
Terra Nova. 2024;00:1–8. wileyonlinelibrary.com/journal/ter  | 1© 2024 John Wiley & Sons Ltd.

1  |  INTRODUC TION

A large body of geochronological data has shown that many magmatic 
systems are long- lived (Annen et al., 2015; Bachmann et al., 2007; 
Jackson et al., 2018; Kaiser et al., 2017; Miller & Paterson, 2001; 
Wotzlaw et al., 2013).

Late Miocene–Pliocene granite intrusions occurring in the north-
ern Tyrrhenian Sea- northern Apennines (e.g. Dini et al., 2002) have 
been interpreted to result from an eastward migration of scattered 
magmatic activity based on early geochronological constraints 
(e.g. Serri et al., 1993). More recently, high- precision U–Pb dating 
of the Monte Capanne (MC) pluton (Barboni & Schoene, 2014; 
Barboni et al.,  2015) and the Plio- Pleistocene granites associated 
with the Larderello geothermal system in southern Tuscany (Farina 
et al., 2018) has shown that zircon dates in single samples can range 
from ~200 up to ~500 ka.

At Elba Island, the late Miocene magmatism comprises two 
large plutons (Monte Capanne and Porto Azzurro, PA; Barboni & 
Schoene, 2014; Dini et al., 2002; Rocchi et al., 2010; Text S1). The 

island therefore represents a natural, accessible laboratory to inves-
tigate the thermal evolution and temporal relationships between 
crustal magmatic systems in the wider context of the Miocene 
post- collisional crustal evolution of the Tyrrhenian domain. We use 
new absolute (radiogenic) time constraints from U–Pb zircon and 
40Ar/39Ar white mica dating of late- stage magmatic dykes of the MC 
and PA plutons and a compilation of literature data to test the pres-
ence of long- lived magmatic system in this portion of the Tyrrhenian 
crust.

2  |  SIGNIFIC ANCE OF COUPLED U–Pb 
ZIRCON— 4 0Ar/39Ar WHITE MIC A DATING

To track the thermal evolution of the igneous system across a wide 
temperature range at Elba Island, from early crystallization in the 
middle crust to post- emplacement cooling through ~400°C in the 
upper crust, we have carried out coupled U–Pb zircon and 40Ar/39Ar 
white mica dating on igneous samples.
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Abstract
The late Miocene Monte Capanne and Porto Azzurro plutons are investigated by 
means of coupled U–Pb zircon and 40Ar/39Ar white mica dating to test the occurrence 
of long- lived magmatic systems in the upper crust. Zircon crystallized for >1 Ma in 
both plutonic systems, with supersolidus conditions overlapping for ~220 ka indicating 
previously unrecognized co- existence of the two reservoirs. The development of the 
Porto Azzurro high T- aureole is post- dated by continuous igneous zircon crystalliza-
tion until ~6.0 Ma. By linking crystallization to post- emplacement cooling of late- stage 
pulses in both western and eastern Elba we constrain long- lived sizeable reservoirs 
(possibly the same reservoir) in the Tyrrhenian upper crust between ~8 and 6 Ma.
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The two minerals exhibit remarkably different behaviour with re-
gards to retention of stable Pb and Ar radiogenic daughter isotopes. 
Both experimental and empirical studies suggest a nominal ‘closure 
T’ (Tc) of Pb in zircon of ~900°C (Lee et al., 1997). The notion of bulk 
Tc (Dodson, 1973) defines the boundary between closed- system (ra-
diogenic daughter retention below Tc) and open- system behaviour 
(radiogenic daughter loss above Tc). Primary zircon crystallizes from 
igneous melts typically between ~600 and 900°C, that is at tem-
peratures where Pb diffusion rates are negligibly slow at geological 
time scales (e.g. Cherniak & Watson, 2000). Hence, unless compro-
mised by metamictization or low- T dissolution–precipitation causing 
open- system behaviour, concordant zircon U–Pb dates indicate the 
crystallization age of the mineral (see review in Bracciali, 2019).

Conversely, in white mica and other K- bearing thermo- 
chronometers, thermally- induced Ar volume diffusion (assumed to 
be the dominant process controlling Ar loss) is high at the tempera-
tures encountered in the lower and middle crust (Schaen et al., 2020 
and references therein). Hence in samples that preserve high- T pe-
trologic equilibrium, 40Ar/39Ar dates commonly reflect cessation of 
diffusion as the sample cooled. This requires the assumption that 
samples have retained radiogenic Ar after the mineral cooled below 
its nominal Tc, which, for white mica, has been estimated as ~390°C 
(Harrison et al., 2009) or higher (~500°C; Villa, 2010), and no diffu-
sion out of the crystal lattice during cooling or subsequent reheating 
events occurred.

