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Abstract

Igneous rocks of intermediate to acidic composition commonly exhibit considerable degrees of isotope variability preserved at the crystal
and sub-crystal scale, as well as a significant U-Pb age range, reflecting protracted timescales of zircon crystallization and long magma
residence times. The association of high-precision U-Pb zircon dates with stable and radiogenic isotope data represents a powerful tool
to unravel the petrological evolution of granitic rocks, hence allowing a better understanding of the processes that led to the formation
and reworking of the continental crust. In this case study, we combine high-precision U-Pb dates with stable and radiogenic isotope data
from zircon crystals in the Larderello-Travale (Italy) shallow-level granites. These rocks are peraluminous two-mica, cordierite-bearing
granites and represent pure crustal anatectic magmas, generated in a post-collisional extensional setting. As such, they are ideal
candidates to investigate the timing, rates and mechanisms of melt production during anatectic magma formation, giving insights into
the process of intracrustal differentiation. Magmatic zircon crystals from the Larderello-Travale granites contain 5180 values ranging
from 8.6 to 13.5%o and crystals from individual samples exhibit inter- and intra-grain oxygen isotope variability exceeding 3%.. The
analysed crystals have eHf values ranging between —7.4 and —12.4, with moderate, intra-sample gHf isotope variability. All CA-ID-TIMS
(chemical abration isotope-dilution thermal ionization mass spectrometry) 206Pb/23’8U zircon ages range from 4.5 to 1.6 Ma and suggest
four pulses of magmatic activity at around 3.6, 3.2, 2.7 and 1.6 Ma. More importantly, zircon crystals from individual samples typically
exhibit an age spread as large as 300-500 ka. This age dispersion suggests that most of the zircon did not crystallize at the emplacement
level but in the middle crust and were subsequently recycled and juxtaposed during ascent and emplaced at shallow level. When plotted
against age, stable and radiogenic isotope data suggest the co-existence of multiple and isotopically distinct magma batches produced
by partial melting of different crustal domains. This requires coeval magma batches that are physically separated and evolve independently
for hundreds of thousands of years before coalescing during ascent and emplacement. The involvement of multiple sources in the
production of crustal anatectic magmas reflects the inherent heterogeneous nature of the continental crust and result from the interplay
between the rise and evolution of the geotherms through the crust and the composition of the fertile source rocks. Finally, the isotopically
diverse zircon-bearing magma batches mixed and assembled into shallow-level intrusions generated during the four major magma
pulses.
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1. Introduction

In the continental crust, magmas with broadly granitic com-
position are formed by partial melting of a variety of different
sources under water-fluxed and fluid-absent melting conditions
(Brown, 2013). The removal of granitic magmas from middle and
deep crustal levels and their emplacement at shallower depths
has shaped the structure of the crust, enriching its upper part in
incompatible and heat-producing elements and leaving its lower
portion relatively mafic and refractory (Petford et al., 2000). Al-
though crustal reworking (i.e. melting of pre-existing crustal rocks)
followed by melt extraction, ascent and granite emplacement is the
main agent that caused the chemical differentiation of the conti-
nental crust, the timescale of melt production and the processes
controlling the chemical composition of crustally-derived granites
are still poorly constrained (e.g. Clemens and Stevens, 2012).

In the last decade, the increased utilization of spatially resolved
isotope analyses in igneous petrology has revealed that grani-
toid rocks are far less homogeneous than previously thought and
are commonly characterized by large degrees of small-scale iso-
topic variability (Wotzlaw et al., 2014; Farina et al., 2014a,2014b).
Also, the achievement of unparalleled high-precision in CA-ID-TIMS
zircon geochronology (i.e. better than 0.1% on 238U-206ph dates;
Schaltegger et al., 2015) has shown the common occurrence of
significant U-Pb age scatter in populations of zircon crystals from
individual samples of granitoids and felsic volcanic rocks (Wotzlaw
et al., 2013; Barboni and Schoene, 2014; Sampertonet al., 2015).
This new generation of high spatial resolution isotopic data and
bulk-grain high-precision U-Pb dates has strongly contributed to
the emerging view that magma reservoirs are incrementally built
regions in the crust where melt, crystals, and volatiles are hetero-
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geneously distributed in space and time (Cashman et al., 2017).
The vast majority of these studies are focussed on granitoids and
felsic volcanic rocks that were formed in continental and oceanic
arcs and in within-plate continental settings (Wotzlaw et al., 2014;
Samperton et al., 2015; Schmittet al., 2017), where felsic ig-
neous rocks are mostly produced by mixing between mantle- and
crustally-derived magmas (e.g. Szymanowski et al., 2015). Less at-
tention has been paid to the genesis of felsic rocks originating from
direct melting of pre-existing crustal material, even though from
the end of the Archean such processes are predicted to have been
important (Hawkesworth et al.,, 2018). To gain a comprehensive
understanding of processes leading to the internal reworking of
the continental crust, we investigated the Plio-Pleistocene shallow-
level peraluminous granites from the Larderello-Travale intrusive
system (Tuscany, Italy; Fig.1), which represent crustal anatectic
magmas (Dini et al., 2005). We use high precision CA-ID-TIMS zir-
con dating combined with stable and radiogenic zircon isotope
data to shed light on the rates and mechanisms of melt production
as well as on the processes that generate the chemical variabil-
ity observed in many S-type granitoids. Ultimately, these data will
help to better understand the formation and evolution of the up-
per continental crust.

