peralkaline enclaves in C. Randazzothedample from the upper part of the
Green Tuff have incompatible trace elements, swetRb, Zr, Nb, lower than the
previous ones, for the same Si€dntent. Based on the Ba content, this peralkgme
group can be further divided in two groups:

* P-High Ba trachytes (Pant23 and Member E of the Green Tuff) with Ba as

high as 1940-2160 ppm;

* P-Low Ba trachyte with Ba < 500 ppm (Pant21).

The “Mueggen” sample,has a more evolved composition than the Montagna
Grande trachytes with low concentrations of Rb &p¢pm), Zr (~ 1309 ppm), Nb (~
242 ppm), low Ba content (~ 89 ppm) and K/Rb ~ 42Hey are compositionally
contiguous with the pantellerite samples.

Metaluminous trachytes lavas are charaadriby a relatively low LREE
enrichment (Ce/Yl) = 6.8-7.0 and Eu/Eu*~1. The more evolved trachyié32-
Mueggen) has higher contents of REE, maintaingXd®, ~ 6.7, and shows an evident
negative Eu anomaly Eu/Eu* = 0.47 like to the pletigéic samplesfig. 4.5.

The trachytic enclaves in the Cuddia Randgmanice cone, are characterized by a
low LREE enrichment GgYby = 6.7. The P-LovwBa trachytes show a weakly negative
Eu anomaly (Eu/Eu* = 0.84-0.95), while pant23 (Bd) has an evident positive Eu
anomaly (Eu/Eu* = 1.50).

The same characteristics (high LREE enriaitn@s/Yby = 8,50 and Eu/Eu* =
1.56) are found in the Ba-rich trachytes from e of the Green Tuff (Member E).
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CHAPTER 5

PETROGRAPHY AND MINERAL CHEMISTRY
PHENOCRYST ASSEMBLAGES AND COMPOSITIONS

5.1 Extracaldera mafic lavas

The trachybasalts of Cuddia Rosse cone-@ostn Tuff) show porphyritic texture
with < 15-20 vol.% of phenocrysts of labradoritiagioclase (Abs.69), clinopyroxene
Wo0y0.45FS12.16 Olivine Fags.79 and microphenocrysts of Fe-Ti oxide all set in a
hypocrystalline to glassy groundmass.

Less frequentlgubhedral to anhedral olivine crystals are preapedtare relatively
Mg-rich (Fa) and unzoned.

Phenocrysts are mostly < 1 mm with sporé&atiger clinopyroxene (1-1.7 mm).

Fig. 5.1 Trachybasaltic scoriae from C. Rosse: thisection under transmitted unpolarized light
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5.2 Trachyte lavas

“Montagna Grande” metaluminous trachyte contain85-45 wt % of crystals

(Table 5.1), mainly anhedral to subhedral alkald$pars and minor clinopyroxene,

olivine and Fe-Ti oxides set in a holocrystallimeipocrystalline groundmass (Table

3.1).
Sample 0718 0750 0748 0732
Locali . “
b4 “C. Ricco” Montagna Granl(\jl? “Montagna Grande S” “Mueggen”
o FO19.2 rim FOwg.20 FiM
Olivine FOps.05 COTE Fosg.40 FOna06COrE Fos.10
. . rim (An, Abgg_7,0r23.
Feldspar fim (Aflos-00Aber720rza29  RiM (ANe1AbrorOnis.2) co(re (At 1Abro grzs) (AN1.5Abg3 72021
p core (Arpg.20Abgs-730r10.19) Core (Ans.s2AD47.740r3.17) B80T 11:) 37)

Nay,O in px 0.08 - 1.01 wt % 0.80 - 1.20 wt % 0.37-1.44Wt% 1.16 - 2.02 wt %
P Aug. (Wi asEMesad s Aug.(Was-aEps-adS3-29 Aug. (Way_44EMs 34FSs_ (Wous.aEn Aj:gite

yroxene ) Ti-Augite Fss.1s 20) 43-45= 3-2 st)

32,

Fe-Ti Xusp = 0.68- 0.65 Xusp = 0.63- 0.67 Xusp = 0.68- 0.67 Xusp =0.70- 0.73

e-frox. Xilm = 0.94- 0.96 Xilm = 0.95- 0.96 Xilm =0.94-0.97  Xilm = 0.95- 0.97
Amphibole - - Trace (gdm)
Aegirine - - Trace (gdm) Trace (gdm)
Aenigmatite - - Trace (gdm)
Accessory Apatite C;’S)gt?t‘z' nyrrr]]%ttlittz Apatite
minerals Pyrrhotite Pyrrhotite Sylvite Pyrrhotite

Table 5.1 Summary of mineral chemical features detmined by SEM-EDS (crystals > 5@m) of
the trachytes. Gdm = groundmass < 56m

In theless evolved trachyte (sample pan0750, Montagna &rde Nord) most of

feldsparsshow a large sieve-textured core surrounded bysaillatory zoned external

rim (Fig. 5.2). Based on the chemical compositibnee main feldspar populations can

be observed:

(1) anorthoclase with nearly homogeneous @siipn (Ans.g Ab7o.720r 2022,

(2) plagioclase with labradoritic compositi@ms4-50Ab 44-460r 2-3),

(3) directly zoned crystals ranging from kdboritic to oligoclasic coreAn 2.5z

Ab,47.730r3.15) to anorthoclaseAns.13Ab70.720r15.22) on the rim.
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Fig. 5.2 Sample 0750 Montagna Grande N, (a) opa'bmicroscoe and (b) SEM image (BS), are
evident the patchy areas filled with glass that castitute the sieved cores.

Two populations of clinopyroxewan be recognized:

(1) AugiteWo,0-4EN28.3FS3.28 With TiO, < 0.6 wt % and AlO; < 1 wt %, and

(2) phenocrysts with nearly homogeneous caitipa Fs;6.15 cCharacterized by Ti©
1.0-1.5wt % and AD32.7 - 4.0 wt %.

The majority of _olivine phenocrysts is euhedral, < 0.5 mm in size, and are

characterized by homogeneous composikogs.4o The groundmass olivine microlites

have the same compositi&iss.-3s

Fig.5.3 Sample 0750Montagna Grande N, SEM images (BSE) omicrocrystalline olivine crystal
with rare inclusions of Cr spinels (CrO3; = 18-20 wt %);

Euhedral crystals of Ti-magnetite ( < 50@ in size) Xusp = 0.63 - 0.67 are
abundant, while lImenite Xilm = 0.95 - 0.96 oczunostly in the groundmass. Cr-
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spinel with compositiorCr* (Cr/(Cr+Al) = 0.60 - 0.71Cr,O3 = 18 - 20 wt % is only
enclosed within olivine

The groundmassis nearly holocrystalline with trace of interstltiglass with
agpaitic index Al= 0.94-1.09. The mineral phases dhme found as phenocrysts, with
accessory chromite, apatite, pyrrhotite mainlyudeld in clinopyroxene.

Trachyteswith intermediate composition(pan0718 C. Ricco; pan0748 Montagna
Grande Sudhave mme-sized alkali feldspar (up to 5 mm) as aami mineral phase. It

consists of anorthoclase with rifmgz_odAbe7_70r 23_27and coreéAnpg.-odAbgs-730r 10-18.

A
Fe-Tiox -,-“2{::- X
b e < ey

¥

"~ \”?m

"

g

Fig. 5.4 Sample 0748, Montagna Grande Sud. Textureand composition of the crystals
anorthoclase strongly resorbed internally with inclusions di clnopyroxene (crossed polars, 20x).
kfs = alkali feldspar, Fe-Ti ox = oxides, cpx = dliopyroxene and gdm = groundmass < 50n.

Mafic minerals (less than 2 volume % of thi&@atoock) include subhedral augite
WO041-44EN26.34F S5 32 (TiO2 < 0.5 wt % and AlO; < 1 wt %), weakly zoned euhedral to
subhedral olivine (1 - 0.5 mm) with coré®,3.,g and rims Foig2, euhedral Ti-
magnetite Xusp = 0.68 - 0.65 and Imenite Xilm =40-9.96. limenite is mostly found

in the groundmass and hosted in olivine alirbpyroxene.
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with abundant inclusions of Fe-Ti oxides; b)The grandmass olivine microlites have composition in
the range Fa@ 1.

The microcrystalline groundmass is compasfethe same mineral phase found as
phenocrysts and minor interstitial glass (< 5 vgl %ccessory apatite and pyrrhotite,
included in clinopyroxene are common. The olivineicnolites have nearly
homogeneous composition in the raf@s-1o.

Trace of sylvite contouring vesicles/holes feldspar, most likely due to

precipitation during low-temperature exsolutioradfiypersaline fluid, are also found.

Fig. 5.6 Sample 0748/ontagna Grande Nord, SEM images (BSE) of feldspatrystals An;Abgg,
with quench sylvite.

In the Mueggen lava (sample pan0782, most evolved trachyte anorthoclase
Ani1.5ADbg3 720r21-37< 1 mmin size, represents the dominant mineral phasecated
with Fe-augite\N043_45En13-20Fsz5_32 (T|02 < 0.5 wt % and AlO;< 0.5 wt %),
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homogeneous olivinEog.;o < 0.5 mm in size, Ti-magnetite Xusp = 0.68 - Q1@Hging
in size from about 0.1 to 1.0 mand lImenite Xilm = 0.94 - 0.96 occurring mosity

the groundmass.

Fig. 5.7 Sample 0732 Mueggen, SEM images (BSE) dpyroxene phenocrysts with edge of growth
with amphibole, aenigmatite, aegirine.

Fig. 5.8 Sample 0732 Mueggen, SEM images (BSE) aliw phenocryst with alteration to the edges.

The microcrystalline groundmassis composed of the some mineral phase found
as phenocrysts with accessory apatite, pyrrhotigenly included in clinopyroxene.

All phenocrysts are sein a glassy groundmass variabfjevitrified with
aenigmatite and amphibole (Fe-rich) microlites. Tdl&ine microlites have nearly
homogeneous composition in the ramgg.q
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Fig. 5.9 Clinopyroxene classification on the basd quadrilateral components (Morimoto,1989), less enlved trachyte = sample pan0750, intermediate
trachytes = samples pan0718-pan0748 and more evalveachyte = sample pan0732.
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5.3 The Green Tuff

All the pantelleritic samplgsnember A-B-C-D) described below have a crystal
content< 15 vol %, while the upper trachytic sample (memBgiis characterized by
higher crystal content ~ 40 volume %.

Crystals in theéPantellerite (e.i. member A-B-C-D sample 0720-21-22-23) are
euhedral anorthoclaseAn(.1Abgo-6d0rss33 commonly < 1 mm, subhedral aegirina-
augiteWosg.4Fs47.53 andmicrophenocrysts of aenigmatite and quar@nly atthe base
of the sequence, in the openimgmber A (pumice fall), these mineral are associated
with fayalite Fag,.94 Crystals are set in a microcrystalline groundmesasably
recrystallized with trace of interstitial glassl(A 1.36 - 1.80). Apatite, pyrrhotite,
aegirine, are present as accessory mineral phasde wmphibole occurs only as
inclusions in clinopyroxene and feldsparable 5.2)

The groundmassis typically holocrystalline and consists of numeosmall
prisms of aegirine and alkali-feldspar.

The top of the Green Tuff sequence menditic trachyte (sample 0731vith
phenocrysts of weakly zoned anorthocldsé, mm in size, (coreAng.10Abgs-730r 22-24
rim An.4 Ab70.720r 2529, homogeneous clinopyroxeNéos3.44EN228FSg-30 (TIO2 < 1
wt % and AbOs < 1 wt %),euhedral olivine < 0.5 mm in size 0, abundant crystals,
up to 1 mm, of Ti-magnetite Xusp = 0.70 - 0.82 (r0l.%) and minorlimenite Xilm =
0.97 - 0.98 mostly in the groundmass.

Comenditic trachyte has a microcrystalline groundmass (trace of ititexlsglass
down to 10 vol. %, with Al = 0.92 - 0.98) with assery apatite and pyrrhotite. The

olivine microlites have nearly homogeneous compmsin the range Fo.
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Sample 0720 0721 0722 0723 0731
Locality C. Denti C. Denti C. Denti C. Denti C. Zididi
Member A B C D E
Olivine Fog.12 - - - Foi408
Feldspar Abg.63Or37.38 Abgg.70 Ora4.30 Abgy.71 Ozg.36 Abgo.65 Ol0.32 Abgg.71 Olzs5.28
Na,O in
1.44wt% 1.19-1.50wt% 2.25-.3.13 wt % 2.2-9.1%t 1.0-1.5 wt %
pyroxene
Pyroxene Wo0s1.4EMo.11  (WOzg.4E N1 (W03g.42ENY;. (W03g.40EN,. (W043.44Ep4.
Fsig.a9 12F$417.49) 10FS17.52) 10FS1950 26FS8-30)
Xusp = 0.66- Xusp = 0.66- Xusp = 0.74-
' I 0.67 0.73 0.82
Ti-Feox.  Xilm= 0.96 " Xim=098-  Xim=097-  Xim=0.97-
0.99 0.99 0.99
Amphibole - - Gdm Gdm Trace
Aegirine - - Gdm Trace Trace
Quartz Trace Trace Trace Gdm -
Aenigmatite Trace Trace Trace Trace -
Gdm (Al) 1.1-1.7 1.0-1.8 1.6-1.8 1.3-1.5 0.9-1.0

Table 5.2 Summary of mineral chemical features detmined by SEM-EDS (phenocrysts only) of
the Green Tuff sequence. Agpaitic Index = mol (N®+K,0) /Al,O3. aenig = aenigmatite; amph =
amphibole and gdm = groundmass < 5(m
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5.4 The Randazzo pumice cone

Pumice of Cuddia Randazzo are per-alkaline rteglpantellerites) with SiO=
66.1 - 66.5 wt %, KO + NaO = 9.4 - 10.7 wt % and Agpaitic Index between dn8
1.6 (Table 4.7).

They hold ~10 vol % phenocrysts of anorthoclase2 mm with nearly
homogeneous compositiddr 32-3¢Abeo-6s AN < 1.6 mole %, FeO3 = 0.3-2 wt %, and
aenigmatite associated with minor hedembergitinoglyroxene £s;s.40N036-44EN4-14
and Aess.29, ilmenite, tmagnetite, tfayalit€os g.

The groundmass is glassy to poorly-crystallMe&rophenocrysts and/or microlites
of quartz are sporadic or absent. In the Randarzadupts phenocrysts have commonly
rounded shape. It is likely due to pre-eruptivetingacaused by mixing between
pantelleritic and hotter trachytic magmas, foundabandant enclaves and xenocrysts
(Mahood et al., 1986; Prosperini et al, 2000).

The characteristics of the trachytic enctagan be observed in the pumice cone of
Cuddia Randazzo, along the road which cuts the oonés SW flankHere, abundant
enclaves with spheroidal to ameboidal shape wiémulated margins ranging from
few cm to 50 - 60 cm, armmon in the pumice deposit. Enclayeample pant21-22-
23) are light-grey in colour and are characterized drge anorthoclase crystals, up to
1.5 cm Fig. 5.15.
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Fig. 5.15 -Trachyte enclave pant23 of C. Randazzthin section under transmitted light.

The BaO-rich enclaves pant23 (see par.4.2, BaO48 ppm) contains phenocrysts
of anorthoclase in the rand&es-76An,.16 With a BaO content up to 2.5 wt % ( i.e.
Celsian composition up to 4 mole %), Oliviffenzp-30), ClinopyroxengWosz2-45En20-28
Fss039 and minor magnetite.
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The sample pant21-24 (BaO < 600 ppm) showenewolved mineral chemistry
with anorthoclasé\bgs s7An < 4 and BaO < 1 wt %, OlivineFpg.16), Clinopyroxene
(W03g-4EN18-2dS39-45 @and minor oxidesHigs 5.16, 5.1Y.

Fig. 5.16 Sample pant21 (trachytic enclave) of C.ddazzo. microphotograph of the spherulitic
texture in the groundmass of the trachytic enclaves

A variability of textures which includes é&nspherulites to open, coarse fan-
spherulites, hopper to skeletal textures charastetine groundmass of both small-
dispersed fragments and blocksgs 5.16, 5.1Y.

The mineral composition of the groundmassclsse to that of the typical
pantellerites and consist of anorthoclAses.¢5 Or3,.36AN0.1-0.9 Clinopyroxene Ksso-sg);
rare fayalite; ilmenite I[mgs.97), Ti-magnetite Usp;s.79 and strongly peralkaline

interstitial glass (Al up to 2.4).
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Fig. 5.17 Sample pant21(trachytic enclave) from CRandazzo, SM image (BSE), showing
spherulitic textures and vesiculated interstitial dass.
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Fig. 5.18 - Trachytic enclaves and pumice in CuddidRandazzo, compositional variations of alkali feldpar.
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5.6 Intracaldera mafic lava (Benmoreite 0749)

Lava sample from Montagna Grande with benmiorditilk composition has a
highly porphyritic (Pl = 55-60 vol. %), seriate taxe. Phenocrysts, in order of
decreasing abundance, are: feldspar, olivineppiiroxene, and subordinate magnetite
and ilmenite set in a microcrystalline groundmassmposed of plagioclase,
clinopyroxene, olivine, accessory apatite, pyritecnd < 3 vol % of interstitial glass.

Textural characteristics and mineral chemissych as the presence of resorbed
phenocrysts, reversely and directly zoned crystdh wesorbed cores along with
microphenocrysts showing textural equilibrium withe groundmass, point to the
occurrence of different mineral paragenesis mixggther in the rock.

Three main_feldspapopulations can be observed: (type A) directly exbn
phenocrysts of andesinic plagioclagen{s.so Aba7.50); (type B) microphenocrysts and
microlites in the groundmass with andesinic to daloritic composition Anzs4-7o0 Abga-

30); (type C) sieve textured phenocrysts, directlpenb from oligoclaseAn2s.10 Abes.
67) t0 anorthoclaseAN15.10 Abes-70)-

10| b)
Y0 100 200 300 400 500 600 700 800 900
rim core

TO F
An%

60| -
50| ¢

40 .

30 .

+

20
10 d)
0 10 20 30 40 50 60 70 80
rim (micron) core

Fig. 5.20 Sample pan0749 of M. Grande N, SEM imag¢BSE), type A and B feldspar (2a, 2c) and
composition traverses (2b, 2d) along a rim-core agi texture and composition of the feldspar:

rounded anorthoclase zoned with sieved textured ces characterized by abundant glass inclusions,
and direct zoning (type 1 feldspar). Microlites inthe groundmass with direct-zoning (type2).
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Fig. 5.21 Sample pan0749 of Montagna Grande Ngompositional variations of plagioclase and
alkali feldspar .

Three populations of clinopyroxewan be recognized: Type -Arystals with Fe-
rich cores (WaoFSs, TiO2 < 0.7 wt % and AlO;< 0.9 wt %), close to the composition
of the clinopyroxene in the trachytes, and diopriits (WagFsi2, TiO, < 3.2 wt % and
Al,O3 < 7.4 wt %); _Type Brare phenocrysts with nearly homogeneous compaosit
WoyoFsi4 characterized by medium-high content of 7{0.4-2.7 wt%) and A3 (3.1-
6.0 wt %); Type Czoned crystals with composition close to thathaf Type B in the
cores (Wa4Fsis, TiO, < 3 wt % and AlO3;< 3.8 wt %) and less evolved rims (\es1,
TiO, < 3 wt % and AlO;< 6.6 wt %).

Microphenocrysts in the groundmass havesitp composition FsFs;o.
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En Fs

Fig. 5.22 Sample 0749 Montagna Grande, compositidraverses along a rim-core axis of pyroxenes : typ(b) homogenous, type (a) with inverse
zoning and type (c) pyroxene in groundmass.
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Olivine crystals show a wide compositional range withradalal distribution.

The majority of olivine phenocrysts is euhédfaand 0.5 mm in size, and are
characterized by a rather large compositional zZpnianging from Fg.g4 (cores) to
Foso-64 (rims) (Fig. 5.22) A second population is represented by skeletglnals with
homogeneous composition 42@s Olivine microlites in the groundmass have nearly

homogeneous composition in the range;Fa (Fig. 5.22).

Olivine (fo84-60) with Cr-spinel

Fig..5.23 Sample pan0749 of Montagna Grande Nord,E® images (BSE) of olivine crystals. a)
zoned crystals core Fg, and rim Fogg with abundant inclusions of Cr-spinels; b) olivinewith texture
and homogeneous composition. Inclusions of magnegiare peculiar.
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Fe-Ti oxidesonsist of abundant euhedral Ti-magnetite Xusp65 6.0.72 ( < 500
um in size) and minor Imenite Xilm = 0.94 - 0.96 stlg in the groundmass.

The Cr-spinel is only enclosed as subhedraViddals in olivine with compaosition
Cr# (Cr/(Cr+Al) = 0.60 - 0.67 in olivine kgssand Cr# = 0.43 - 0.47 in olivine ks

Glomeroporphyric crystallots are abundant. They are composed of clino@yre
Fsis-20 Olivine Fao.gpand magnetite Xusp = 0.70 - 0.71, with apatite pywhotite as

accessory minerals.

100N | F—

S / ; "o S f y N a. m
Fig. 5.24 Sample pan0749 of Montagna Grande Nord,EM images (BSE) of glomeroporphyric
crystal composed by clinopyroxene, olivinand magnetite are abundant with apatite and pyrrhotte
as accessory minerals.
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CHAPTER 6

TRACE ELEMENTS IN MINERAL PHASES,
a key to magma evolution from mafic to felsic lidsii

Clinopyroxene is one of the most abundant maisein igneous rocks and plays a
major role in the generation and subsequent diftexeon of magma.

Trace element partitioning between clinopyrexeand silicate liquid has therefore
been the subject of intense study, especially siheesuccessful application of lattice
strain theory to crystal/melt element partitioninggneous systems.

The determination of partition coefficients toace elements between minerals and
silicate melts Kyuaniq IS €ssential to understanding magmatic proce3se=se data can
be obtained on both natural and experimental samgtalyzing mineral phases and
melt in equilibrium.

Knowledge of the partitioning of trace elensepetween mantle minerals and partial
melts is fundamental in evaluating partial meltorgfraction crystallization processes
and determining the dependence of mafic magma geoeshe mineral composition of
the mantle sources.

The crystal-liquid partition coefficients agenerally assumed to be constant during
differentiation, an assumption which is petrologjicanplausible and which contradicts
observed variations in partition coefficients (J»a895).

We focus mainly on the partitioning of rarerteaelements (REE) between

clinopyroxeneand melt from alkaline basalt to peralkaline, tygel and pantellerite.

6.1 Pyroxene chemistry

Trace elements in clinopyroxenes have beelyasdin 7 samples which include
rocks with different degree of evolution and tragsywith different geochemistry:
- trachybasalts of C. Rosse (pan 2);
- lava with benmoreitic bulk composition (pan 0749);

- metaluminous trachyte of Case Ricco (pan 0718);
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- the more evolved trachyte (Mueggen pan 0732);
- Ba-poor trachytic enclave of C. Randazzo ( 2dnt
- Ba-rich trachytic enclave of C. Randazzo (pa)jt 2
- the rhyolitic pumice of C. Randazzo (pant 2A2C).

Thetrachybasalts of C. Rosse (pan@yoxenesare salites/augite@Noys-4Enuo-
42FS12-14), pyroxenes from thdava with benmoreitic bulk rock (pan0748ve salites to
augitic composition (W@EnFs;» to WaisEnsFss), the metaluminous trachyte of C:
Ricco (pan0718) and the more evolved trachyte ofegyen (pan0732) show
pyroxenes with composition from augite to Fe-al(d/a,1EngoFS9 to WaoEMmsFSso),
the C. Randazzo trachytic enclapant21-23)and pumicgpant2A2C)pyroxenes are
Fe-augites to Fe-hedenbergites (¢Fms:1FS7 to WaisEnsFsso) (fig.6.1).

Compositional differences between hedenbemyiie diopside result in contrasting
major element cation site assignments. Silicon pesuthe T-site and Al makes up any
Si shortfall in tetrahedral coordination. Si + Al approximately equal to 2 a.p.f.u. for
all pyroxenes. M1 hosts all “fiand also hosts Fe, Mn, and Mg, but significant-Q¢a
shortfalls (< 1 a.p.f.u.) in the hedenbergites nexjthat at least some Fe and Mn, and
probably Mg, occupy M2. (Olin P. and Wolff J., 201

These structural changes should have consegsidor trace element partitioning
behaviour, which should therefore differ betweerriER and the more common Mg-

rich pyroxenes.
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Fig.6.1 Summary of clinopyroxenes composition in saples analyzed for trace elements (LA-ICP-MS).
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6.2 Trace element variations in clinopyroxenes flmasalt to pantellerite

As a whole from basalt to silicic member onlyGb and Sr show an evident decrease
in pyroxene (able 6.2. REE increase steadily from basaltic to silim@cks following
nearly parallel trends i.e. without any relevardrge in slope, for basalt to trachyte, but
clinopyroxenes from pantellerite show a markedaase in HREE (La/Ly)basalt =
0.80-1.48 and (La/Lw)pantellerite = 2.53-2.9F(g. 6.4.

Among the silicic rocks the Eu anomaly is abserved only in pyroxene of the Ba-
rich trachytic enclave from C. Randazzo (pant23)cwhalso show the lower REE
contents [Fig. REE). While a negative evident Eu anomaly is presenthe others
trachytes and in the rhyolite. Eu anomally in therenevolved rocks is likely associated
with feldspar fractionation.

Nevertheless this general behaviour themotsof a regular increase of REE and
incompatible trace elements with decreasing of Nig#Mg/Mg + Fey) in pyroxene
(Fig. 6.2. For example Mueggen trachyte shows HREE enriemerhigher than the
more evolved pantellerites. At least two parallehtls can be seen.

The variations of Zr and Nd vs Mg# in pyroxdmeghlights two distinct trends which
intersect at the basaltic end-member: a ITE-ricends which includes the
metaluminous trachytes of Montagna Grande (high{f&Ehytes), the Fe-rich pyroxene
of the “benmoreitic” sample and the more evolvedthiyte (Mueggen), and a ITE-poor
trend which includes Ba-rich, Ba-poor peralkalireecehytes and peralkaline rhyolites of
C. Randazzo. Moreover, pyroxene in the Ba-poorlkaliae trachytes (pant21, SiG
64.5 wt %) has lower Mg# and higher Ca content ttteose of the more evolved
trachyte of Mueggen (pan0732; $i1©66.8 wt %) Fig. 6.2).

6.3 Results

The trachyte Mueggen (pan0732) has LREE comiese to that of the rhyolite and
slightly higher MREE. Only pan0718 (C. Ricco) atm# evolved pyroxenes of the
benmoreitic sample (pan0749) show the same enrichrok HREE, while in the
peralkaline rocks, both trachytes and rhyolitesjd.more enriched than YiQ. 6.3).
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The trace elements in pyroxene hosted insdraple Benmoreite pan0749 (with
benmoreitic bulk composition) confirm the occurreraf three population of crystals
(Figs. 6.2-6.3:

(1) a diopsidic pyroxene which has the sanmaistry than the pyroxene of the C.
Mursia trachybasalts:

(2) Fe-rich pyroxene with the same chemistignt the pyroxene in trachytes, in
particular the Casa Ricco trachyte (pan0718);

(3) intermediate composition found as rims the previous crystals and

microphenocrysts.

6.4 Kd of Rare Earth Elements in pyroxene

The lattice structure of clinopyroxene changesesponse to changing Fe/Mg and
Na/Ca due to the size differences between Na andndaFe and Mg (Cameron and
Papike 1980).

Ko values for LREE and HREE are published from @eaof magma compositions
(Mahood and Hildreth,1983, Mahood and Stimac, 1990

Kd cpx/liq La Ce Kd cpx/liq Yb Lu
Kyg Kyq
for trachyte melts 0.28 0.48 for trachyte melts 1.4 1.8
(Mahood and Stimac, 1990). (Mahood and Stimac, 1990).
K K
For pantellerite melts 0.51 0.81 for pantellerite melts 45-64 6.1-8.1
(Mahood and Stimac, 1990). (Mahood and Hildreth,1983).

Table 6.1Partition coefficient LREE and HREE in clinopyroxenes

The primary factors controlling the style ahde element partitioning between
clinopyroxene and silicate melt are mineral comgpmsiand the ionic radius of the
substituting cation.

Heavy REE enrichment in Fe-rich clinopyroxefresn felsic magmas is caused by
substitution into sixfold coordinated sites (M2 ®fl). Increased heavy REE
compatibility coincides with the higher Fe and Matents of these pyroxenes.

One possible explanation, could involve thepted substitution:

Ca®* + Fe* = Na + HREE®**
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One possible problem regards the late crysasibn of accessory phases (apatite,
pyrrhotite) that concentrate REE and would theeefdeplete the melt in REE after
pyroxene growth.
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Fig. 6.3 REE in: 1) - 2A2C pumice pantellerite 2} 0732 trachyte “Mueggen” 3) - 0718 trachyte “C. Rico” 4) pant21-23 trachytic enclaves 5) 0749
benmoreite -interm-, -basalt- and —trach- and 6) an2 basalt. Normalizing values are after McDonougland Sun (1995).
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Rock PanZbasalt 0749 benmoreite