2. The Larderello-Travale magmatic system

The development of the northern Apennine orogenic wedge cul-
minated at the Oligocene-Miocene boundary and was followed
by widespread lithosphere extension and asthenosphere upwelling
caused by the rollback and delamination of the Adriatic microplate
below the European margin (Malinverno and Ryan, 1986). From



Miocene to Present, post-collisional extensional tectonics led to
the opening of a continental back-arc basin (i.e. the northern
Tyrrhenian Sea) and to the emplacement and eruption of rocks
of the Tuscan Magmatic Province (Lustrino et al., 2011). The ig-
neous rocks of this province are exposed across an area of about
30,000 kmZ and exhibit a significant range in composition from
peraluminous anatectic products to rocks showing calc-alkaline,
high-K calc-alkaline, potassic, ultrapotassic and lamproitic affinities
(Lustrino et al., 2011).

In southern Tuscany, granitic intrusive bodies with Pliocene to
Pleistocene ages (3.8-1.3 Ma) have been found in boreholes at
3-4 km depth (Fig.1) below the Larderello geothermal area (Dini
et al., 2005; Villa et al., 2006). In this area, the thinned conti-
nental crust (~23 km) is characterised by very high heat flow
with average regional values of 100-150 mW/m? (Gianelli et al.,
1997). In the central area of the Larderello-Travale system, seis—
mic reflection data show a continuous bright spot level at depths
of 3-5 km below the surface, the so-called K-horizon (Bertini et
al., 2006). Although the geological meaning of this horizon is still
highly debated (Agostinetti et al., 2017), very high temperatures
are observed at its top (>450°C), which suggests that the mag-
matic system is still active and that new magmas were recently
emplaced below the Pliocene-Pleistocene granitoids.

The Larderello-Travale igneous complex is composed of high-
silica monzo-and syenogranites displaying a high degree of tex-
tural and mineralogical variability. Most of these rocks are two-
mica granites, containing cordierite and, more rarely, other Al-rich
phases such as andalusite and dumortierite. Apatite, zircon, mon-
azite, U-rich thorite and ilmenite are ubiquitous accessory miner-
als. The boron-rich character of these granites is highlighted by the
ubiquitous occurrence of late-magmatic tourmaline. All the gran-
ites are highly peraluminous with alumina saturation index (i.e.
molar ratio of Al;03/(Ca0 +Na;O0 +K;0)) ranging between 1.10
and 1.25, and silica contents between 69 and 79wt%. The gran-
ites have high and variable initial 87Sr/86Sr whole-rock composi-
tions (0.715-0.721)and low €yq values spanning between —8 and
—11 (Dini et al., 2005). These features indicate that the Larderello-
Travale granitoids are crustal anatectic magmas that, according to
Dini et al.(2005), were formed through biotite and/or muscovite
fluid-absent partial melting of aluminous metasediments. The age
of the granites ranges between 3.8 Ma (biotite K-Ar age) and
1.3Ma (muscovite 3%Ar-4%Ar), with a few 39Ar-4CAr muscovite and
biotite samples also yielding ages between 2.5-2.25 Ma (Dini et al.,
2005).

3. Workflow and analytical methods

To investigate the petrogenesis of the Larderello-Travale mag-
matic system, we conducted high-precision CA-ID-TIMS U-Pb dat-
ing combined with oxygen and hafnium isotope analyses of zircon
crystals from six monzogranite core samples. Four of the sampled
wells are from the eastern part of the geothermal field, while the
other two are located 5-10 km westward, close to the area char-
acterized by the highest thermal anomaly in the geothermal field
(Fig.1). Five out of six samples are from depths between 4100 and
4300 m, while sample Mont-1B was drilled at ~3100 m. The pet-
rography and whole-rock geochemistry of four of the samples (i.e.
Rad-29, Rad-26, Carb-C, TRV-S) is described in Dini et al. (2005),
while the other two samples (MTR-22 and Mont 1B) have not been
studied in detail.

To determine the petrogenesis of the Larderello-Travale gran-
ites, we implemented an analytical workflow integrating in-situ
and bulk-grain zircon analysis. The workflow consists of five
steps: i)zircon imaging by cathodoluminescence;ii)oxygen iso-
tope (5'80) determination by Secondary lon Mass Spectrometry
(SIMS) from specific zones in the core and rim of the grains; iii)

in-situ U-Pb dating performed by laser ablation-inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) on inherited cores;
iv) CA-ID-TIMS U-Pb geochronology on selected grains that had
previously been analysed for their oxygen isotopic composition;
v) bulk-grain solution Hf isotope measurements by multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS) per-
formed on zircon washes from U-Pb geochronology.

CA-ID-TIMSU-Pb zircon dates were also determined for zircon
crystals from one rhyolite sample of the Roccastrada volcanic com-
plex (sample Roc-10), cropping out ~10 km south of the geother-
mal field. These lavas are distributed over an area of ~100km?
and have chemical and isotopic compositions similar to the gran-
ites of the Larderello-Travale system (Pinarelli et al., 1989), which
suggestsa petrogenetic kinship between the lavas and the shallow-
level granitoids.

A complete description of the analytical methods is provided
as Supplementary material together with complete documenta-
tion of the analysed crystals (Tables S1-S6, Figs. S1-S2). Our
database includes thirty-three zircon grains for which CL-images,
high-precision U-Pb ages, oxygen and Hf isotope data have been
collected (Table S6 in the Supplementary material).