type C. Rosse Montagna Grande N

Sample 1 2 3 la 1b 2a 2b 2c 3a 4 ba 5b 5¢
Siowt%  50.39 49.39 49.89 50.81 51.04 46.79 45.95 861.50.91 5155 51.05 51.20 51.45
AlO; 354 454 324 055 063 629 069 066 065 06860 065 0.76
TiO, 129 219 137 046 054 260 041 054 046 05952 048 053
FeO 833 863 841 1659 17.29  7.73 14.96 14.96.3616 1492 1576 1592 1532
MnO 021 012 0.12 105 1.05 011 096 097 1.02.930 101 1.04 0.96
MgO 1469 1472 14.89 10.82 10.36 14.13 13.32 712070 11.97 11.32 1121 11.74
caO 21.18 20.18 20.82 19.06 1898 21.02 21.86 019.59.45 19.27 18.99 19.07 19.24
NaO 039 042 0.39 062 068 045 045 051 059630. 055 061 0.60
Cr,0; 036 026 0.30 004 000 024 036 002 002 00000 0.00 0.2
Wo 439 437 439 404 402  40.6 406 411 40.6 .34040.1 402 402
En 423 424 413 319 305 344 341 314 360 .834332 328 342
Fs 13.8 140 148 278 293 250 254 275 234 924267 270 256
Li ppm 1.03 0.00 054 325 297 738 404 394 672. 1.49 351 160 2.38
Be 0.00 11.87 0.00 172 123 192 230 000 1.43.004 548 462 0.00
B 760 0.00 0.00 156 155 174 356 187 138 035329 690 3.64
Sc 010 011 0.0 281 152 107 138 131 130 124 14438 130
Ti 4002 3820 4302 3176 2915 12729 4025 3448 3448033 3280 3238 3154
Y 030 021 037 22.16 44.98 257 6470 59.19 56.49.80 50.12 54.17 5559
Cr 0.38 040 0.39 353 280 2111 504 16.80 353.846 7.12 6.78 7.88
Co 0.04 004 0.04 13.39 16.22 3896 21.46 18.74.4716 1881 17.21 1590 18.45
Ni 056 072 058 177  1.96 199 398 327 239 938284 119 275
Zn 0.00 0.00 0.00 271 266 41 287 299 269 238 25560 2 264
Rb 213 205 214 0.07 005 008 007 012 0.11.170 0.15 025 0.5
Sr 329 419 337 17.29 20.18 5461 27.69 16.94.3726 1843 17.40 17.26 17.57
Y 217 248 261 9190 114 2069 136 123 109 11621 1 120 120
zr 022 021 032 83 100 8460 121 112 9479 10409 1 116 109
Nb 0.00 000 0.00 054 048 0.83 093 1.01 0.76950. 086 043 049
Cs 0.00 003 0.00 0.01 001 002 002 002 001030. 003 031 0.02
Ba 293 341 327 0.05 005 009 018 082 0.64180. 0.18 019 0.18
La 475 566 5.05 2519 2845 478 3447 30.94.3%4 2513 2897 29.66 28.04
Ce 6.00 735 6.35 83.63 96.68 17.56 112 97.48 18819 9520 97.36 92.64
Pr 7.96 1031 7.81 1465 1699  3.23 2017 16.96.7619 15.63 16.50 17.87 16.41
Nd 837 971 842 78.05 88.04 17.15 102 92.89 995 82 89.97 89.90 87.82
Sm 7.63 10.38 8.06 2263 2584 6.00 2801 2511.032824.68 26.30 23.92 24.39
Eu 6.79 875 7.6 491 504 184 614 490 562194. 498 502 4.66
Gd 514 6.63 550 2315 2651 564 29.38 27.53627.2532 26.56 29.78 26.30
Td 504 591 494 346 411 089 586 530 472724 556 561 4.84
Dy 377 510 3.95 2095 26.45 540 31.22 2880 6126.24.38 26.76 30.52 29.33
Ho 341 417 299 391 489 089 586 530 472724 556 561 4.84
Er 255 304 251 10.39 1257 214 1474 14.27 0512.13.10 12.98 14.34 14.37
Tm 224 286 279 144 175 022 201 202 160751. 209 194 1.89
Yb 215 345 220 9.73 12.08 161 1448 1268 91.13.89 13.72 1477 11.18
Lu 339 385 641 154 2,04 018 222 216 175941 1.98 217 1.95
Hf 0.85 074 1.80 285 359 3,69 469 464 341 213. 448 457 424
Ta 1056 0.00 0.61 0.03 002 015 002 006 0.04.050 004 0.02 0.02
Pb 000 013 0.3 013 009 007 012 012 0.08160. 015 0.17 012
Th 0.00 023 0.00 002 003 0.06 008 006 0.15050. 003 002 0.8
u 1.03 000 054 001 001 001 003 001 005 200001 000 0.01
Na/Ca 003 002 0.04 0.03 004 002 002 003 00803 0.03 003 0.03
Zr/Th 091 085 0.85 091 08 08 082 079 11076 079 081 077
CelY 276 296 243 235 219 297 211 210 3.0A4.74 190 180 227
(CelYb) 076 058 0.79 070 069 050 077 078 100 06869 078 0.72
(LasSm), 039 034 0.39 170 145 281 162 149 263 13952 142 149
(La/Lu)y 140 147 079 070 069 050 077 078 100 06869 078 0.72
Eu/Eu* 121 120 117 066 059 096 0.65 057 206051 058 057 056

Table 6.2 - Major elements by EMP and trace elemésby LA-ICP-MS of pyroxene in selected rock sanips.
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Rock 0749 benmoreite
type

Montagna Grande N
Sample 6a 6b 8a 8b 8c 8d 9a 9b 14a 15a 15b 18a 18b8c
SiOwt% 51.27 51.58 47.36 47.28 46.76 51.89 51.22 @1.448.28 50.88 51.76 47.28 49.79 50.03
AlO; 050 065 615 605 680 140 054 058 526 05061 524 327 313
TiO, 046 042 236 232 272 072 043 046 188 04®46 167 137 147
FeO 16.47 1538 831 809 7.76 1349 16.17 1598 34 6.15.38 1567 6.00 879 826
MnO 104 110 010 0415 015 084 1.08 106 012 960. 1.01 010 0.32 018
MgO 11.22 1153 1369 13.77 13.64 1238 11.15 11.185.16 1143 1105 13.78 15.15 14.60
caO 18.86 19.63 21.23 2128 2156 19.41 19.04 19.08.94 19.21 1946 21.61 20.62 20.84
NaO 056 057 054 051 048 065 057 059 045610 056 043 0.38 048
Cr,0; 000 000 008 009 023 000 003 000 034 00001 002 006 004
Wo 40.6 411 406 403 401 402 402 40.6  40.8 639.409 401 40.1 453
En 341 314 360 348 332 328 342 336 322 832334 326 326 407
Fs 254 275 234 249 267 270 256 258 27.0 627.257 273 273 140
Li ppm 261 322 223 539 591 292 380 191 533507 509 942 746 6.60
Be 375 000 615 760 722 436 442 286 409 235217 165 205 0.00
B 294 316 371 324 382 308 304 233 158 36839 216 097 144
Sc 136 135 94 112 118 115 166 189 99 128 149 98 10811
Ti 3242 3282 13943 15817 15639 3961 3333 3378 15048137 3579 15031 9142 9139
Y 52.22 53.43 318 346 315 101 51.63 44.77 293 62.82.84 337 295 294
Cr 500 5.16 644 866 865 557 6.33 7.60 2435 971514 884 305 270
Co 18.44 17.56 38.87 41 36.99 1846 1825 19.38 9931.17.75 18.88 33.14 37.39 35.73
Ni 311 272 161 185 151 473 172 161 160 2.24 602. 63.32 39.45 36.16
Zn 264 277 49 63 95 213 270 277 40 206 230 26 39
Rb 011 012 010 034 015 013 012 012 0.16080. 028 006 0.04 0.5
Sr 21.07 2290 64.89 71.80 6528 2444 17.30 16.075.23 21.43 23.03 55.64 37.55 41.20
Y 114 118 37.66 40.11 5142 9573 122 117 19.47 116110 10.79 1274 1521
zr 99 105 132 143 152 9458 105 112 87.86 108  1112.708 24.12 28.59
Nb 048 073 128 125 139 090 070 092 125 705096 020 023 032
Cs 0.02 003 004 005 005 0002 0003 002 010.030 003 001 0.01 001
Ba 010 029 018 006 006 085 019 015 122 001054 003 007 0.04
La 26.32 2819 956 1009 1292 20.87 27.33 29.11555 2853 27.55 236 1.92 267
Ce 89.43 9359 3297 3549 46.95 71.26 91.43 97.40.27 9225 9245 1008 7.61 11.32
Pr 1566 16.67 6.28 6.43 869 1244 1595 16.98 733623 1599 189 157 214
Nd 85.17 86.71 3421 3594 4827 6826 89.39 91.92094 86.04 86.46 1091 893 11.64
Sm 2476 2472 915 1001 1299 18.89 2586 26.56.20 624.18 2428 3.06 3.24 357
Eu 510 545 317 344 360 430 516 522 194 945573 145 138 1.65
Gd 2622 2747 941 1085 13.11 21.02 27.65 25.41.97 426,65 2610 3.60 435 4.00
Td 467 521 142 161 202 322 415 416 077 939390 047 056 059
Dy 2637 2515 891  9.33 11.90 21.17 27.63 2539 235.27.19 2591 278 290 361
Ho 467 521 175 175 211 396 511 460 1.03 952498 055 054 067
Er 13.06 1289 356 473 586 1043 1310 1308 121345 1207 130 140 165
Tm 185 190 050 050 078 145 187 178 014 815165 010 0.8 0.16
Yb 11.80 1211 3.03 303 361 991 1335 1319 14822 1144 092 107 1.07
Lu 194 204 520 669 684 345 386 438 319 74,6400 167 1,20 1,38
Hf 358 402 027 026 038 007 002 003 020 600003 003 002 003
Ta 0.03 005 017 019 017 010 015 017 012 900016 005 005 0,05
Pb 018 018 013 015 012 0,04 004 004 010 0011003 001 0,02 001
Th 004 004 001 002 004 001 001 002 001 300004 000 001 001
u 000 001 027 02 038 007 002 003 020 00803 003 002 003
Na/Ca 003 003 003 002 002 0.03 003 003 00203 003 002 002 002
Zr/Th 079 079 088 08 091 074 075 083 104079 084 093 060 074
CelY 207 211 298 321 355 197 187 202 3.83.252 221 299 194 288
(Celyby, 067 072 066 063 063 070 067 069 056 07471 049 037 047
(LaySm) 141 144 262 211 229 156 140 151 1112 14348 186 136 1.87
(La/Lu)y 067 072 066 063 063 070 067 069 056 07471 049 037 047
Eu/Eu* 061 064 104 101 084 066 059 061 10055 070 133 112 134
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Rock

Pan0718 trachyte

Pan0732 trachyte

type

“Case Ricco” “Mueggen”
Sample 1b la 2a 2b 3a 3b 4da 4b 5a 5b la 1b 2a 3a
Siowt% 51.64 50.86 51.14 51.38 5145 51.30 51.71 50.%2.89 51.50 50.22 50.13 49.98 50.22
AlOs 062 099 067 068 071 079 060 079 088 06830 030 030 0.33
TiO; 047 059 045 052 047 078 047 049 053 05053 042 038 0.39
FeO 16.64 17.42 17.21 16.83 1651 1590 16.82 1587.04 1586 23.89 2356 23.32 22.20
MnO 096 105 112 095 098 088 095 087 107 880. 1.43 1.40 135 1.19
MgO 10.45 10.17 10.07 10.20 10.18 10.80 10.23 11.2D.36 10.80 511 521 520 6.18
CaO 20.30 19.63 19.70 20.09 20.40 20.19 19.68 19.69.77 19.94 18.86 19.18 19.33 19.60
NaO 047 056 054 051 051 054 050 051 052450. 090 089 083 0.72
Cr,0; 000 000 000 000 000 000 0.00 000 000 00000 000 000 0.00
Wo 412 422 414 420 4256 422 412 412 410 741.415 421 425 425
En 29.7 302 294 297 296 314 298 327 299 431156 159 159 187
Fs 291 276 292 283 278 264 290 261 291 926.429 420 416 388
Li ppm  19.43 2147 13.37 1622 1245 1753 143.9@ 19.01 2027 767 855 897 6.61
Be 324 320 071 240 079 283 164 260 128 829281 199 092 225
B 172 152 414 170 255 191 158 205 194 21266 109 213 201
Sc 153 153 158 167 151 149 154 145 174 169 197 17@00 205
Ti 3530 3943 3616 3870 3454 3820 3560 3772 4247 44312865 3090 2699 2660
\% 19.01 18.86 16.78 18.78 19.62 2474 17.06 29.9D.6%2 28.64 092 1.63 1.02 3.00
Cr 746 260 256 342 203 263 234 227 244 832270 241 261 220
Co 13.46 1232 11.96 11.97 1229 1250 11.73 14.02.06 1262 494 464 539 577
Ni 128 054 116 1.05 0.67 196 165 125 046 504034 043 038 053
Zn 279 316 286 290 270 266 285 248 260 242 355 39870 348
Rb 008 025 005 006 006 006 008 005 006 400008 007 006 0.07
Sr 11.08 14.32 12.36 13.24 1460 1801 12.87 20.18.74 2343 213 212 210 248
Y 129 135 128 128 119 124 127 107 95 97 176 204 16954
Zr 122 146 127 139 116 135 128 108 94 96 256 290 7 22197
Nb 071 091 074 083 059 068 074 070 053 606110 112 093 078
Cs 002 003 001 000 002 003 001 001 001 100010 002 001 001
Ba 023 047 009 004 009 011 002 008 015 400010 008 005 0.05
La 3335 3807 33.33 3560 30.01 32.89 3188 2528.53 24.05 79.88 105 7277 6531
Ce 113 127 114 120 103 114 110 8898 83.12 84.82 3 24311 224 200
Pr 19.96 2190 2028 21.13 1859 19.91 18.83 1584.61 1478 3945 4930 36.53 33.46
Nd 105 112 105 111 95 105 100 80 78 79 187 229 17859
Sm 29.80 3231 30.18 30.30 26.44 31.17 2854 248257 22,69 4414 5325 4289 39.25
Eu 324 417 347 368 298 335 315 358 381 038479 584 453 423
Gd 3172 3254 3011 3047 2886 30.29 30.19 252296 23.16 39.03 4955 3825 35.69
Td 489 491 457 472 439 447 461 3.89 334 234577 695 575 546
Dy 31.05 30.80 29.22 2952 26.87 2927 2855 248179 2259 3650 4147 3340 31.69
Ho 557 586 546 542 500 537 524 454 391 142640 757 646 6.01
Er 14.40 1543 1462 1432 1444 1383 1414 12.00.47 1073 17.41 20.18 16.54 1568
™ 188 218 2,04 190 197 193 193 162 134 215257 309 252 250
Yb 14.87 14.84 1347 1382 1293 13.66 1394 11.63.81 11.24 20.82 29.79 2579 23.39
Lu 237 242 229 214 210 200 218 173 155 115380 441 419 348
Hf 455 519 457 503 356 533 460 350 3.01 236849 1108 741 6.02
Ta 004 005 005 005 002 003 001 002 003 300004 006 001 0.01
Pb 037 023 013 013 012 015 0.08 012 012 006.320 030 030 0.26
Th 003 006 003 003 003 003 005 006 002 300004 003 003 002
U 001 002 001 000 001 001 002 002 001 00D01 001 001 001
Na/Ca 002 003 003 003 003 003 003 003 00802 005 005 004 0.04
ZrITh 3606 2507 3884 5047 4039 4614 2688 1963 3767244 6084 10202 7284 9574
CelY 088 094 090 094 087 092 08 083 087.880 1.38 152 132 130
(CelYby  2.08 234 233 239 220 229 216 209 232 20821 286 238 234
(La/Sm)y 070 074 070 074 071 066 070 065 066 061.14 125 1.07 1.05
(La/Luyy  1.46 163 151 173 148 171 152 152 158 16@18 248 180 195
Eu/Eu* 032 039 035 038 033 033 033 044 05051 035 035 034 035

Table 6.2 - Major elements by EMP and trace elemésby LA-ICP-MS of pyroxene in selected rock sanips
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Rock