4. Results
4.1. Zircon textures

Zircon crystals from the Larderello-Travale granites and Roc-
castrada rhyolite are mostly prismatic or stubby. Crystal lengths
range from 50 to 400pum and aspect ratios (i.e. length/width) from
2:1 to 5:1. The zoning pattern of ~1000 zircon grains from the
seven samples was characterized under cathodoluminescence(CL
hereafter). Despite the large textural variability exhibited, the zir-
con grains can be grouped into five types ranging from relatively
simple textures (types 1, 2 and 3) to complex grains (types 4, 5).
These are:

1.Grains with well-developed pyramid shape (211) showing
fine-scale oscillatory and sector zoning. Some of these crystals
contain small (10-15pm), sub-rounded,homogeneous centres
with bright CL characteristics (Fig.2).

2.Grains showing core-to-rimoscillatory zoning. A few crystals
of this group contain perfect concentric zonation, others con-
tain two different growth zones that are not separated by re-
sorption surfaces (Fig.2).

3.Grains with featureless or faintly-zoned centres. The centres
are most commonly CL-bright surrounded by fine-scale oscil-
latory zonedrims (Fig.2).

4.Grains exhibiting centres with convoluted zoning and irregular
CL-dark patterns commonly overgrown by oscillatory zoned or
dark rims (Fig.2). In many crystals, the convoluted zoning in
the centre overprints partially-preserved oscillatory zoning.

5.Euhedral zircon grains exhibiting sub-rounded oscillatory
zoned and/or homogeneous centres overgrown by oscillatory
zoned rims. The contact between the centre and the surround-
ing rim is irregular and sometimes highly lobate. Thin irregular
areas at the core-rim boundary that show transgressive re-
crystallization are also relatively common. In some cases, the
centres display an internal zoning that is truncated by the zon-
ing in the rim and/or have a morphology that is substantially
different from the external morphology of the crystal. In these
cases, the centres are interpreted as inherited cores (Fig.2).

The proposed classification is qualitative and the attribution
of a given crystal to one of the textural type described above is
not always straightforward. In fact, it is not uncommon to have
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Figure 3. Frequency diagram showing the distribution of the different zircon types
recognized by cathodoluminescence. For each sample, the percentage of zircon
Grains having an inherited core has been estimated based on CL images and a
reconnaissance LA-ICP-MSU-Pb survey.

crystals without a clear-cut affinity to one of these types or crys-
tals whose internal structure could fit into more than one of the
groups. In spite of this complication, a few significant differences
among the samples emerge from the frequency histogram of Fig.3,
which shows the relative abundance of the five zircon textures.
Type-1 zircon grains are characteristic of sample MTR-22, consti-
tuting ~60% of the entire zircon population while, this zircon-type
is absent in all the other samples. Grains with centres character-
ized by convoluted zoning (type-4) are abundant in sample Carb-C
(~40%). Finally, samples Mont 1B, Rad-26, Rad-29, TRV-S as well
as the rhyolite (Roc-10) have a similar distribution of zircon tex-
tures, with types 4 and 5 textures representing between 50 and
70% of the total zircon grains, respectively.

4.2. U-Pb LA-ICP-MSon inherited cores

One hundred spot analyses were performed on partially re-
sorbed zircon centres. Of these, only twenty-six were inherited

images of zircon crystals from the Larderello-Travale granites and Roccastrada rhyolites. Individual oxygen isotope spots are shown by

aced below each grain.

cores. Only eighteen analyses were sub-concordant passing a <10%
discordancy test. The sub-concordant analyses yield apparent spot
ages that vary from 129 to 2191 Ma but are dominated by Neopro-
terozoic and Paleozoic ages (Fig.S1 in Supplementary material and
Table S2). Based on a relatively small dataset of zircon core ages,
the age distribution contains peaks at c. 600, 420 and 300Ma,
which is in agreement with the main peaks in the distribution of
detrital zircon ages observed from metasedimentary rocks of the
Tuscan basement (Paoli et al., 2016).

4.3. Oxygen isotopes

A total of 118 in-situ zircon oxygen analyses were performed
on 88 grains (Table $3). The grains exhibit a range in 880 from
5.6 to 13.5%.. However, in each sample, the lowest 5180 values
were always measured in inherited cores (Fig.4). Excluding the
inherited cores, the whole population of zircon crystals show vari-
ability in 880 of ~5%., ranging from 8.3 to 13.5%.. Zircon crystals
from individual samples also exhibit 8180 inter-grain variability of
greater than 3%o; an order of magnitude larger than the repro-
ducibility obtained for the Temora-2reference material (i.e. 0.28%o,
2SD). Significant intra-grain oxygen isotope variability is also ob-
served. In fact, only four of the seventeen magmatic core-rim pairs
have uniform oxygen isotope compositions, while the others show
intra-grain 880 variations of up to 2.4%.. However, systematic
differences between magmatic cores and overgrowths are not ap-
parent as cores can be both higher or lower in their 8180 values
compared to the overgrowth (Fig.4).

Nineteen out of twenty-two spot analyses performed on zircon
crystals from sample MTR-22 display a limited range in oxygen
isotope composition, between 11.6 and 12.7 %o (Fig.4). The mean
oxygen isotope composition calculated for magmatic zircon from
sample MTR-22is 11.9 £0.4 %o (1 SD); this is the highest aver—
age 5'80value determined for the zircon of the Larderello-Travale
granites. Zircon grains from sample Mont 1B have &80 values
ranging between 8.1 and 11.9 %., with75% of analyses giving val-
ues between 9.6 and 10.7 %o (Fig.4). Two centres yield values
of 8.1 and 9.0 %, and based on CL images are tentatively inter-
preted as inherited cores. The zircon 880 values of sample TRV-S
are extremely heterogeneous,ranging from ~9 to 13.5%. and
exhibiting four clusters (Fig.4). In sample Rad-26,two spot analy-
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ses performed on CL-bright centres show &'80 values of 11.5 and
12.4%.. The remaining thirteen analyses yield lower isotopic val-
ues ranging between 8.9 and 10.9 %.. Magmatic zircon from sample
Rad-29yields a mean isotopic composition of 10.1 = 0.4%. (1
SD) with ~70% of analyses between 10.0 and 10.5%.. The oxy-
gen isotope composition of two inherited cores were also anal-
ysed, these have 580 values of 5.6 and 7.7%.. Finally, in sample
Carb-C, magmatic zircon yields the lowest mean oxygen isotope
composition (9.3 £0.6%o. ;Fig.4), with values ranging between 8.3
and10.6%o.

4.4. CA-ID-TIMSU-Pb zircon geochronology

A total of 99 single zircon crystals from the six monzogran-
ites and the Roccastrada rhyolite have been dated by CA-ID-TIMS
(Figs.5and  6). All 296pb /238 zircon dates were corrected for ini-
tial 239Th-238U disequilibrium as described in the Supplementary
material. Zircon U-Pb ages in the granites span between ~4.5 and
1.6 Ma and have a mean 2o analytical precision of £0.03 Ma on
individual zircon analyses. The geochronological data reveal the oc-
currence of four main pulses of magmatic activity. The oldest and
the youngest magmatic pulses are from the western part of the
complex. Sample MTR-22 contains zircon crystals with ages rang-
ing predominantly between 3.7 and 3.6 Ma while at the same
depth and two km eastward, the youngest magmatic pulse (sam-
ple Carb-C) contains grains with ages between 2.0 and 1.7 Ma
(Figs.5, 6). In the eastern part of the complex, the monzogranite
Mont 1B, contains the oldest grains, with zircon crystals ranging
in age from 3.4 to 3.2 Ma (Mont 1B, Fig.5). In the same area,
the other three monzogranites (samples Rad-29, Rad-26, TRV-S,
Fig.6) have zircon age variability mostly falling in the 2.9-2.6Ma
range. Zircon grains from the Roccastrada rhyolite also share this
age variability (Roc-10, Fig.6). It is worth noting that the oldest
monzogranite from the eastern magmatic pulse (i.e. Mont 1B) was
collected from a depth of 3000m, 1kmabove the other granitoids
in the area. This may suggest pluton construction by top-to-bottom
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accretion as suggested for other intrusions of the Tuscan mag-
matic Province (e.g.the Monte Capanne pluton; Farina et al., 2010;
Barboni et al., 2015)

Overall, zircon ages vary over more than 200 ka, which pre-
cludes the calculation of a geologically meaningful weighted mean
age from the entire zircon population of any of the analysed sam-
ples. Zircon crystals from MTR-22 exhibit the narrowest age disper-
sion among the dated samples, with eight of the eleven 2%6pb /238y
zircon dates overlapping within error, giving a weighted mean
of 3.624 £0.008 Ma (MSWD =1.2, Fig.5). If a single grain
dated at 4.557 £0.020 is excluded, the duration of zircon crys-
tallization for this sample is 188 +110 ka. The younger sam-
ples exhibit larger age dispersions, with individual rock samples
from the eastern magmatic pulse characterized by timescales of
zircon crystallization ranging from 279 £59 ka to a maximum
of 626 +£124ka. The eight zircon grains dated from the Roc-
castrada rhyolite display an age variability of 221 +43 ka. Finally,
sample Carb-C has zircon 296pb/238y ages ranging between 3.555
+0.005 to 1.681+0.027Ma. However, twenty out of twenty-
two dates are within 1.998 £0.027 and 1.681 £0.014 Ma (i.e.
317+41ka).

4.5. Hf isotopic composition

We determined the Hf isotopic composition of fifty-one zircon
grains. All the crystals have a distinct crustal hafnium isotope sig-
nature, with &€y¢values ranging between —6.9 and —11.9(Figs.7
and 8). In the western part of the magmatic field, the data show
an overall increase in &€4from the oldest to the youngest mag-
matic pulse: zircon grains from sample MTR-22 have homogeneous
isotopic compositions, with average &€y of —11.4 £0.5 (1SD),
while grains from sample Carb-C show significant isotopic variabil-
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Figure 7. Hf isotope composition of zircon crystals from the Larderello-Travale
granites.

ity spanning between —6.9 and —9.4 and display an average €y of
—8.1+0.8 (1SD).

In the eastern part of the intrusive complex, zircon crystals
from rocks formed during the second and third magmatic pulse
(Mont-1B, TRV-S,Rad-26,Rad-29) show average €ysvalues that are
between those characterizing samples MTR-22 and Carb-Con the
west. These rocks display different degrees of intra-sample Hf iso-
tope variability (Fig.7), with grains from sample TRV-S being the
most heterogeneous in 17®Hf/177Hf (i.e. €y from —7.9to —11.1).