Pant23b trachyte enclave

Pant21b trachyte enclave

type

“ Cuddia Randazzo” “ Cuddia Randazzo”
Sample 2a 2b 3a 4da 4b 5a 5b 2a 2b 2c 2d 2e
SiO,wt%  51.27 51.27 50.99 50.17 51.13 5159 51.15 149.449.07 48.97 48.88 49.08
Al,0; 0.70 0.80 0.56 0.64 0.69 0.81 0.88 034 036 0.39.31 0.35
TiO, 0.66 0.67 0.59 0.60 0.59 0.66 0.59 050 061 0.50.47 0.56
FeO 19.10 17.94 21.00 17.96 18.04 16.70 16.90 24.6B1.64 24.68 25.26 24.68
MnO 1.11 1.10 1.22 0.96 1.13 1.02 0.96 1.41 138 341. 133 1.34
MgO 8.76 9.46 7.10 8.96 935 1078 1032 392 4.16368 356 4.48
CaO 20.18 19.73 20.20 20.31 20.07 19.80 20.34 19.9P.89 19.84 19.83 19.87
NaO 0.54 0.54 0.58 0.59 0.59 0.49 055 065 066 730. 0.74 0.65
Cr,04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.3 0.00.00 0.00
Wo 42.3 415 42.9 43.4 42.2 41.1 42.4 442 442 643.443  44.0
En 25.6 27.7 21.0 26.7 27.4 311 29.9 11.4 110 412.123 120
Fs 32.1 30.8 36.1 29.9 30.4 27.8 277 444 448 044.434 440
Li ppm 0.68 2.21 1.15 2.54 1.49 1.18 4.35 241 231 470 182 4.41
Be 1.78 1.47 2.19 1.78 1.29 2.57 1.47 2.79 269 722000 381
B - - - - - - - 2.29 1.75 187 115 0.11
Sc 291 301 285 297 292 271 289 175 187 161 193 204
Ti 4228 4380 4338 4481 4675 5179 5528 3913 4071 6418732 3997
\Y 5.03 6.27 2.14 8.13 936 1293 11.76 0.43 0.55 420. 0.27 0.52
cr 1.91 1.75 2.04 2.17 1.75 1.91 2.17 2.75 1.96 128205 218
Co 3.21 3.58 2.29 3.54 3.53 5.03 4.81 1.76 198 016171 2.09
Ni 0.50 0.28 0.33 0.40 0.46 0.48 045 041 0.33 903029 042
Zn 182 177 224 185 193 152 171 318 317 316 321 278
Rb 0.05 0.22 0.05 0.05 0.04 0.05 005 009 0.05 070. 0.11 0.07
Sr 7.65 7.93 4.84 8.27 8.27 1047 1069 333 3.83.523 395 3.69
Y 49.74 51.06 5462 5053 51.21 4577 4873 68.064.67 7542 67.16 66.78
zr 5341 52.84 63.04 5116 53.15 36.48  43.02 113 4 13 149 118 110
Nb 0.27 1.13 0.37 0.82 0.43 0.42 0.35 0.01 0.01 100001 001
Cs 0.01 0.01 0.01 0.01 0.01 0.01 001 001 001 10.0001 0.01
Ba 0.13 1.11 0.10 0.09 0.10 0.26 036 005 0.05 901040 0.08
La 1597 1476 2011 1463 1540 1115 11.90 39.8%4.70 33.12 39.90 34.98
Ce 51.24 4844 6332 49.02 5142 3785 42.66 121 9 10 120 119 110
Pr 9.41 9.21 1096 9.07 9.32 7.27 7.85 2155 19.288.45 20.99 18.78
Nd 52.32 49.17 5834 4959 50.00 4023  48.42 0.00.000 0.00 0.00 0.00
Sm 13.17 1383 1643 1449 1419 1173 1326 21.68.81 26.60 24.77 22.25
Eu 4.20 412 4.15 4.37 4.97 5.64 5.02 3.58 3.99 7364.00 3.67
Gd 1445 1451 1620 1499 1525 13.04 1410 19.%R.05 20.86 20.37 18.88
Td 1.93 2.09 2.22 2.05 2.07 1.77 2.12 2.22 205 720177 212
Dy 1219 1236 1335 1177 12229 1165 11.68 16.508.87 17.88 17.38 17.04
Ho 2.14 2.27 2.40 2.15 2.26 1.89 2.07 304 320 634298 299
Er 5.63 5.50 5.94 5.32 552 5.29 504 844 842 19.3881 845
Tm 0.76 0.80 0.91 0.82 0.75 0.66 0.59 1.38 140 714125 1.26
Yb 5.84 5.42 7.20 5.91 5.08 3.94 442 1190 12.423.16 11.84 10.69
Lu 0.98 0.92 1.25 0.95 0.94 0.67 0.75 2.41 264 925253 217
Hf 1.67 1.91 2.31 1.63 1.53 1.16 153 423 455 451407 421
Ta 0.01 0.06 0.02 0.03 0.03 0.02 001 002 003 50.0001 001
Pb 0.06 0.12 0.07 0.08 0.04 0.08 0.04 021 0.25 0.28.180 0.11
Th 0.01 0.09 0.03 0.02 0.03 0.05 0.02 0.01 0.01 10.00.05 0.02
u 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0D.01 0.01
Na/Ca 0.03 0.03 0.03 0.03 0.03 0.02 0.03 003 0.03.04 004 003
Zr/Th 3816 599 1984 2557 1716 763 1994 10381 13304871 2363 6968
CelY 1.03 0.95 1.16 0.97 1.00 0.83 0.88 1.79 146 591 178 1.66
(CelYb) 2.40 2.44 2.41 2.27 2.77 2.63 264 280 240 25@.76 2.83
(La/Sm), 0.76 0.67 0.77 0.64 0.68 0.60 0.56 1.16 0.92 0.78.01  0.99
(La/Lu)y 1.69 1.66 1.67 1.59 1.70 1.72 1.64 1.71 1.36 1.33.64 1.67
Eu/Eu* 0.93 0.89 0.78 0.90 1.03 1.39 1.04 053 0.520.48 054 055

Table 6.2 - Major elements by EMP and trace elemés by LA-ICP-MS of pyroxene in selected rock samjgis
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Rock Pant21b trachyte enclave Pnt2A rhyolite pumice

type

“ Cuddia Randazzo” “ Cuddia Randazzo”
Sample 4a 4b 4c 5a 5b la 1b 1c 1d 4a 4b 2a 2b
SiOwt% 48.98 48.88 48.83 4821 49.09 4879 49.23 494891 4950 48.96 4870 49.41
Al,0; 031 014 035 035 042 015 021 029 024 01020 035 042
TiO, 061 041 062 059 059 041 054 058 048 046050 061 0.77
FeO 25.82 29.60 24.09 2525 2455 2842 28.96 26.82.68 28.26 28.61 26.87 27.44
MnO 125 133 129 141 140 143 144 137 136 341. 140 148 161
MgO 337 116 410 360 395 141 156 260 202761 1.66 273 278
CaO 1955 1831 1991 19.61 19.89 1845 17.62 19.1870 18.86 18.62 1872 19.54
NaO 080 038 064 074 065 143 144 137 136341 140 148 161
Cr,0; 002 000 000 004 001 000 000 000 000 00000 000 0.00
Wo 437 421 443 440 441 424 407 433 425 742423 421 434
En 10.5 37 127 122 112 45 5.0 76 6.4 55 5.38.6 8.6
Fs 459 542 430 438 447 531 543 490 511 851.524 493 480
Li ppm 470 447 212 303 312 402 377 372 439373 454 554 311
Be 217 199 124 182 282 104 000 047 000 415133 067 1.23
B 145 217 092 1.03 088 100 073 084 142 107133 123 142
Sc 153 68 202 175 195 92 87 125 121 80 72 134 136
Ti 4134 3158 4007 3987 4006 2924 2992 3533 3367 93103139 4328 4192
% 032 319 074 030 057 106 117 116 110 0.811.02 047 050
Cr 245 180 178 248 270 533 117 256 143 442238 204 202
Co 147 145 203 177 169 129 117 144 128 510138 152 165
Ni 038 044 028 030 039 019 019 022 023 302036 042 026
Zn 313 331 275 307 306 320 324 333 311 341 348 30295
Rb 006 021 005 007 005 003 002 004 003050 005 005 0.04
Sr 326 531 316 311 361 315 363 366 350 835350 291 3.19
Y 80.78 114 6425 71.83 69.85 108 107 103 102 103 04 1 91 94
zr 154 634 108 134 128 325 328 252 256 269 262 201190
Nb 001 001 001 001 001 08 105 087 095 908077 1.03 1.04
Cs 001 001 001 001 001 001 002 001 001 100001 001 001
Ba 014 020 003 008 110 004 003 004 009 300004 006 0.07
La 50.68 98.02 3217 3848 41.76 7564 8100 69.7D.82 73.06 71.17 5596 60.39
Ce 148 301 103 108 110 214 233 191 198 211 210 16374
Pr 2485 5121 1711 1859 20.49 3599 37.94 32.83B34 34.84 3455 2660 28.31
Nd 000 000 000 9278 000 169 181 152 157 168 5 16130 141
Sm 27.36 49.45 20.88 2422 23.83 3840 39.22 35.88.96 37.95 37.36 29.63 3353
Eu 405 597 363 374 360 579 542 499 480 853511 467 4.68
Gd 24.45 3899 1802 2021 19.64 3235 3127 31.88.71 3221 3190 26.85 27.74
Td 193 209 222 193 209 444 432 402 427 442428 358 3.80
Dy 20.29 30.76 1526 17.05 17.14 27.02 2691 24365 26.34 2573 2240 23.72
Ho 361 555 282 341 326 483 494 443 454 645476 399 394
Er 942 1534 738 925 828 1398 1386 11.86 112.42.63 13.34 10.83 11.37
m 155 262 116 140 143 233 239 220 205 521218 190 1.80
Yb 1347 2501 999 1176 11.43 2061 19.89 18.7B53 20.09 1021 1569 14.81
Lu 279 543 195 250 242 442 425 386 396 941434 326 321
Hf 531 2059 334 477 444 978 1015 771 7.79.497 743 684 642
Ta 003 006 003 001 005 005 004 002 003 200002 003 0.04
Pb 016 023 013 014 019 020 016 026 024 032.290 045 0.20
Th 003 007 001 001 001 000 002 001 002 100002 001 003
u 001 002 001 001 001 000 001 001 000 001001 001 001
Na/Ca 004 002 003 003 003 005 005 004 00804 004 004 003
Zr/Th 5402 8609 11024 10041 14251 6084 10202 7284749 6084 10202 7284 9574
CelY 184 264 162 151 158 138 152 1.32 1.30.381 152 132 1.31
(Celyb), 302 329 284 252 263 321 286 238 234 321286 238 234
(La/Sm) 117 125 097 100 110 1.78 198 187 1.86 1.811.70 1.78 1.95
(La/Lluyy  1.89 1.87 171 160 177 124 130 122 128 1.211.20 119 113
Eu/Eu* 048 042 057 052 051 050 047 045 04®.47 047 051 047

Table 6.2 - Major elements by EMP and trace elemés by LA-ICP-MS of pyroxene in selected rock samgls

-76 -



CHAPTER 7

SECTION 1 : DISCUSSION

The discussion of this first section is dividedwo main parts:

- first we deal with the origin of the roekth benmoreitic composition and discuss
about the occurrence of the Daly gap at Pantejleria

- in the latter part we discuss the charattes of the trachytes and we make
inferences on possible petrogenetic processesigadithe origin of their geochemical
differences. We also use QUILF and MELTS algorithtasgive chemical-physical
parameters driving the evolution of the trachytiagmas and investigate their possible
petrogenetic origin and their relationships withighealine rhyolites. This part will be

further investigated through experimental studmethe next section.

7.1 Sample with benmoreitic composition

Petrography and mineral chemistry of the ganbenmoreitic in composition,
collected at the top of the trachytic lava pileeagly show distinct mineral paragenesis
summarized in the following:

(i) A trachytic paragenesis includes augitic clinopgee Fss.og olivine Fg4.s6 and
oligoclase, mainly found as phenocrysts or as corpienocrysts.

(i) Several phenocrysts with less evolved compositiclude Mg-rich olivine (up
to Fag), diopside-augite pyroxene ~b$4 and andesinic plagioclase. As a whole,
these compositions pertain to less evolved magmas.

(i) A third group of minerals is mainly found in theogndmass and rims of the
phenocrysts. They show intermediate compositioluding diopside-augite ks;gand
olivine Fos4.64

These data indicate that the benmoreitic pfandoes not represent a real
intermediate magma originated by fractional crygtaion of Pantelleria basalts, but it
is the result of a mixing process between mafic mmegyand trachytes. Microlites and
microphenocrysts in the groundmass with intermedampositions grew during and

-77 -



after the mixing events, from an intermediate nrelsulting from the mixing itself. The
presence of the intermediate compositions only i@sofrto/microphenocrysts and rims
on large phenocrysts inherited from the two difféerend members suggests a short of
time elapsed between the mixing event and the ierulf the mixed magma. Likely,
the intrusion from depth of mafic magma into thachrytic magma body acted as a
trigger of the effusive eruption.

Phenocrysts of clinopyroxene /s the “benmoreitic’ sample has the same trace
elements chemistry than the pyroxene from CuddissRoscoriae (Fig. 6.2). In
particular REE trace trends are basically supep@sey. 6.3), suggesting an origin
from low TiO,-P,Os basalts erupted in the past 50 ka at Pantell€iwefta et al.,
1998). While, olivine Fg, has never found in the alkali basalts from Cuddasse
(Fors-79 and points to slightly less evolved melts.

One of the most relevant points regards theement of previous Authors who
affirmed that basaltic magmas have been eruptedautside the caldera rim in the past
50 ka period ( Mahood and Hildreth, 1986; Civettale 1988, 1998). The study of this
lava sample, for the first time, testifies to threi@ion of basaltic magmas inside the
caldera, even if as mafic end member in mixed prtedu As a result the analyzed
mixed lava gives evidences that basaltic magmas waruded into the trachytic
magma bodies below the caldera. Finally, it candgarded as a physical evidence of a
strict relationships between basaltic and trachytagmas.

Based on the composition of the pyroxene ntfafic magma which mixed with the
trachytic residing magma has basically the samenidtey as the magmas which fed the
basaltic eruption in the NW part of the island othex same range of time. Accordingly,
the age of Cuddie Rosse has been assessed at 20000 years and the analyzed
mixed sample is one of the younger products ofMioatagna Grande lava pile, dated
between 20.000 and 30.000 years (Mahood and Hildd€86; Civetta et al., 1984,
1988). According to Gioncada and Landi (2010),fbst caldera mafic magmas are not
real primitive products. Episodes of magma ponding crystallization occurred in the
upper crust prior to eruption, at pressure of ado?Zikbars (~7 km).

Among the analyzed rocks, another eviderfcmiring between mafic and more

evolved trachytic magmas is given by the less eawlvachytic sample collected in the
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northern sector of Montagna Grande (Pan0750, Mowt&grande Nord). This sample
hosts minerals with the typical composition of #a¥ the trachytes (anorthoclase,
clinopyroxene Fg.o5 olivine Fas.4q together with less evolved clinopyroxene &g
and plagioclase, from andesine to labradorite,osumded by rims with anorthoclasic
composition. It suggests that the poorly evolvemhgosition of this trachytic sample is
the result of a mixing event between more evolvadhytes and minor quantity of less
evolved magmas. Interestingly, the pyroxeng svas also found as microphenocrysts
in the “benmoreitic” sample and is associated \wmgilts with intermediate composition
(likely benmoreite).

As a whole, previous data confirms thatnmediate magmas were not erupted at
Pantelleria and a large compositional gap existwden basaltic products (SiG 48 wt
%) and trachytic rocks (SO~ 64 wt %). Rocks with intermediate compositiowafs
show evince of mixing between trachytes and lesslved magmas. Trace of
compositions intermediate between the two end mesndee only found as sporadic
crystals (e.g. clinopyroxene fSg in mixed products.

The origin of the Daly gap at Pantelleria ather similar volcanic systems remains
a controversial as well as an amazing argumenta presented here can't resolve this
magmatological puzzle. However we can participatéhe discussion on the Daly gap
origin giving some suggestions mainly based on ralogical data.

The occurrence of rocks originated by mixoegween mafic and trachytic magmas
proves that basaltic melts, possibly rising fronptdeof 6-8 km, participate to the
evolution of the trachytic magma. We can assumeagma ponding zone at shallow
levels in the crust, likely at pressure betweenan@ 1.5 kbars (see below - MELTS
calculations and Experimental Results), where chahphysical conditions force the
magmas towards trachytic compositions. When a laegdytic magma body is formed,
periodic or continuous intrusions of small batcleésleeper mafic magmas maintain
active the system. The intrusion of mafic magnmas the trachytic magma body leads
to mixing processes between the two end membeustirgsin melts with intermediate
composition, from which crystallize minerals wititermediate characteristics, possibly
producing benmoreitic cumulates. In this contelxg¢ production of intermediate melts

has to be regarded as a transitional event straslyociated with a mixing event.
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Following this idea, intermediate magmas (as discneagma body) effectively do not
exist in the magma system feeding the Pantellericanism.

7.2 The trachytes

Bulk rock compositions of the trachytes Hhigjtt the occurrence of two different
groups, mainly differing in the contents of incoripke trace elements (Figs. 4.2, 4.3
and 4.4): metaluminous trachytes with relativelghhiTE (Samples from Montagna
Grande Sud and Case Ricco), corresponding to tAds Hilachytes of White et al.
(2009), and weakly peralkaline trachyte with lowEE ( member E of the Green Tuff
and trachyte enclaves in Cuddia Randazzo deposits)the last group, two samples
(trachytic enclave Pant23 and member E of the iGiedf pan0731) show very high
contents of Ba (1940-2160 ppm).

The sample from Mueggen is a more evolveathyte, close to rhyolitic
composition. In the rocks analysed in this workwL6TE metaluminous trachytes
(White et al., 2009) are not found.