5. Discussion
5.1. Genesis of the Larderello-Travale granites

Using the empirical equation proposed by Lackey et al.(2008):
5180,r=8180,,+0.0612*(Wt% SiO)—2.5%0 and the oxygen iso-
tope compositions from the Larderello-Travale granites, it is possi-
ble to estimate the oxygen isotope composition of the whole-rock
(8180yy), which serves as a first-order approximation of the melt
5180. Considering that the silica contents of the Larderello-Travale
granites range between 69 and 79 wt% (Dini et al., 2005), the cal-
culated whole-rock 8180 s ~2%. higher than that measured in the
zircon crystals. Therefore, zircon of the Larderello-Travale intrusive
system crystallized from magmas with oxygen isotope composi-
tions greater than 11%. and strongly negative €y of below —7.The
new data are consistent with the range of 8180 (quartz, feldspars,
zircon) and zircon €yf measured in similar Tuscan granites (e.g.
Gagnevin et al., 2011). These features are in good agreement with
the highly peraluminous character of the monzogranites, their high
whole-rock initial Sr isotopic composition (0.715-0.720) and their
low &yg(<—7; Dini et al., 2005). These lines of evidence indi-
cate that the Larderello-Travale granites are crustally-derived mag-
mas mostly produced by melting of isotopically heterogeneous
supracrustal material. Their chemical and isotopic characteristics
suggest that the main type of source involved in the genesis of
these granites are aluminium-rich clastic protoliths such as the mi-
caschists drilled from the Larderello basement (Dini et al., 2005)
or other metapelitic rocks from the Tuscan basement (e.g. the
Calamita schists; Sirevaag et al., 2016).

5.2. Polybaric magma storageand crystallization

The spread in U-Pb zircon ages that characterizes individ-
ual rock samples from the Larderello-Travale intrusive system
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Figure 8. (A)Intercrystal oxygen and hafnium isotopic heterogeneities of Larderello-
Travale zircon crystals. The grey field represents the composition of zircon crystals
from intrusive rocks at Elba Island (from Gagnevin et al., 2011). The dashed line
illustrates the result of a mass-balance binary-mixing model between a mantle-

derived magma (€4r=—12; 880 =14%o) and a crustal component.The model
is calculated considering a Hfcryst/Hfmante=8. (B) O-isotopiccompositions of U-Pb
dated zircons; tie lines link zircon grains for which the core and rim oxygen isotopic
composition was determined. (C) Hf-isotopic compositions of U-Pb dated zircons.

is consistent with an increasing number of recent zircon high-
precision geochronological studies of plutonic and volcanic rocks
(e.g., Samperton et al., 2015; Buret et al., 2017). For small-sized,
shallow-level high-silicaintrusives like the Larderello-Travale gran-
ites, thermal simulations indicate that zircon age variabilities of
hundreds of thousands of years within a hand-sample cannot
be the result of zircon crystallization at the emplacement level
(Barboni et al., 2015). Thermal simulations have been used by
Barboni et al.(2015) to calculate the time-lagbetween zircon sat-
uration and complete crystallization of a granitic body emplaced

in the upper crust, with the top of the pluton at 6 km depth. The
models tested whether the range of zircon dates observed for the

Monte Capanne pluton, a late Miocene monzogranite in the Tus-
can Magmatic province, could be produced by post-emplacement
cooling; i.e. a simple case in which the magma is emplaced above

zircon saturation temperature and zircons are crystallized after

emplacement. The result of this modelling shows that even us-
ing conservative estimates like a steep geothermal gradient of
40°C/km and multi-batch emplacement scenarios (i.e. arrival of
multiple short-lived pulses), the maximum zircon crystallization

time does not exceed ~70 ka. Shorter time scales of conductive

cooling at the emplacement level are expected for the Larderello-

Travale system since for these granites, the pluton top is located at

lower depths (~4km). Also, their strongly peraluminous and high

silica composition suggest that the magma was emplaced at tem-
peratures <850°C (Clemens and Wall, 1981), ~50°C lower than
the temperature implemented in the simulations of Barboni et

al.(2015). Based on these data, we can conclude that the maxi-
mum zircon crystallization time at the emplacement depth for the

granite of the Larderello-Travale system was at least one order
of magnitude shorter than the age dispersion observed for most
of the monzogranites (t =300-600 ka). Moreover, it is worth

noting that CA-ID-TIMSU-Pb zircon ages are individual bulk-grain
analyses in which the entire growth history of the crystal is av-
eraged. This implies that the age spread observed between zircon

crystals within individual granite samples represents a minimum

estimate of the age range in the rock. Furthermore, in strongly
peraluminous magmas cordierite is only stable at pressure lower

than 0.5 GPa, while garnet represents the stable aluminosilicate at

higher pressures (Clemens and Wall, 1981). Based on the above
arguments, we conclude that most of the zircon grains from the

studied granites crystallized in the middle crust, at depths be-
tween the level of emplacement and ca. 12-15 km as indicated

by the occurrence of cordierite in the rock. Zircon crystals formed

at depth were subsequently recycled and juxtaposed during ascent
and emplacement of the magmas at shallow level. This model can

efficiently explain the occurrence of isotopically-diverse crystals in

the same rock volume and fulfils the portrayed idea of rapid zircon

dissolution-precipitation in anatectic melts (Farina et al., 2014a).
Three lines of evidence support this conclusion: i) In high-grade
metapelites more than 80% of the Zr of the rock is allocated in

zircon (Villaseca et al., 2007) and most of the zircon crystals are

hosted in biotite that is the main reactant in melt-producing fluid-
absent reactions (Bea and Montero, 1999). Therefore, during melt-
ing, zircon grains are liberated in the newly formed melt and can

readily dissolve. ii) Three-dimensional modelling of zircon dissolu-
tion rates during crustal melting performed using the equation of
Watson (1996) invariably suggest that zircon dissolvesin hundreds
or maximum few thousands of years at temperatures as low as
750°C (Bindeman and Melnik, 2016). iii) The temperature range
at which biotite fluid-absent melting of Al-rich metasedimentary

sources produces melt fractions that are large enough to be ex-
tracted (ca. 780-900°C, Brown, 2013) overlaps with the tempera-
ture of zircon saturation calculated using the equations of Boehnke

et al.(2013) for the Larderello-Travalegranite bulk rock composi-
tions (730-850°C).