Similarly, trace elements in clinopyroxesepict two different trend differing in
the content of several ITE elements, the pyroxemstdd in HITE trachytes showing
higher contents of ITE. Moreover, pyroxene from tkieeggen sample, the most
evolved trachyte belonging to the high ITE pyroxemeup, show REE higher than
those of the rhyolitic sample from Cuddia Randa#g. 6.3).

According to White et al. (2009), the cofyseorphyritic texture of some Ba-rich
trachytes suggests a significant role of crystaduenulation, in particular alkali
feldspar. However, the two Ba-rich trachytes frood@ia Randazzo and the top of the
Green Tuff show several characteristics which @sttwith an origin from trachytic
magmas via feldspar accumulation. In detail:

- accumulation of feldspar in metaluminoud H trachytes is not consistent with
major element chemistry (Fig.7.1). Addition of ahoclasic feldspar implies
increasing of AIO; and SiQ, while Ba-rich samples show lower content of these
elements. Also trends of alkalies are not striatbnsistent with an accumulation
process. If the less evolved trachyte (0750) iena&s initial magma, accumulation of

about 60 wt % of feldspars could produce the Bh-tiachytes at the top of the Green

- 80 -



Tuff (0731). In this case the chemical differencaild be the result of mixing with
mafic magmas and feldspar accumulation. But, ttentity of feldspars it not consistent
with the crystal content of the Ba-rich samples-885wt %).

- the minerals of the Ba-rich trachytes stommposition slightly less evolved than
those of the peralkaline trachytes with similar pasition (Figs.5.18-5.19). The
clinopyroxene show lower ITE (e.g. YDb, Y, Zr, LWJAREE contents than those of the
other trachytes and does not show the negative remaly which characterize the
pyroxenes of the other trachytic samples (Figs-6632. A possible hypothesis is that
Ba-rich trachytes represent slightly less evolvedns of the Low-ITE peralkaline
group. The negative Eu anomaly in clinopyroxenegssy a minor involvement of
plagioclase in the evolution of this group of magma

According to previous authors, H-ITE metalonous trachytes can derive from
hydrous transitional basalts via fractional crysation and produce comenditic
trachytes and rhyolites as crystallization proce@isetta et al., 1998; Avanzinelli et
al.,2004; White et al., 2005, 2009). However, thearalogical data and the distribution
of trace elements in clinopyroxene presented is Work do not exclude the existence
of two distinct groups of trachytes (metaluminoudTi#E and peralkaline L-ITE) with
different origin, possibly producing slightly diffient rhyolitic magmas.
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7.3 Geothermometry

7.3.1 Pantelleritic magma pre-eruptive conditions

The aim of this section is to define a sétpre-eruptive conditionsP-T-fO,
H.Oner) for the different rock-types object of this spudhis purpose will be achieved
basically with two methods: (1) classical geothalbarometric methods such as those
involving equilibrium of Fe-Ti oxides and other meral phases (e.g. the QUILF95
geothermometer) and (2) MELTS code (liquidus Terapge, liquid line of descent).

1) The QUILF thermobarometer has been used in apiitainvolving iron-rich,
reduced rocks (Marks and Markl, 2001; White etz005).

Values for intensive thermodynamic pararseivere determined with the use of
QUILF 95, a program written for Windows 95 that kensies phase equilibria in the in
the QUILF system (i.e. quartz, clinopyroxene, ilnt@nmagnetite, fayalite).

Fe-Ti oxides geothermometry: whenever magmand ilmenite coexist in the same
specimen groundmass we are allowed to apply (®pead Lindsey 1981, 1988) in
order to derive pre-eruptive T af(@,.

In the studied samples, ilmenite is scam@mared to Ti-magnetite and rarely both
occur within the same thin section, limiting the mher of geothermometry
calculations. Ideally, oxide pairs should show ewmice of textural and chemical
equilibrium.

2) MELTS-algorithm (Ghiorso and Sack, 1995; AsimowdaBhiorso, 1998) is
widely used to calculate equilibrium phase relaionigneous systems

MELTS computes phase equilibrium relations by mination of Gibbs energy given a
bulk composition, temperature, pressure, and oxyggacity.

To model fractional crystallization, MELT8st determines the liquidus temperature
and liquidus phase for the bulk composition andcdigel parameters. Mineral phases are
then subtracted and a new liquid composition isutated, then the temperature is lowered
by 5°C.

MELTS then calculates a new equilibrium phaseemblage, and the process repeats
until the solidus temperature, or a temperatureipd by the user, has been reached. The

whole liquid line of descent is thus calculated.
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7.3.2 Mineral assemblages

The trachytic samples are porphyritic, wittepocryst contents ranging from 25 to
35 vol.% (Table 3.1). The principal textural difece between trachytes is that the
matrix of trachytes is holo- or hypo-crystalline, hile the pantellerites are
predominantly glassy.

Intracaldera Trachyte lavas gave the conuti@ported below:

- Primitive trachyte, Montagna Grande Norsample pan0750), the assemblage
fayalite (XFo= 0.437) + ilmenite (Xlim= 0.919) + magnetite (XMt = 0.302) with
clinopyroxene Ti-augite (XWo00.466 - XEn = 0.439) characterizes trachyte withdo
agpaitic index (Al = 0.99¥0, aroundAFMQ = - 0.64, and high temperature (973 °C).

- Intermediatetrachyte, Montagna Grande Sugdample pan0748), the assemblage
fayalite (XFo=0.269) + ilmenite + magnetite (XMt = 0.322) withgite (XW0-0.418 -
XEn = 0.285) characterizes trachyte with agpaifity= 0.98),fO, aroundAQFM = -
0.74, A\FMQ = fO, log units below/above th&, defined by the FMQ buffer) and
relatively high temperature (870 °C).

- Intermediate trachyte, Case Ricco(sample pan0718), the assemblage fayalite
(XFo =0.224) + ilmenite + magnetite (XMt = 0.322) withgite (XWo0-0399 - XEn =
0.265) characterizes trachyte with agpaicity (A0.88),fO, aroundAQFM = - 0.89,
(AFMQ =10, log units below/above th®©, defined by the FMQ buffer) and relatively
high temperature (820 °C).

- Evolved trachyte,Mueggen (sample pan0732), the assemblage fayxlke -
0.094) + ilmenite + magnetite (XMt = 0.302) withugite (XEn=0.145 - XWo = 0.408)
characterizes trachytes with agpaicitic index €A1.18),fO, aroundAFMQ = - 1.00,
and with a temperature (792 °C).

Comenditic trachyte inclusions gave the coadg reported below:

- Primitive trachytic enclaveC. Randazzo (sample pant23), with the assemblage
fayalite (XFo-0.207) + ilmenite + magnetite (XMt = 0.227) withe-Bugite (XEn
0.237 - XWo = 0.420) characterizes trachyte witpagty (Al = 1.07),fO, around
AFMQ = - 0.77, and high temperature (895 °C).
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- Evolvedtrachytic enclave C. Randazzo (sample pant2®)ith the assemblac
fayalite (XFo0-0.116) + ilmenite + magnetite (XMt = 0.393with augite XEn-0.158
- XWo = 0.438characterizetrachytes with agpaicity (Al = 1.19)0Q, aroundAFMQ =
- 0.75, and relativeljow temperature (881 °C).

pan0718 EEREEEN RS e 2 pan0732 (H-°

T e

R '.'*( y oun_ (|4
Fig. 7.2. Mineral assemblags of the investigated samplefom trachyte flows, phenocrysts are ir
glassy groundmass in all.

7.3.3Application of the QUILF thermobarome

With QUILF95, temperature (T)is calculated based on fdg—Ca exchange
betweerclinopyroxene and olivine from the following reasts

M928i04 + FeSihOg = F&SIO,
+ MgSi,Og(FeMgOIAu(),

FeSiO, + CaFeSIOg = CaFeSiQ
+ F£5i,05(FeCaOlAui); and

Mg,SiO, + CaMgS0s = CaMgSiQ
+ MgSi,Os(MgCaOIAug)
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Temperature determined from clinopyroxenead equilibria is strongly pressure
(P)-dependent, as is silica activity (a®iQvhich varies inversely with P. Thus, if either
aSiQ or P is fixed, the other may be calculated if Tkimwn with QUILF from the

following reactions:

Mg,SiOs = M@:SIO, + SIOG(MgOIQAuUQ); and
FeSi0s = FeSIiO, + Si0)(FeOIQAuQ).

Oxygen fugacity {O,) can be calculated from equilibrium between fdgalquartz,
and the highly dilute hematite component in ilmenitT, P, and §c. are known:

2FeSIiOs + O; = 2Fe0s + 2SIQ(FHQ)

The assemblage of limenite + Ti-magnetitéetrich olivine + clinopyroxene and
quartz, allowed to apply QUILF equilibria to deritamperature antD, of the magma:
Oxygen fugacityO, can be calculated froraquilibrium between fayalite, quartz
and the highly dilute hematite component in ilmemptovided that if T, P andg;are
known:
3FeSiO+ O, +=  3Sie+ 2Fe0,

KFMQ — (d:e3o4mt)2 *(a5i02q2)3 / (aF625i0%|)3*f02

7.3.4 QUILF results

All the rocks vary within three logarithmimities below the buffer reaction FMQ
in the diagram lo@O, vs T (°C) (fig.7.2), field rather reduced.

QUILF95 all results were calculated at lakiof pressure, temperature from
metaluminous trachyte range from 980 to 780 °f2lative oxygen fugacitief©, from
-0.60 to -2.65 log units belotAEMQ) the fayalite-magnetite-quartz buffer FMQ.
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Table 7.1 QUILF. All results are calculated at B560 bar.

Spinel liImenite Olivine Augite Results

Sample: N-Ti N-Mg N-Mn Hem Gk Py Fo La En Wo T (°C) logfO, DFMQ SiO,(Q)
Intracaldera Trachyte Lavas
PANO750 Input 0.685 0.092 0.041 0.070 0.103 0.030 0.403 0.007

Calc 0.123 0.032 0.437 973 -11.90 -0.64 0.64
PANO748 Input 0.668 0.064 0.047 0.2690.007 0.281 0.418

Calc 0.055 0.285 890 -13.78 -0.74 0.78
PANO718 Input 0.650 0.046 0.044 0.2240.005 0.302 0.399

Calc 0.039 0.265 820 -14.61 -057 0.89
PANO0732 Input 0.682  0.015 0.053 0.094 0.007 0.167 0.408

Calc 0.016 0.145 792 -15.47 -0.84 ~1.00
Comenditic Trachyte Inclusions
Pant23 Input 0.695 0.035 0.032 0.2070.010 0.230 0.420

Calc 0.046 0.237 895 -13.61 -1.03 0.79
Pant21 Input 0.763 0.018 0.056 0.0990.014 0.150 0.438

Calc 0.020 0.139 873 -14.62 -1.63 0.77
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Fig. 7.3 T{O, relationships as determined by QUILF calculationsNote the good fit between magma evolutio
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7.4Thermodynamic models: modelling the liquid evolatpaths

7.4.1 Basalts to pantellerites

The results of a total of 12 modelsfraictional crystallization(FC), from basalt to
pantellerite, are presented in Figs 7.4 -7.5 -Fd. each process several trials were
made, and only a strict selection is shown hergmdawith:

- water contents (0.%,0, 1.5 H,O wt %), twofO, condition EMQ-1 and FMQ-2),
and two pressures (1 - 2 kbar).

For all the models, temperature was decceaszementally from a super liquidus
trial at 1200 °C. Sample Pan2 “C. Rosse” was saleto represent the parent basaltic
magma composition.

The two trials are considered the best fitting:
I. Trial (5) at lower starting water contents is Tallyine is the liquidus phase,
with the temperature 1150 °C (QFM-1);
il. Trial (3) at lower starting water contents is Jabyine is the liquidus phase,
with the temperature 1125 °C (QFM-1).

The MELTS models of low pressure (1-2 kb#&gctional crystallization of
transitional basalt with 1.0 -1.5 wt %®l at oxygen fugacities between FMQ-1 predict
that trachyte with agpaitic index between 0.9@ arR2, water contents between 2.47
and 3.66 wt %, and a temperature between 950 a8d® will be produced after 60 -
70 % crystallization (F = 0.40-0.30).

These results are in agreement with tempersitand oxygen fugacities calculated
from mineral equilibria in the observed metalumiadrachyte lavas (970 to 870 °C at
FMQ-1.0) but produce slightly more alkaline tracghytagmas, where the peralkalinity
indices is 0.98-0.99.
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Fig.7.4 results of MELTS modelling from basalt to @ntellerite. fO, increases from bottom to top,

and H,One from left to right. Trials with contour are considered the best fitting.

The two trials obtained #D; QFM-1, H:Ostartingmet 1.5 Wt %, P = 1.0 kbar arf®,
QFM-1, HOstartingmeit 1 Wt %, P = 2.0 kbars (3 and 5 in Fig. 7.4) aresatgred to be

the best results .

According to White et al.,, (2009) Melts adhtions predict an origin of the

trachytes from basaltic melts at 1-1.5QHwt % via fractional crystallization.

differences in Al and contents of some major ele€m particular NgO and FeO)
observed between Melts results and natural rhgadimples (Figs. 7.5 and 7.6) can be

due to the peculiar composition of the mineral plasf the pantelleritic rocks, non

completely considered by the Melt code.
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7.4.2 Trachytes to pantellerites

The results of 8 models of fractional crilsgation are presented in Figs. 7.7.

There are models that vary between staviiagr contents (1.0, 3.0, 4.0 wt %), two
oxygen buffers (FMQ-1 and FMQ-2), and two pressyte2 kbar).

For all models, temperature decreased inen¢aily from a super liquidus at
950°C. Sample Pan0718 trachyte “Case Ricco” wasct to represent the parent
metaluminous magma composition.

Trials performed at QFM-2 give temperatwethe final melts very high, > 800°C,
which are not consistent with the temperature ssiggefor pantelleritic melts by
experimental studies (Di Carlo et al., 2010) (Hd). Trials obtained &0, QFM-1,
H2Ostarting meit 3 Wt % and P from 1.0 to 2.0 kbars;@®her (3 and 5 in Fig. 7.4) are
considered to be the best results, suggestingthleamore evolved pantelleritic melts
can be originated from hydrate trachytic magmascitygtal fractionation in shallow

magma chambers
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top, fO, from left to right. Trials with contour are considered the best fitting.
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CHAPTER 8

Experimental Petrology

The reasons that suggested to begin a highspre, high temperature experimental

petrology study are multiple and are briefly owlinbelow:

- although a knowledge of pre-eruptive conditions PT, HOmer, fO,) of trachyte
magma, is reasonably assessed by mineral meltitipuile.g. White et al. 2005,
2009), tighter constraints are likely to be givgrelxperiments;

- in the past years, and still in progress, a comaile effort has been made to
experimentally define pre-eruptive conditions omteleria end member magmas,
basalts (Buccheri et al., in preparation) and plemites (Di Carlo et al. 2010), and we
wish to fill the gap by investigating trachytes.

- the intermediate magmas (i.e. trachytes) are the Iscking to fully portray the
magmatological scenario. This is particularly intpat also to possibly shed, some
light on the origin and significance of the Dalyp;anterpreted in the light of phase
equilibria.

- simulation of the liquid line of descent (i.e. tl®olution direction of residual
progressively trachyte magmas) of hydrous magmsaslways more precisely

constrained by experiments rather than with commddes (e.g. Melts).