Most of the monzogranites show porphyritic textures, with phe-
nocrysts of biotite, cordierite, quartz and feldspars hosted within a
finer grained matrix made of the same rock-forming phases (Dini
et al., 2005). Thus, the textural observations are in good agreement
with the inference from high-precision zircon data and thermal
modelling and support the idea that crystallization started in a
magma reservoir located in the middle crust before final emplace-
ment at shallow-level.

Finally, it is worth mentioning that the age spread exhibited by
zircon from the monzogranites collected in the eastern part of the
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Figure 9. Sketch

illustrating the formation of the Larderello-Travale magmas. The three panels (t;-t>-t3) show the thermal evolution of the continental crust. The

cartoon illustrates a crustal section made of different lithologies with unconformities delimiting domains of rocks with different ages. Through time, independent magma

domains are formed depending on the temperature achieved in the crust and on the composition of the crustal protoliths. At t; and tpdeformed metapelitic schists melt via
muscovite and biotite-fluid absent melting reactions. At t3immature metagreywackes and volcanoclastic sequences start to melt. A minor amount of magma is also

produced by the amphibolitic domains.

Larderello-Travale system (i.e. Mont-1B, TRV-S, Rad-26, Rad-29)
and zircon in the Roccastrada rhyolite (Roc-10) overlap, indicating
that shallow-level intrusives and rhyolites were fed by a common,
compositionally heterogeneous magma reservoir that evolved for
~336 £43 ky before emplacement or eruption (Fig.6).

5.3. Zircon crystallization in discrete melt domains

Most of the individual granitic rocks from the Larderello-
Travale intrusive system contain contemporaneous zircon crystals
exhibiting different 8180 and &y isotope compositions (Fig.8), a
feature that suggests co-existence of multiple and isotopically dis-
tinct magma batches at depth. The easiest way to envision such a
scenario is imagining different coeval magmatic domains that are
physically separated (Fig.9) and evolve mostly independently for
hundreds of thousands of years (i.e. during most of the zircons
crystallization history). The significant intra-grain oxygen isotope
compositional variability observed for most of the crystals (>1%o)
cannot be the result of crystallization at different temperatures
(Bindeman, 2008)and thus indicates that the isotopic composition
of the individual magma batches changed during zircon crystalliza-
tion. Moreover, as indicated by the common occurrence of complex
zircon CL-patterns, we suggest that episodes of magmatic zircon
partial resorption and re-precipitation took place in these isolated
magma domains, prior to large-scale coalescence and chemical ho-
mogenization of the magmatic system and its subsequent ascent
and emplacement. This interpretation is supported by the fact that
oxygen isotope spot analyses of zircon rims do not converge to a
common value, as it would be expected if the rims were crystalliz-
ing from a homogeneous magma reservoir. This is well illustrated
looking at core-to-rim oxygen isotope pairs from zircon grains of
the second magmatic pulse (Fig.4) where no systematic patterns
are observed: the oxygen isotope composition of the rims can be
either lower or higher with respect to the composition in the core.
The heterogeneous oxygen isotope composition exhibited by zir-
con rims from the Larderello-Travale granites suggest that zircon
from these rocks does not record the isotopic composition of the

latest magma, likely because most of zircon crystals were read-
ily included within biotite phenocrysts (biotite hosts ~90% of the
zircon inventory) and then physically isolated from the evolving
magma. In conclusion, the oxygen isotope data indicate that zircon
crystallized from distinct magma batches whose composition was
independently changing through time, thus reflecting the open-
system evolution of multiple domains of magmas.

Zircon from the oldest magmatic pulse is significantly differ-
ent from the population of zircon grains in younger rocks. Grains
from sample MTR-22 have simple CL zoning patterns and exhibit
an overall minor age variability of 188 110 ky (Fig.5). These fea-
tures, together with the minor oxygen and Hf isotopic variability
(Fig.8) suggestthat most of the zircon grains in this rock formed
in an isotopically homogeneous magma reservoir.

5.4. Coeval melting of multiple crustal sources

Many studies have shown that zircon crystals from individual
samples of granites and migmatites show ranges in Hf isotope
composition in the order of 5-10 epsilon units (Flowerdew et
al., 2006; Farina et al., 2014a, 2014b). This variability has been
traditionally explained by multiple-source mixing of crustal-and
mantle-derived magmas (e.g. Kemp et al., 2007). Recently, two
models were put forward suggestingthat the large Hf isotope vari-
ability observed in anatectic granites can arise from partial melting
of individual crustal source rocks (Farina et al., 2014a; Tanget al.,
2014; Chen et al., 2015). Farina et al. (2014a, 2014b) proposed
that the Hf isotope variability of magmatic zircons is primarily
controlled by the &y variability and spatial distribution of in-
herited zircons in the host magma. According to this model, the
17614£/177Hf heterogeneity of the inherited zircon cargo is directly
transferred to the population of magmatic crystals by rapid disso-
lution and zircon re-crystallization. An alternative model has been
presented by Tang et al.(2014) and Chen et al.(2015). These au-
thors suggested that the final 176Hf/177Hf of a melt is controlled
by the mass balance between the low-radiogenic Hf obtained from
the dissolution of inherited zircon grains and the relatively high-



radiogenic non-zircon Hf derived from other minerals that partic-
ipate in the melting reaction. Both suggested processes are ca-
pable of generating magmas with contrasting Hf composition in
space (Farina et al.,, 2014a, 2014b) and time (Tang et al., 2014;
Chen et al., 2015) and might thus hold as explanation for the ob-
served moderate €y variability among the zircon populations in

the monzogranites of the Larderello-Travale complex. Thus, sim-
ilarly to what was proposed for other crustally-derived granites,
we might be tempted to conclude that the isotope diversity ob-
served for the Larderello-Travale granites is produced by partial
melting of a single source. However, the occurrence of large intra-
sample 880 zircon ranges is at odds with this hypothesis. In fact,
a source undergoing partial melting can only produce batches of
magmas characterized by minor (~1%.) oxygen isotope variabil-
ity, as the induced oxygen isotope fractionation is small at high
temperatures (T>750°C; Bindeman, 2008). Thus, and except for
the oldest granitoid that exhibits limited scatter in zircon 5180,
our coupled stable and radiogenic isotope data in zircon requires
multiple sources to be involved in the production of each of the
monzogranites (Fig.9).

We conclude that diverse crustal sources are contemporane-
ously involved in the production of the Larderello-Travale mon-
zogranites and the isotope variability exhibited by the population
of zircon grains reflects the isotopic heterogeneity of the fertile
lithologies in the continental crust. This latter fact should not be
surprising considering the evidence arising from fluid-absent melt-
ing experiments. These experiments have shown that crustal rocks
typically yield about 30wt% of H,O-undersaturated granitic melt
at temperatures of ~900°C (e.g. Stevens et al., 1997). Accordingly,
the volume of crustally-derived granitic bodies is approximately
one-third of the volume of the crust involved in the melting event.
Such a thick pile of rock is certainly heterogeneous being formed
by complex alternation of different lithologies both vertically and
laterally as data from the Tuscan Paleozoic basement confirm. In
fact, field data from the poorly exposed basement and drilled cores
from the Larderello geothermal field reveal the occurrence of a
complex tectonic stack made of different fertile lithologies such as
micaschists, metagreywackes, gneisses and minor bodies of amphi-
bolites and metabasites (Pandeli et al., 1994).

5.5. Isotopeevolution during crustal thermal maturation

Negative correlation between '80 and &y was found among
the populations of zircon crystals from the six monzogranites
(Fig.8A). In the western part of the Larderello-Travale complex
two separate magma pulses can be recognized, one formed at
~3.6Ma the other is approximately two million years younger
(MTR-22 and Carb-C, respectively). Zircon crystals from these
rocks, which are sampled only two km apart, display contrasting
oxygen and hafnium isotope compositions (Figs.4, 7), with zircon
from MTR-22having high 8180 (~12%.) and low €y{~—11) and
those from Carb-Ccharacterized by low 880 (~9%.) and high &
(~—8; Fig.8). The occurrence of this isotopic trend might sug-
gest that mixing between mantle-and metasedimentary-derived
magmas played a role in generating the covariant 8180-€y¢ zir-
con array, as convincingly suggested for other intrusive bodies and
magmatic suites (e.g. Kemp et al., 2007). Although the possibility
of a minor involvement of mantle-derived magmas in the genesis
of the youngest magmatic pulse of the Larderello-Travale intrusive
system cannot be ruled out, we consider it very unlikely for three
reasons. Firstly, the major element composition of sample Carb-C
matches the composition of leucosomes and experimental melts
derived from metasedimentary crustal sources (Dini et al., 2005;
Gao et al., 2016). Secondly, in comparison with other granites
in the Tuscan Magmatic Province, none of the Larderello-Travale
granites show any petrographic features supporting a mantle-

derived component in their genesis, such as mafic microgranu-
lar enclaves, amphibole clots and anorthite-rich plagioclase cores.
Finally, mixing calculations between a mantle-derived magma
(Eyr=14; 8'80=5.3%:) and a crustally-derived melt(€ys=—12;
5180 =14%0) performed considering Hfrust/Hf mantle ranging be-
tween 3 and 8, show that the lowest 8180 and highest €4 magma
composition would require addition of at least 50% of a magma
derived by melting of a depleted mantle source. This result is at
odds with the K;O-rich and peraluminous character of the gran-
ites and, more importantly, it fails in accounting for the crustal Sr
and Nd isotope signature of sample Carb-C (i.e. 87Sr/86Sr =0.720;
Eng=—9; Dinietal.,2005).

We proposethat the §180-€y¢ evolution observed for the whole
Larderello-Travale intrusive system and in particular in the west-
ern sector of the magmatic field (Fig.8) reflects partial melting of
compositionally different crustal source domains at progressively
higher temperatures. In essence, we suggest that the overall de-
crease in 8180 and increase in €yf observed from the oldest to
the youngest magmatic pulse represents a compositional evolu-
tion originating from the interplay between advancing geotherms
in the crust and the nature of the crustal lithologies involved in the
melting process. Partial melting experiments and thermodynamic
simulations predict that in the absence of free-aqueousfluid in the
crust, the first magmas to be produced are formed under upper-
amphibolite-facies conditions by partial melting of metasedimen-
tary rocks that had a significant fraction of Al-rich clays in their
protoliths through muscovite fluid-absent reactions (~750°C; e.g.
Patifio Douce and Harris, 1998). At higher temperatures (~800°C),
metapelites will also start melting by incongruent reactions involv-
ing the breakdown of biotite (e.g. Pickering and Johnston, 1998).
Magma batches derived from these clay-rich protoliths will form
granitoids characterized by high 880 and low &y compositions.
The high 880 of the magma reflects the high oxygen isotope
composition characterizing metasedimentary Al-rich clastic rock
(Bindeman, 2008)while its low 7®Hf/177Hf is derived through
dissolution and re-crystallization from the Hf isotopic composi-
tion of old detrital zircon crystals, which in the Larderello-Travale
granites are preserved as inherited cores. Melting of this type of
sources can explain the composition of zircon from sample MTR-22
as well as the general chemical features characterizing the whole
Larderello-Travale system (Fig.9).