8.1 The starting material for crystallization expents

The sample chosen for crystallization experits is an intermediate trachytic lava
(pan0718, see pag.47). It is a strongly porphiribck (crystals = 35-40 vol.%) with a
microcrystalline groundmass. Silica and potassiuontent are 64.0 wt % and 4.2 wt%
respectively. It has low Ti§X0.7 wt %) and relatively high CaO (1.9 wt %) akdO; (15.9 wt
%) contentsXab. 8.1).
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Alkali-

Whole Clinopyroxene Olivine feld Fe-Ti  Amphibole Aenigmatite
rock: pheno pheno easpar oxide gdm gdm
pheno
SiO; 64.03 51.25 31.21 65.41 0.35 51.54 42.61
TiO, 0.76 0.55 - - 22.39 2.33 7.70
Al,O4 15.92 0.57 - 21.26 1.21 1.01 0.52
FeO(or) 5.05 15.63 54.24 0.16 69.49 26.37 40.31
MnO 0.19 1.01 2.78 - 1.35 0.78 1.15
MgO 0.52 10.18 10.80 - 0.80 6.37 0.40
CaO 1.89 20.51 0.47 1.75 0.00 5.60 0.16
Na,O 6.60 0.30 - 8.16 - 451 7.38
K,0 4.25 - - 2.92 - 1.40 0.00
P,0Os 0.15 - - - - - -
Al 0.97
Wo 42.0
En 311
Fs 22.0
Extra- 50
quad
Fo 25.2
Fa 71.1
Tef. 3.7
An 8.8
Ab 73.0
Or 18.2
Usp 73.2

Table 8.1 whole-rock chemical analyses of the chesestarting material pan0718 intermediate
trachyte (XRF) and minerals (mean of at least 4 alyses) of the natural rock (SEM-EDS). Pheno >
500um Gdm = groundmass < 5Am.

8.1.1 - Glass preparation and containers

Experiments were all performed in the labmmaof CNRS/INSU, Universite D’'Orleans,
FRANCE.

We preferred to use as starting material the gidsise natural rock powder, instead of the
powder itself, to avoid any problem linked to fhersistence of original crystals in the starting
mixture.

Glass is simply a convenient starting mated work with the perspective of the attainment
of equilibrium. In particular, the use of initialgnhydrous starting glasses (e.g. Scaillet et al.,
1995; Martel et al.,, 1999; Scaillet et al., 2007¢agly minimizes nucleation difficulties,
especially for feldspars. This is becaus®Hinder saturation and high degrees of undercooling
initially prevail in the experiment, both condit®favouring crystal nucleation.

Crystallization experiments of this type gely yield homogeneous crystalline phases, as
crystal growth occurs under fixed conditions. There this method ensures a close approach

to equilibrium.
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Single batches of trachyte “C. Ricco” (sample Fd®) were firstly ground~ 30-100pm
size) in agate mortar under acetone ihen molten in a Piézocéram oven at 1400 °C at lra
a Pt crucible. Two melting cycle (3 hours the eashje done with crushing in between.
resulting glass was embedded in epoxy resin andkekefor its absolute homogeneity ¢
possible sodium loss.

A little part of the glass was hand crush= 20 - 50um size) and 30 mg of resultil
powder were filled in Acapsules (15 mm length, 2.5 mm @ internal, 0.2 mail thickness

for experiment.

8.1.2 -Experimental charge preparat-

Prig to the sample powd: distilled water and silver oxalate as a, supplier (AgC,Oy)
were loaded at the bottom of each cap varying the XHOpga¢eq [= Moles of F,O/(H,O +
CQO,)] in the range 0 1.0.The initial amount of total fluid 10 %.

H,0 Ag,C,0,

Au-capsule

-

starting glass

A

Fig. 8.1 The experimental charge.

15 mm

Capsules were arc welded, keeping them in a ligitidgen bath, in order to prevent wa
loss. After welding the capsules were weighed,itefin oven overnight and then weighed aq
to check for leaksfigy.8.1). The capsules were then arc welded liquid nitrogen bath in ord

to prevent water loss.
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After welding the capsules were weightett,itean oven at 110° C for 2 hours to improve
homogenization of the water distribution within ttepsule. The weight of the loaded capsule
agreed to within 0.0003 g (the precision of analptlance) ensuring the closure of the capsules

and the impossibility of fluid escapes.

8.1.3 Experimental methods

All experiments were of crystallisation typad were carried out in an Internally Heated
Pressure Vessel (IHPV), working vertically and pteged with Ar-H mixture ig.8.2).

Holloway (1971) provides a thorough desaipiof the experimental machine. The vessel
is equipped with an inner furnace, consisting dbable parallel winding of a molybdenum or
kanthalwire.The vessel is equipped with an inner furnammsisting of a double parallel
winding of a Mo wire.

Pressure is recorded by a transducer csdtbragainst a Heise-Bourdon tube gauge
(precision 15+20 bar). Three chromel-alumel theroogdes (higher limit: 1300 °C) allowed a
continuous control of the temperature in the tojaldke and bottom part of the hot spot (i.e. for
a length of 4 cm).

The use of Ar - Hmixtures with known partial pressure of hydrog#éaves to controlfO,
by the reaction HD—H,+%0,. The equilibrium constantdissociation(K,,) at given T, P
permits to fixfO,, depending on the Hoaded and an the,8 loaded in the capsule.

For each experiment, a separate sensor leafgsee below) was included for the
determination of the experimentfD,. The solid sensors were not analysed, but hydrogen
loaded in the autoclave and water content in tipsudas define redox condition close to FMQ
buffer.

Theexperimental protocotonsists of:
- loading of the capsules (several capsulasdedoaded at the same time);

- tight closure of the vessel, pressurizatioiih H, (according to the requird®,; e.g.
for a 1-1.5 kbar total pressure, 6 bar of dthsuredO, ~ FMQ), pressurization with Ar,

heating up to experimental temperature of the éxjpants and lastly quenching.
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Fig. 8.2 Front vision of Internally Heated Pressure/essel working vertically (Gros Bleu), equipped
with a fast quench device. The two black rubber pips ensure the water cooling of the furnace.
Thermocouples exit wires, fast quench connectionsaind electrical contacts are visible in the lower
part of the vessel.

A fast quench device, modified after Romxd &efevre (1992) was systematically used in
order to prevent quench crystallization. The droerggch consists in an alumina tube (& 10
mm), in which the samples are placed, hung in titespot by two thin (& 0.2 mm) Pt wires. At
the end of the experiments, Pt wires are melted lmurrent impulse and the sample drops
instantaneously into the coldest part of the ve@mut 50 °C) with a quench rate of about 100
°Cls. This device insures a nearly isobaric quench.

The capsules were weighed to check for leaksthen opened. For each capsule, fragments
of the run products were mounted in epoxy and petisfor scanning electron microscope
(SEM) observations and analyses.

For experiments with X4 = 1.0, water dissolved in the melt was calcddtem Papale
et al, 2006, assuming water saturation conditiarring the experiment. This was corroborated
by the occurrence of bubbles in the run product.

For undersaturated charges (®H 1.0) an empirical relationships of the form:

H,O (wt %) = -0.01fH,O? + 0.0064fH,O + 0.032 to calculate the prevailing was ulié®.
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8.1.4 Control and monitoring of oxygen fugacity

The use Ar-kl gas mixture, with known partial pressure of hyamgallows to impose
variable reducing atmosphere and hence the redfiivadf O, for each experiment.
Given that the noble metal of the capsutdsalies as an ideal semi-permeable membrane to
H, (Chou, 1986) the H diffuses vastly into the capsule were it reacth w,O establishing the

equilibrium The redox state in hydrous system®igttolled by the reaction:

HO =+ H,+ %20, (eq. 7.)

In other word$0, within the vessel can be controlled by adjustireyelternal Hpressure

in the system, but is still dependent on th®Hkhelt:

Kw = HO = H, + 20,
thus Kw = fH,O/(fH, fO.>9)
fQ= ( fHO/fHy 1/K,)?

This formulation allows to derivyEO, provided thafH,O andfH, and are known. Kw and
fH,O of pure water at the T and P of the experimerdsobtained by Robie et al. (1979), while
for the determination dH, we need to use the solid sensor technique.

For each experiment one sensor capsule eatedl. The sensor consists of two hand-
pressed Ni-Pd-NiO pellets of two mixtures {NPd ssNiO and NpsPdhsNiO) loaded with
ZrO, (to prevent the contact between the two pellets their contamination with the noble
metal of the capsule) and 10 mg of distilled water.

The fO, is obtained from which thgH, (fH, sensor = fbHlsample) can be calculated and
then finally he fQ of each sample capsule (we remind is functiothefdissolved BED within

each charge) according teq( 7.3.
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8.1.5 Calculations dfO,

At fixed hydrogen fugacity in IHPV, the fkhside the capsules is controlled by diffusion
of H, through the capsule wall and is identical to tHeih the vessel. Hence,
the redox state of the system in each experimgrerdis on the external redox conditions in the
IHPV and on the redox reactions in the capsuleudssg a negligible
effect of reactions between carbon-bearing spemeedox conditions at the studied T and P,
the dissociation of water is the main reaction alihg redox equilibria inside the capsules.
Using the estimated @Bl values, the prevailinfD, was calculated for each experiment as
log fO,21%= |og fO,2PP>"®™+ 2log (@aHO) where logfO, apparent is the oxygen fugacity that is
expected in the system at &H= 1.

8.1.6 Attainment of equilibrium

Although we did not perform any reversatiore dependent experiments (mainly because
of the Fe-loss problem), to check the attainmergapfilibrium in our systems we have several
lines of evidence that phases in most experimemis been equilibrated during the run.

At lower temperatures in systems close ® gblidus, having a silica-rich residual melt
composition, the equilibration kinetics slows doamd requires an extremely long duration of
the experiments.

Hence, such systems may not reach equilibatithe laboratory time-scale.

Most samples show evidence of attained equilibribised on textural and compositional
characteristics:

(1)the distribution of mineral phases is homogengbraighout the samples;

(2) the morphology of the crystals does not indicatg quench crystallization (tails or
skeletal forms);

(3)the minerals and glasses have mostly homogenemisasitions;

(4)the crystallization sequence, compositions angatins of phases follow systematic
trends;

Scanning Electron Microscope (SEM-EDS) wesedu for phase identification and
composition. Natural sample and fragments of erpemtal charges were mounted in epoxy
resin and polished for scanning electron microsd@BM) observations and chemical analyses
(EDS, WDS, see appendix).
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CHAPTER 9

9.1 Experimental Results

We performed a series of experiments at 1.0 andias, in the temperature range
of 900-950 °C all with around a 10 % of free flgphkdase (HO + CQ) coexisting in the
melt. For experiments was chosen a range of,OXfiLe. moles HO/( H,O+CGQ)] =
1.0, 0.8, 0.6, 0.4 to be loaded with the startirigtume to cover an ample spectrum of
conditions. Experimental results are shown in Table 9.1, in ciwhiexperimental
conditions, mass balance results of the phase &tages and equilibrium coefficients
(for clinopyroxenes, olivines and feldspar) areorégd.

Table 9.1: Experimental results

Charge HOme(Wt%) XH,On logfO, ap,o ANNO Phase assemblage YR AFeO Kd™ipq K ®™%uq K@i

“Trachyte C. Ricco”

Runl, 950°C, P=1.5kbar, 96h, fi4 5.95, X;= 0.60, AucPd;c.

(1-2) 439 0.8 -10.65 1.00 042  gl(98)+ox(tracce) 770 4.2
(1-3) 429 0.6 -10.86 078 022  gl(81)+cpx(2) +kB¥rox(3) 039 23  0.19#0.02 0.8020.1
(1-4) 394 0.4 -10.90 074 017  gl(82)+cpx(1)+kEydox(nd) 055 4.1  0.2020.02 0.8020.2
25  0.18#0.02
(1-5) 256 0.0 -11.46 039  -0.40  gI(65)+cpx(3)+RBfrol(4)+ox(nd)  0.59 0.30+0.05  0.90+0.1
Run 4, 950°C, P=1.0kbar, 96h, §H 1.53, %,=0.32, AucPdy.
11
(a1) 6.0 1.0 942 100 159  gl(99) +ox(tr) 0.67
11
(4-2) 451 0.8 942 100 159  gl(99)+ox(nd) 0.44
(4-3) 3.8 0.6 979 093 129  gl(74)+cpx(3)+ kByeox(nd) 0.31 05  0.27+0.10 0.8020.1
(a4 277 0.4 985 085 126  gI(57)+cpx(5)+kig@Wx(nd) +oltr) 1.06 0.5  0.24+0.02 1.10£0.2
(4-5) 160 0.0 21019 0.66  0.89  gl(27)+cpx(4)+okKfs(62)+ox(nd) 0.38 0.9  0.19:0.02 0.25:0.01 10+

Run 2, 900°C, , 100MPa, 48h, #¥d;q SOME CASPULE FAILED DUE TO CASPULE LEAKAGE, 1taibe retrieved

(2-4) - 0.4 - - gl(nd)+cpx(nd)+ kfs(nd)+ox(nd)

(2-5) - 0.0 - - gl(nd)+cpx(nd)+ kfs(nd)+ox(nd)

Run 3, 900°C. 150MPa, 48h, SOME CASPULE FAILED OWELEAKAGE 1 run to be retrieved

(3-3) - 0.6 - - gl(nd)+cpx(nd)+ kfs(nd)+ox(nd)

(3-5) - 0.0 - - gl(nd)+cpx(nd)+ kfs(nd)+ox(nd) - - - - -
Table 9.1 HOe (Wt%) Bulk H ,O content of the charge, determinated using the “bylifference”
method, see textXH,Oin initial mole fraction of H,O of the C—-O—-H fluid loaded to the capsule.
aH,0 calculated after Burnham (1979) ANNO= logfO, relative to the value of the NiNiO buffer
(see text); AFeO = iron loss (See text)zR?= sum of square residuals for mass balance resulsee
text) . Kd calculated with total iron as FeO. Phas abbreviations= phases present and abundances
(wt%) gl, glass; k-fsp, K-feldspar; cpx, clinopyroxene; ol, olivine; ox, Fe-Ti oxides.
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9.2 Attainment of equilibrium

Attainment of equilibrium has not been tdsttom reversal experiments.
Nevertheless, several textural and chemical caitdisted below, suggest that near-
equilibrium conditions were achieved.

- Run duration.

In the high temperature range we have censtd 96 hours of run duration (on
average) as sufficient to closely approach the liéguim conditions, decreasing
experiment duration (to at least 48 h) for lowenperature conditions.

- Quench Isobaric quench was achieved with a fast quemsticd that ensures a
quench rate close to 100 °C/sec.

- Crystal texturesEuhedral and platy crystals of olivine are presanbw H,O
charges suggesting growth at small degrees of oading. Pyroxenes show euhedral ,
equant, habits. The crystal distributions in the@erimental products is uniform (no
crystal settling) and seriate crystal sizes wereoled due to difference growth rates of

the various mineral species (fig. 9.1).

Fig. 9.1 BSE image of run1-5; experiment at P = 1l and T = 950 °C. Phase assemblage consist of
glass (lig), euhedral crystals of olivine (ol) andclinopyroxene (cpx). Feldspar (kfs) is hardly
distinguishable from glass in several runs.
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- Crystal and glass homogeneityhe compositional homogeneity of glass and
mineral, is highlighted by the low standard dewas$ of analysis (table 9.2).

- Crystal-liquid exchange coefficienThe exchange coefficient of exchangeable
cations between given mineral phases and the meelHe-Mg exchange for olivine and
clinopyroxeneKd ™™ = (Fe/Mg)a / (Fe/Mg), and Ca-Na for feldspar), are also
reported in Table 9.1.

Kd™M¢ was calculated with total iron as FeO. and is aersid to represent
equilibrium values if in the range 0.22-0.28 foivile, 0.18-0.25 for clinopyroxene
(with FeO = FeO, if instead is calculated with FeBsOtot , then the equilibriumyK
lowers of 3-5 units on the"® decimal, depending on the € ratio). The
plagioclase Ca-Na exchange coefficient (Ca/Nplgn)/ (Ca/Na in melt) in the range
0.80-1.28.

Iron-loss. The amount of Fe-loss was calculated by mass talas difference between
starting glass FeO and the sum of FeO in all thesg$ occurring in the given runs. The
AFeO is always less than 10 wt% in near-liquidusisrwith a slight decrease with
decreasing liquid proportion.

Based on these petrographic and chemicalieritee consider that our experiment

result closely representing near-equilibrium caods.

-104 -



9.3 Trachyte 0718 (Case Ricco) isothermal phastgilemp

Experimentexplored a restricted-P interval (1.5 1.0 kbar, 950 °C) for a total
9 charges, covering a range of water contents Bdr to 1.60 wt.% and &O, in the
rangeANNO = -0.1, + 1.6. The isothermal phase equilibria apored in Fig. 9.2
where the) solubility model. Mineral saturation curvese atonstructed using ti
experimental data reported in table

20007
gl
— 1500 cpxtkfstol
g
=
[a i}
10001 .
Fd
Vs
500 1T 4
/
/
/ o
/‘j//
L ] ] ] ] ] ] ] .
T T T T T T T hd
1.0 20 30 4.0 5.0 6.0 70

1LO (Wi%)

Fig. 9.2Experimentally determined F-H,O phase diagram at 950 °C. Data are given in tabR1 gl,
glass; cpx, clinopyroxene; ololivine; kfs, feldspar. (H,O determined “by difference”, see text) The
red curve is the water saturation, after Papaleteal. (2006)

Nine charges were run with mixec;O-CG; fluids. Water was added as deioni:
water. The source of (, was AgC,O;. We chosen XbDiaged defined as
H.O/(H,O0+CQ,) = 1.0, 0.8, 0.6, 0.4 and anhydrous. The loadeduas of volatile:
translate in variable ¥, amounts (evaluated with the “by the difference” imoek
(See appendix “Analytical conditions”). (; was alvays below the F-IR detection

limits.
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9.3.1 Phase equilibria

The phase relationships at 1.0-1.5 kbarshosvn in Fig.9.2. At kD saturation (c.
6.0 wt % HOmer at 1.0 kbar, and 7.2 wt % at 1.5 kbar), Fe-Ti eziare the first phase
to crystallize (fig. 9.3b) , followed by clinopyrere (fig. 9.3c), and by feldspar (fig.
9.3c). Olivine (fig. 9.3d) is the latest phase ttgstallize at near-solidus condition (Runs
4-5 and 1-5, table 9.1).

FeTi oxides are always smaller than 8n, which makes impossible to obtain
reliable SEM-EDS analyses.

Clinopyroxeneis euhedral and occurs in small individuals (€20 um), owing to
their small size and elongated shape, most climgyre analyses showed glass
contamination.

Feldspar occurs in low-HOme: experiments. The relative proportion of feldspar
tends to increase with decreasingdler: (fig.9.3).

Olivine is distinctly larger in size with respect to clpypoxene, and occur in those
runs with lower HO 2.50-1.60 wt %. Thus, clinopyroxene + olivineetdkpar (fig. 9.1)
is the dominant phase assemblage at low water misniieelow 2 wt.%).The presence of

bubbles imlmost all charges is taken as an evidence of fatdration.

Fig.9.3 Optical microscope (parallel polars, 10x) image of Run 1-3. The presence of bubbles
witnesses volatile saturation.
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9.4 Cristallinity and phase proportions

Phase proportions were evaluated by mass balance/ene considered acceptable
for a sum of square residualsR? in Table 9.1) < 1.5.

The amount of residual melt varies from 99% to less than 27 wt % in near-
solidus runs. Calculated phase proportion show ttatcrystal content of the charges
increases with decreasing pressure and water ddiefeRun 4-4 and 1-5, table 9.1).

Alkali feldspar is the most abundant phags#) a mass proportions varying from
trace amounts to over 62 wt % (Run 4-5), followgdcbnopyroxene (< 5 wt %) and

olivine (< 7 wt %).
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9.5 Liquid and mineral phase compositions

Glass and mineral compositions are listed in tkte The compositions of mineral
phases were determined by SEM-EDS. Glass analysesmostly obtained by EMP
using a defocused beam (see Appendix).

9.5.1 Phase composition

Clinopyroxene composition (table 9.2) varies significantly witle experimental
parameters: (fig.9.5) ranges from augite (FmbeFSs) to aegirine-augite at P = 1.0
kbar.

- At P = 1.5 kbar clinopyroxene ranges frifo,EnssFS, to WaisEneFSs (fig.
9.7).

- NaO in cpx generally increases with decreasin@ kh the melt to a maximum of
2.9 wt % ( aegirine-augite of fig. 9.8).

- CaO in clinopyroxene apparently decreag#s decreasing water in the melt (fig.
9.5), from 18-20 wt % to 16 wt % ; however the @ase in Cagy is not solely an
effect of HO but must also be considered as an effect oéasing (Fe - Ng)x with

evolving liquid composition.
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Fig. 9.5 CaO content in clinopyroxene (wt %) vs. ater content in the melt. Al = melt agpaitic
index; xt = total amount of crystals (wt %) in the charge.
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Fig. 9.6 Composition of experimental pyroxenes conaped with pyroxene phenocrysts in the
starting rock (cross) and with experimental pyroxers of Di Carlo et al, 2010 on a pantelleritic
composition (violet and orange areas represent cppynthesized at 800-725 and 680°C, respectively).
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Fig.9.7 Experimental pyroxenes in the Ca-Mg-e quadrilateral, and in Q-J diagram (Morimoto, 1989) for those pyroxene whos@xtra-quad
component is > 20% Natural clinopyroxenes of trachyte 0718 are reprgented by colored areas, xt = total amount of csgals in the charge (w %).
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tural rock
FO I 1 I I I I Im k\”—”’—’\ paturaroe
100 80 60 40 20 0

Fig.9.8 Experimental pyroxenes compared to the natal ones (see Fig. 9.5 xt = total amount of crystals in the chargewt %).
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Feldspar alwayshas low CaO contents (< 3 wi% = An < 11 mol %) and range
from Ab;,0ry3 to AbssOrpg. Curiously, the An % shows a decrease with deang;
liquid evolution (Fig. 9.11)

Feldspacomposition i not remarkably influenced by variations in T andoBt it
shows some variations at different valuesH,O (fig. 9.11) andagpaitic inde (fig .
9.14) in the melt Feldspar are always ,O-richer than the coexisting melt, and t
difference reaches the maximum value in r-5 (NgOxs = 7.5 Wt % , NoOmet= 4.5
wt % , Table 9.2), characterized by the most ewibivelt composition (see below). T
K2Okss is slightlylower than that of tt melt.

The Na/K of feldspars increes with melt peralkalinitynot shown, with the

exception of the most peralkaline composition -5, Al = 1.24, see below

P=L1.5 kbar T=950°C

Runl-4
H20=39%
xL(18)

Runl-3
H20 =4.3%
Xt (9)

0 0.2 04 0.6 0.8 1

Fig. 9.9Compositional variations of experimental alkali fédspars, compared with the natural ones
(colored areas), xt = totalamount crystals in the charge (wt %)
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P=1.0 kbar T=950°C

RUN4-5

H0=1.6%
xt(73)

RUN4-4
I20=2.8%
Xt (43)

RUN4-3
IRO=4.5%
XL(26)

A SN
/ o N AN
/ — ) e 0
kfs natural rock I T I T I ! T I
Ab() 0.2 0.4 0.6 0.8 1 a

Fig. 9.10 Compositional variations of experimental alkali fédspars, compared with the natura
ones (colored areas), xt total amount crystal in the charge.

(P=10kbarT=950 “C) R4_3 R4-4A R4-5 A
(P=15kbarT=950 °C) R1-3 R14" R15U

10
ATd=097
Al =030
2.5 xt=26
* 7 ATg=124
x Al =036 4 A
g 857 =73 Ald=1.02
o Al =034 Ald=093
=t=43 Alwa =032
< 8 xt=18
] O
7.5 0 ALg=0.95
Ald=101 Al =0.32
Al =083 xt =9
7 xt=35
6.5
6
0 1 2 3 4 5 6
H20melt %

Fig. 9.11An mol % vs. water content in the melt. Numbers refr to: Agpaitic index of the melt
(Alg), Agp. index of alkali feldspar (Al «), and crystal (xt , wt %).
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Olivine composition ranges fromRo,gto Foy; in the charges characterized by liquid
+ clinopyroxene + feldspar + olivine assemblagenRtb and Run 4-5) and occurs for
a restricted range of liquid compositions from AL® (Run 1-5) to Al = 1.2 (Run 4-5).

Olivine crystallization occurs between 1.606da2.5 % of HO. The late
crystallization of olivine is in agreement with pegraphical observations on the
natural samples, and also is coherent with thenaigsons of White at al. (2005), who

suggested that Fe-rich olivine crystallizes to aimam melt agpaicity of 1.60.

9.6 composition of experimental melts

Experimental glasses vary their compositeminerently with temperature and
water content and range from trachyte to rhyotitejering a silica range between 65.0
to 72.2 wt % (sum of oxides reported at 100 Yguife 9.12). The melt agpaitic index
varies from 0.86 to 1.30 of the most evolved lejuihich was obtained at P = 1.5 kb
and HO = 1.6 wt % (Run 4-5), the agpaitic index of thigiid is Al = 1.24 (table 9.2)
for a KO = 5.0 wt %. The KO concentration increases with decreasing in Ga (
9.16).
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(P=10kbarT=950 °C) R4-1 A R4-2 /" R4-3 R444A R454
(P=15kbarT=950 °C} R1-2 ~ R1-3 RIl14" R1-5U

16
K204 Na20 wi%e
14 1
12 1 Trachyle
s> P a Riiyolite
10 1 o A
\
81 / \
e N\
6 .
\
\
4 \
2 .
0 T L) T T T L) T T

37 11 45 49 53 57 61 65 69 73 77
Si0zwi%

Fig. 9.12 Totalalkali versus silica (TAS) diagram for the classiftation of experimental glasse:
(reported to 100 %) as a function of temperature, pessure and thase assemblag The star
represents the starting material composition (SM

Most ofexperimental glasseare metaluminous (Al= 0.861.00). As visible ir
Fig. 9.13some liquids movetowards less peralkaline compositions (i.e. parthe left
of the starting material in Fig, 9.13), and thelrdecreases (to 0.92-95) respect to the
starting glass composition (Al= 0.t To explain this anomalous decrease
peralkalinity for this group of experiments we cannot simply invoke
“clinopyroxeneeffect” of Scaillet and Mac Donald (2003), sincangpyroxene is onl’
a minor crystallizing phase (Table 9.1), but wevenao take in account tt
crystallizazion of FeFi oxides (R -4) tha decreases the melt FeO (Fig. 9.13). On
contrary, in those runs where feldspar crystalii@mabecomes more and more abund
the liquid composition moves towards the normaréase in 2,03 and increase in Fe
(the “orthoclase effect” of Bailey a Schairer, 1964) (bottom directed arrow in F
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9.13) increasing at the same time the agpaitic xind&h respect to the startir
composition (to 1.30). Feldspars in these runschezacterized by the lowest agpa

index (Akelq down to 0.82, Fig. 9.14), i.e. their removal mazies the increase in me
peralkalinity.

The increasing peralkalinity is accompanied by antitic decrease in ;03 (down
to 104 wt %) at an Si, = 70.9 wt % (both values are reported as frche
microprobe, i.e. totals < 100 %, while on the gsaplte reported to 100!

(P—10kbarT-950°C) R4-1 4 R42+* R43 R444 R454
P-15kbarT-950°C) R12 RI1-3 Ri14' RI-5"

19-AkOzwi % _ ;
Al — 095 Comenditic e
1?_ "‘x\\\ Xt = 18 trachyte ////
M\x\:\‘ 0 SM //' o
T AL= 097 %
15- ~. D y
S A AT-1027
T xt=437 pantelleritic
d \h><x Trachyte
// e
: e ’ e
111 Comendite o S
A AI=124 T
/'/ g _ \\"‘\.
9 ya -
e '//
7 /-’/ Pantellente
/'//
SH——— , , |
FcO wt %

Fig. 9.13 The MacDonald (1974) classification diagm for the classification of experimental
glasses, where we projected also liquids with Al 4 contrarily to the Author's constraints.
Numbers refer to the melt agpaitic index (Al) and cystal proportions (xt) (wt %). The star
represents the starting material composition (SM)(FeO and ALO; are reported to 100 %
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(P=1.0kbarT=950 °C) R4-3 R44 4 R4-54

Al k% ®=1.5kbarT=950 °c) R1-3 R1-4" R1-5H
1.25
1.151
1.051
>
0.957 +SM (m)
A
A
0.857 ISD
O M (ph)
0.75 . , . ;
0.75 0.85 0.95 1.05 1.15 1.25

Al meht%

Fig. 9.14 Agpaitic index of the melt (Alne) VvS. Agp. index of alkali feldspar (Alys). The
compositions of natural phenocrysts (ph) and micrales (m) of the starting trachyte 0718 are als

reported.

(P=1.0kbarT=950 °C) R4-1 A R4-2* R4-3 R44A R4-54
®=15kbarT=950 °C)R1-2 "' R1-3 R14" R1-50

13 AI melt
xt=73
A
1.2
1.1
xt=43 A
1.0 xt=3501 -
=26 + Cxt=19
09l .
A
=<1
038 . T 7 T T 7
10 11 12 13 14 15 16 17
AbO3s wt%

Fig. 9.15 ALO; (Wt %, reported to 100 %) vs agpaitic index (Al and crystal proportions of the
given charge (xt), wt %.The star represents the starting material composibn (SM).
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(P=10kbarT=950°C) R4-1 AR4-2 AR4-3 R44AR4-54
(P=15kbarT=950°C)R1-2 ' 'R1-3 R1-4JR1-50

6.0
K20wt%
557
xt=434A
_ A xt=72
3.0 xt=23s0
xt=26
xt=195
4.5 7
xt=18 A xt<1

+

M
4.0 7
357

CaO/Al 203 wt%
3.0 7 T T
0.00 0.05 0.10 0.15 0.20

Fig. 9.16 K,O vs. CaO/ALO;. Potassium content increases steadily, making excég for R 4-5 (xt =
73 %) . The star represents thestarting composition (SM); xt = crystal proportions wt %.
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Table 9.2 Composition of experimental phases atdlkbar — 950 °C

Charge TRACH. R 4-1 R 4-2 R 4-3 R 4-4 R 4-5

Phase WR gl 6 (n=13) gl o (n=12) gl 6 (n=10)  cpx Eyn:S) fsp Eyn:S) gl 6 (n=10)  cpx 6 (n=5) fsp s (n=5) 4l 6 (n=10)  cpx o (n=5) ol o (n=5) fsp 6 (n=5)
SiO, 64.06 61.37 0.48 62.37 0.50 64.13 0.88 50.47 157 4266 0.87 65.12 0.43 52.44 0.50 64.80 1.97 70.8978 0. 53.00 211 3432 0.28 64.72 0.68
TiO, 0.76 0.75 0.11 0.74 0.07 0.66 0.07 0.78 0.16 0.00.000 0.51 0.07 0.81 0.29 0.00  0.00 0.99 0.14 0.65 170. 0.00 0.00 0.00  0.00
Al,04 15.93 15.04 0.24 1526 0.17 15.33 0.22 3.87 0.81 .330 0.90 1423 0.12 5.53 1.73 19.56 0,34 10.25 0.23 4.57 1.15 0.00  0.00 20.33 0.59
FeO 5.05 451 0.07 4.47 0.20 3.98 0.68 1490 3.58 0.260.26 5.00 0.27 16.58 2.54 036 0,14 5.46 0.63 14.4416 50.15 1.27 0.63 0.32
MnO 0.19 0.18 0.04 0.21 0.03 0.16 0.03 067 011 0.00.630 0.20 0.03 132 0.27 0.00 0,00 0.14 0.05 0.90 190. 262 034 0.00  0.00
MgO 0.52 0.56 0.06 0.54 0.02 0.38 0.05 7.77 1.88 0.00.000 0.33 0.04 4.92 1.12 0.00 0,00 0.14 0.03 763012 883 084 0.00  0.00
CaO 1.89 1.86 0.08 1.86 0.11 1.43 0.16 1798 2.26 1.9@.00 1.14 0.05 1478 2.02 208 041 0.85 0.25 15.11760 0.75 0.28 181 0.8
Na,0 6.60 5.57 0.19 5.88 0.11 6.03 0.16 194 0.68 6.98.910 5.57 0.16 238 0.32 7.43 0.61 4.50 0.20 242 021. 0.00 0.00 753 075
K0 4.25 411 0.07 4.17 0.05 4.64  0.10 0.00  0.00 4.42.081 498 0.05 0.00  0.00 4.66  0.50 4.94 0.07 0.00 000. 0.00 0.00 465 0.74
P,0s 0.20 0.17 0.03 0.15 0.04 0.18 0.05 0.00  0.00 0.00.000 0.16 0.05 0.00  0.00 0.00  0.00 0,24 0.22 0.00 000. 0.00 0.00 0.00  0.00
Cr203 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00.000 0.00 0.00 0.00  0.00 0.00  0.00 0.00 0.00 0.00 000. 0.00 0.00 0.00  0.00
Tot 100 93.90 - 95.63 - 96.92 - 98.39 - 99.27 97.23 - 98.78 - 98.98 98.40 - 98.51 - 96.67- 99.67 -