When the temperature in the source region increases ~850°C,
different protoliths such as igneous rocks, andesitic lavas and im-
mature clastic sediments can start to melt through fluid-absent
melting reactions involving the breakdown of biotite and even-
tually amphibole (e.g. Clemens et al., 2011). The oxygen isotope
composition of magmas derived from these protoliths is expected
to be lower in 8180 than the composition of magmas formed by
partial melting of clay-rich pelites reflecting the lower $180 of
immature greywackes and andesites with respect to Al-rich clas-
tic rocks (Fig.1 in Bindeman, 2008). Immature greywackes and
volcanoclastic protoliths are likely to be characterized by zircon
ages close to the age of deposition of the sediment while ma-
ture metapelites commonly contain populations of detrital zircon
grains with old ages. In the Tuscan basement an example of these
contrasting behaviours can be observed comparing the distribu-
tion of detrital zircon ages of the Monte Calamita Schist with that
of the overlying Capo d’Arco Schist (Sirevaag et al., 2016). Zircon
ages spanning between 2700 and 500 Ma characterize the for-
mer, with main peaks at ~2500, 990, 780 and 610 Ma. On the
contrary, zircon grains from the Capo d’Arco Schist show a uni-
modal age distribution with peak at ~450 Ma. The different detri-
tal zircon age spectra characterizing contrasting sources will have
an impact on the Hf isotope composition of the melts deriving
from these sources and ultimately on the €4 of magmatic zircon
grains crystallized from these melts. Dissolution of old detrital zir-



con generates melts with strongly negative €y compositions while
younger zircon grains produce melts with higher 176Hf/177Hf and
thus less negative €ysvalues. Biotite fluid-absent partial melting
experiments conducted on large range of source compositions sug-
gest that major-element evidence of magma mixing between melts
derived by different supracrustal protoliths is likely to be cryptic.
In fact, when the temperature of melting is <1000°C, the compo-
sitions of experimental melts derived by partial melting of sources
spanning in composition from K-rich metapelites to relatively Na-
rich greywackes and tonalities are very similar (Gao et al., 2016).
Thus evidence of involvement of multiple sources in the genesis of
granitic rocks can be only recorded at the mineral-scale.

When the temperature in the continental crust reaches
~900°C, magmas will also be produced by partial melting of
amphibole-bearing basaltic/andesitic sources through reactions
that involve the breakdown of amphibole (e.g. Rushmer, 1991). In
the Tuscan basement, these protoliths commonly occur as metab-
asites and amphibolite layers hosted within metagreywacks and
gneisses (Pandeli et al., 1994). Fluid-absent melting of a juvenile
mafic crust at temperatures <950°C give rise to intermediate to
felsic melts (e.g. Gao et al., 2016) that would have mantle-like
oxygen isotope composition and 176Hf/177Hf that depends on the
composition of the mantle from which the basaltic magmas was
extracted and on the age of formation of the juvenile crust. In the
genesis of the Larderello-Travale younger intrusions, a limited con-
tribution of magmas formed by melting juvenile mafic material is
possible and can be partly responsible for the shift of the isotopic
composition of the granite towards lower 8180 and higher €y val-
ues.

It is worth noting that in the Tuscan Magmatic Province ther-
mal maturation and partial melting of crustal sources with pro-
gressively different composition have been proposed to account
for the chemical and isotopic evolution of the western Elba Is—
land magmatic complex (Farina et al., 2012,2014b). In the western
Elba case, the late stage evolution of the intrusive complex in-
volved minor hybridization with mantle-derived magmas resulting
in the late emplacement of a swarm of dikes crosscutting the en-
tire magmatic complex (Farina et al., 2012). Similar late arrival of
hybrid mantle magmas characterizes all granite complexes in Tus-
cany (Eastern Elba, Giglio, Campiglia). We propose that the hybrid
late stage evolution of the western Elba Island magmatic complex
might be regarded as a possible analogue for current and future
magmatic activity of the Larderello-Travale complex.

6. Conclusion

In the Larderello-Travale area, peraluminous high-silica mon-
zogranitic magmas were emplaced at shallow-level in four main
magmatic pulses. The petrochronological approach implemented in
this study has provided insights into the timescale and mechanism
of formation of anatectic granites:

1. Zircon grains from individual rock samples crystallized from
coeval, isotopically-distinct and physically separated magma do-
mains. The isotopic composition of these independent domains
of magma changed through time by recharge with new magmas
which, in some cases, caused episodes of zircon partial resorption
and re-precipitation.

2. The monzogranites are mostly produced by partial melting
of Al-rich clastic metasediments. However, each of the monzo-
granites formed through mixing of crustal magma batches derived
by melting of different source rocks, with this feature reflecting
the inherent heterogeneous nature of the continental crust. Crustal
heterogeneity is transferred to granitic magmas and preserved at
the crystal-scale.

3. The overall 880-€, evolution observed for the monzogran-
ites reflects the advance of geotherms in the continental crust.

The high 880 low &4 composition of metapelite-derived mag-
mas mixes progressively with the composition of magmas formed
at higher temperatures by partial melting of non-pelitic metasedi-
ments and metaigneous sources.

4. High precision U-Pb dates point to a long-lived magmatic
system in which crustal melting and melt residence in the middle
crust lasted for hundreds of thousands of years before magma as-
cent and emplacement in the upper crust, with magma delivered
in pulses.
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