Fo - - - - - - - - - - - - - - - 24 - - -

Wo - - - - 37 - - - 29 - - - - 30 - - - - -

En - - - - 22 - - - 13 - - - - 21 - - - - -

Fs - - - - 23 - - - 25 - - - - 22 - - - - -
extraquad - - - - 18 - - - 33 - - 27 - - -

An - - - - - - 9 - - - - 10 - - - - - - 9 -

Ab - - - - - - 64 - - - - 65 - - - - - - 65 -

Or 27 25 26

Al 0.97 0.90 - 0.96 - 0.97 - 0.82 1.00 - - - 0.88- 1.24 - - - - - 0.86 -
H20wt% 5.86 - 4.51 - 3.08 - 2.77 - - - - - 1.60 - - - - - - -
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Table 9.2 . Composition of experimental phases &= 1.5 kbar, T= 950 °C

Charge TRACH. R1-2 R1-3 R1-4 R1-5

Phase WR gl ¢ (n=12) gl 6 (n=10) cpx 6 (n=3) fsp 6 (n=3) gl o (n=11) cpx o (n=6) fsp o (n=7) gl 6 (n=8) cpx ¢ (n=5) ol o (n=8) fsp 6 (n=6)
Sio, 64.06 61.73 0.41 63.58 0.31 52.98 0.31 65.11 0.31 4.17 0.55 52.44 0.94 64.25 0.78 65.32 0.52 51.965 1. 33.16 0.92 65.19 1.02
TiO, 0.76 0.66 0.05 0.76  0.08 0.66 0.23 0.00 0.23 0.69.08 0 0.56 0.36 0.00 0.00 0.59 0.05 0.70  0.22 0.00000. 0.00 0.00
Al20; 15.93 14.67 0.26 1554 0.22 339 088 19.74 0.88 .69150.14 1.73 043 20.08 0.77 14.77 0.47 329 1.480.00 0.00 20.20 0.67
FeO 5.05 366 0.16 326 012 12.37 1.19 040 119 2.80.20 1454 1.09 164 0.26 414 035 18.25 2.48 62.4.74 0.38 0.12
MnO 0.19 0.09 0.05 0.16 0.02 0.85 0.19 0.00 0.19 0.17.04 0 1.01 0.17 0.00 0.16 0.19 0.04 1.37 0.19 2.72230. 0.00 0.18
MgO 0.52 0.49 0.04 0.42 0.04 10.03 0.71 0.00 071 0.30.03 9.91 0.07 0.00 0.66 0.25 0.05 7.33 079 9.11.141 0.00 0.44
CaO 1.89 1.69 0.08 1.65 0.12 17.88 1.59 1.54 1.59 1.48.09 18.67 0.46 1.60 0.44 1.29 0.15 15.37 0.44 0.50.14 1.48 0.29
Na,0 6.60 5.60 0.06 597 0.09 1.49 0.39 7.39 0.39 6.11.12 0 147 0.10 7.07  0.00 586 0.15 167 042 0.00000. 7.28 0.00
K0 4.25 4.09 0.03 4.28 0.06 0.00 0.00 4.79  0.00 4.47.06 0 0.00 0.00 4.48 0.00 486 0.18 0.00 0.00 0.00000. 4.26 0.00
P,0s 0.20 0.10 0,02 0.11 0.04 0.00 0.00 0.00 0.00 0.13.05 0 0.00 0.00 0.00 0.00 0.10 0.04 0.00 0.00 0.00000. 0.00 0.00
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000. 0.00 0.00
Tot 100 9459 - 95.72 - 99.66 - - 96.07 - 99.85 - 29.1 97.39 - 99.91 - 97.95 - 98.79 -
Fo - - - - - - - - - - - - - - - - - - 24 - - -

Wo - - - - - 36 - - - - 38 - - - - - 31 - - - - -

En - - - - - 28 - - - - 28 - - - - - 21 - - - - -

Fs - - - - - 19 - - - - 23 - - - - - 29 - - - - -
extraquad - - - - - 18 - - - - 12 - - - - - 19 - - -

An - - - - - - - 7 - - - - - 8 - - - - - - - 7 -

Ab - - - - - - - 65 - - - - - 65 - - - - - - - 67 -

Or 28 27 26

Al 0.97 0.92 - 095 - - - 0.80 - 0.95 - - - 082 - 1.00 - - - - - 0.82 -
H20wt% 439 - 4.29 - - - - 3.94 - - - - - 256 - - - - - - -
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SECTION 2: DISCUSSION

PREVIOUS EXPERIMENTAL STUDIES

Unfortunately the existing experimental tatse on metaluminous/slightly
peraluminous is very restricted, the comendite 02 of Scaillet and Mac Donald
(2001) from the Olkaria complex has a comparablé1/05) to our starting sample, but
at much higher silica and lower alumina. This mahas we cannot rely on pre-existing

experimental data base to compare with.

PRE-ERUPTIVE CONDITION®OF THE TRACHYTIC MAGMA

The limited number of experiments done doaitmw an in-depth discussion about
Pre-eruptive conditions of trachyte magma at Phanta) nevertheless, the represent an
important link with experimental studies carriedt @n a more evolved pantellerite
composition from Pantelleria (Di Carlo et al., 2D1A more robust basis for discussion
can be reached if we merge with complementary daté@ved by thermodynamic
modelling (White at al.,2009; this thesis).

Consequently is possible to narrow the T-Psttamts for crystallization of trachyte
magmas to the following conditions: P = 1.0 - Bbar, T= 900-950 °C (See chapter 7).
Phase proportions obtainkedm experiment and Run 1-5 and subordinately Bu
4, Table 9.3 are the closer to those observdalematural rock . The compositions of

clinopyroxene, alkali feldspar and olivine aresds AbgseOre.28 and Foy,
respectively, and when compared with the naturahphrysts (FEg-32, AbgsOr2,, FOy4)
strengthen the above consideration. Thus we propasenost likely pre-eruptive
conditions for trachyte magma: P = 1.5 kb, T = 980 H,0O = 2.5 - 2.8 wt%.
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R1.5 (P =1.5kb; T=950 R4.4 (P =1.0kb; T= Starting material
°C; H,0 = 2.5 wt%) 950°C; H,0 = 2.8 wt%)
K-feldspar 27 37 31
Clinopyroxene 3 5 2
Olivine 4 Tr 2
Fe-Ti oxides Tr Tr 1
Crystal tot % 35 43 36

TAB 9.3 Comparison of crystal abundances of runs.% and 4.4 (wt %) with the natural rock (for
this latter, modal abundances volume %, as reportkin Table 3.1, were converted in wt %)

This hypothesis has an indirect confirmatigrrécent geophysical studies (Mattia et
al., 2007) that suggest for Pantelleria, the presef a magma reservoir at a depth of
about 4 km, which corresponds to a lithostaticspuee slightly over 100 MPa (if an

average crustal density = 2.6 g famitaken.
RELATIONSHIPS WITH DERIVATIVE LIQUIDS

We were able to produce a pantellerite liqéit= 1.24, Run 4-5) at the following
conditions : P =1 kb; T = 950°C.8 = 1.6, for a total crystal content of 73 wt %.

These conditions are very different from théeired pre-eruptive T-P-4@, being
particularly much higher in temperature and at aewaontent unrealistically low (cf.
Di Carlo et al., 2010). Thus, more experiments aeeded to better address this
argument, and in particular should be focused xgoee lower T and higher i
conditions. Nevertheless we are allowed to sayttmafpantellerites are derivative of
parental trachyte magma after 70 wt% of crystaiticamation.

This latter datum agrees well with independealculations developed either
geochemically (Civetta et al., 1998) or thermodyicatty (White et al., 2009).
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CONCLUSIVE REMARKS

Chemical and mineralogical study of samples from Mietagna Grande lava pile
and trachytic enclaves in more recent explosive pducts allow to focus on some

aspects of the magma history in the past 50 ka abRtelleria island:

- the occurrence of a products resulting from ngxprocesses between mafic and
trachytic magmas gives evidence that basaltic naggwere intruded into the trachytic
magma bodies below the caldera. The mafic end mesfitmevs characteristics close to
those of the alkali basalts erupted outside theéecal in the past 50 ka. It can be
regarded as a physical evidence of a strict relaligps between basaltic and trachytic
magmas;

- this study confirms a Daly gap between alkalighids products (Si@-48 wt%) and
trachytic rocks (Si@-64 wt%). Trace of intermediate compositions betwde two
end members are only found as sporadic crystatsxed products and likely represent
transitional events strictly associated with epesodf refilling from depth of the
residing trachytic magma body;

- based on chemical composition of the trachytesteace elements in clinopyroxene,
two groups of trachytes ca be recognized (metalausrHigh ITE and peraluminous
Low ITE trachytes) which possibly depict two distipetrogenetic trends;

- as a whole, trachytes can derive from alkali hesaa crystal fractionation. Different
physical-chemical conditions, such as volatile pues, oxygen fugacity, crystallization
of accessory mineral phases, can determine diffeeolutionary trends, leading to

trachytic magmas with different chemistry.
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Crystallization experiments performed at T = 900-90 °C, P= 1.0 - 1.5 kb,
H2Omeit = 1.6 — 6.1 wt % , allow us to place some furtheonstraints:

- pre-eruptive conditions: trachyte magma T-P-OkL: conditions are closely
reproduced by Runs 1-5 and 4-4, that match pHasedance and phase composition of
the natural sample. Thus we propose as the mosly listorage/crystallization
conditions for trachyte magma at: T = 950 °C, P5Kb, HOnet = 2.5- 2.8 wt %;

- Some experimental melts are characterized byghtslecrease in their peralkalinity
(Almerr down to 0.92), we invoke the “pyroxene effect’upted to Fe-Ti oxides
crystallization in a few feldspar-poor runs. Whi€aldspar crystallization becomes
overwhelming produces a net increase in melt paliaiky, emphasized also low
peralkalinity of the feldspars themselves:{@down to 0.82- 0.84);

- derivative melts: we were able to produce a plamie liquid (Al = 1.24, Run 4-5) at
the following conditions: T = 950 °C, P = 1 kb;G®het = 1.6 wt %, at a total crystal
content of 73 wt %. These conditions are very d#ifie from the inferred pre-eruptive
T-P-H,O of pantellerite magma (Di Carlo et al.,, 2010),inge much higher in
temperature and at an,®,e; unrealistically low. Thus, more experiments ageded
to better address this argument, focused to exploe low-T and BED-rich region.
Nevertheless, we are allowed to assess that peniiedl are derivative of parental
trachyte magma after 70 % of crystal fractionatiang this agrees with independent

estimates, either geochemical or via thermodinahmmdelling.
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APPENDIX

ANALYTICAL TECHNIQUES

XRF ANALYSIS

Whole-rock analyses were carried out on robkp< left in to distilled water
overnight in order to minimize the possible absorpof marine aerosol. Samples were

ground using an agate mortar.

All the samples were analyzed by electropelisive X-ray fluorescence
spectroscopy (WDS-XRF) RIGAKU spectrometer, hosaedept. C.F.T.A., Univ. of

Palermo.

Selected of samples were analyzed for traeeehts by ICP-M3trace elements)

technique at Activation Laboratories, Ancaster,aDiot

MICROANALYSES (MINERALS AND GLASSEYS)

SEM-EDS

Lavas and scoriae were reduced to polishiedsictions or mounted in epoxy for
microanalyses. Mineral and textural analyses wmdormed using a LEO™ 440
scanning electron microscope coupled to an Oxfon#-IEDS, hosted at Dept CFTA.
Operating conditions were: 20 kV accelerating \g@tand 600 pA beam current, live

time 100 s. Natural mineral standards were usedlibrate quantitative analyses.

EMP
A JEOL-JXA-8200, electrone microprobe (combkiné/DS/EDS micro analyzer)

hosted at Istituto Nazionale di Geofisica e Vuldag@, Rome, was used for major

elements analysis of glass and selected clinopyex@.e. those cpx analysed for trace



elements by LA ICP MS, see below). Operating ctioias were voltage 15 kV, beam
probe diameter pm and beam current 5 nA for glasses and 14 nAnfaerals.

LA-ICP-MS

Trace elements in clinopyroxene were obthily laser ablation—inductively
coupled plasma—mass spectrometry (LA-ICP-MS), userg laser source and
Spectrometer at the Consiglio Nazionale delle Riveristituto de Geoscienze e
Georisorse, Pavia, Italy.

LA-ICP-MS is a sensitive analytical method fapid multi-element determination
in the trace, the sample material to be investijagevaporized in a laser plasma by
focussed laser radiation and transported with angtanthe inductively coupled plasma
ion source of an ICP-MS. The positively chargedsiare extracted from the inductively
coupled plasma through an interface into the higtuum of the mass spectrometer and
separated in the mass-spectrometric separatioensyatcording to their mass/charge
ratio and energy/charge ratio and detected by@nsiacy electron multiplier.

The instrument at CNR- Pavia Laboratory, ces@ 266 nm Nd: YAG laser source
(Brilliant-Quantel) to a quadrupole ICP-MS (DRCePerkin Elmer). The laser was
operated at 10 Hz adopting a spot size of 2Q+##0and a pulse energy of about 0.01—
0.03 mJ. Selected masses were acquired in peaknigopde with a dwell time of 10
ms. Each analysis consisted in the acquisitionOo$ ®@n background and 60 s on peak.
SRM Nist612 and 44Ca were used as external anchaltstandard, respectively. Data
reduction was carried out with the Glitter softw@van Achterbergh et al., 2001).

Accuracy is estimated to be better than 5%tixed (for further details, see Tiepolo et
al., 2003).

INFRARED SPECTROSCOPY

The FTIR spectroscopy (Bruker Tensor 27 spewtter coupled to Hyperion TM
Microscope, Dip. CFTA).
Was used to evaluate precisely th®Hlissolved in a few selected near-liquidus

experimental glasses . To solve the Beer-Lamberatean , and to obtain an,@ value,



were chosen the following variables: molar extioctcoefficients were taken from Di
Matteo et al., (2004) : 62 (I *mol*cm™) for the 3550 cil band, 1.58 (I *mot *cm™)
for the 4500 crif and 1.36 (I *mot *cm™) for the 5200 c\. Either the 3550 cth
MIR band (HO tot) or, when saturated (absorptivity > 1.5) tluéigh water content or
exceedingly thick glass chip (i.e. > 80 micronsgrevused the 4500 (OH+ 5200 (HO
mol) NIR bands. Melt density was calculated, adiogy to Ochs and Lange, 1999, and
varied in the range 2395-2400 g/l in responsata@tion in HO content.

The HO concentrations derived from these near-liquidussr(using the Beer-
Lambert equation) were then applied to calibratertteasurement of @ by electron
microprobe with the by-difference method (Devineak, 1995) for all those crystal-
rich charges not analyzable by FT-IR. The “by d#fece” method is based on the
assumption that the difference to 100 of the stioxamles (totals ) of glass microprobe

analyses, is equal to the amount of dissolved.H
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