3  |  GEOLOGIC AL SET TING

The northern Apennine Cenozoic belt is the result of the continen-
tal collision following Oligocene- Miocene subduction of the Adria 
microplate beneath the European plate (Alpine orogeny). The E- 
verging northern Apennine thrust stack includes oceanic and conti-
nental units (Boccaletti et al., 1971; Conti et al., 2020). Late Miocene 
magmatism in the northern Apennines is interpreted to result from 
the rollback of Adria and asthenosphere upwelling (Rosenbaum & 
Lister, 2004 and references therein). A well- preserved portion of 
the Apennine tectonic stack intruded by late Miocene plutons is ex-
posed at Elba Island (Figure 1; Text S1).

4  |  IGNEOUS SYSTEMS AT ELBA ISL AND

The MC is a monzogranitic, slightly peraluminous intrusion resulting 
from the under- accretion in the shallow crust of three geochemically 
and petrographically distinct magma batches (the large K- feldspar 
phenocrysts- rich to - poor facies Sant'Andrea, San Francesco and 
San Piero; Farina et al., 2010; estimated total volume of ca. 135 km3). 
High- precision zircon U–Pb dating (by chemical abrasion isotope 
dilution thermal ionization mass spectrometry, ID- TIMS) of zircon 
crystals (following removal of CL- imaged inherited cores) testifies 
to a 200–400 ka zircon crystallization history in each batch. Large 
part of the zircon crystallization is inferred to have occurred in deep 

crustal reservoirs based on maximum thermally- modelled melt resi-
dence time (at emplacement level) of ∼65 ka for any batch (Barboni 
et al., 2015, their U–Pb data plotted in our Figure 3). This is con-
sistent with modelled zircon saturation of ~800°C, well above the 
solidus modelled for these melts (688–666°C; Barboni et al., 2015). 
Barboni et al. (2015) inferred incremental growth of the MC pluton 
over ∼250 ka with limited super- solidus interaction between multi-
ple magma pulse injections.

In western- central Elba, a Late Miocene laccolith system is also 
exposed (Barboni & Schoene, 2014; Rocchi et al., 2010).

The PA pluton is a buried intrusion emplaced in the lowermost 
Apenninic metamorphic unit (Monte Calamita unit). Its ~7 km width 
is inferred based on the E- W diameter of the contact aureole at the 
surface (Papeschi et al., 2017). The exposed rocks are limited to a 
monzogranite outcrop (Maineri et al., 2003) and a swarm of leu-
cogranite sheets (Papeschi et al., 2022). High- T metamorphic con-
ditions are documented in the deepest portions of the PA aureole, 
with migmatite rocks developed at ~700°C (Papeschi et al., 2019).

5  |  L ATE- STAGE INTRUSIONS

The MC and PA plutons are associated with numerous late- magmatic 
peraluminous leucogranite and aplite- pegmatite dykes (Text S1) and 
veins (Dini et al., 2002).

We have dated zircon and white mica crystals from two dykes 
(~1 m thick) associated with the MC pluton (samples MC1 and MC2, 
respectively aplite and microgranite, Figure 2a,d) intruding the ophi-
olite host- rock, and a monzogranite apophysis (~20 m thick) cross-
cutting the hornfels of the contact metamorphic aureole of the PA 
pluton (sample PA1, Figure 2g; Figure S1.1). The mineral assem-
blages of both MC1 and MC2 consist of quartz, K- feldspar, tourma-
line, biotite, albite, white mica and show an igneous foliation defined 
by K- feldspar, white mica and tourmaline (Figure 2b,e; Figure S1.2). 
Titanite, apatite and zircon occur as accessory phases. PA1 is char-
acterized by a disequigranular, generally isotropic texture formed by 
quartz, K- feldspar, albite, biotite, tourmaline, white mica, apatite and 
titanite with phenocrysts of K- feldspar and tourmaline up to a few 
centimetre in length (Figure 2h).

Significance Statement

The significant findings of this study are the coupled 
chronologic high temperature (U/Pb on Zircons) and low 
temperature (40Ar/39Ar on white mica) dates on late- stage 
intrusions at Elba Island. These new data indicate that, dif-
ferent from what is known, the two large Miocene plutons, 
tens of kilometers apart had an overlapping supersolidus 
condition suggesting the occurrence of a common, long- 
lived magma reservoir at depth.
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    |  3MAZZARINI et al.

In all samples, magmatic white mica is euhedral to subhedral and 
ranges from 0.2 to 1 mm. Zircons in all samples exhibit a fine, concen-
tric oscillatory CL- zoning typical of igneous zircons and occasionally 
present patchy- zoned inherited cores (Figure 2c,f,i; Text S2). Such 
patchy cores were interpreted by Gagnevin et al. (2011) as a replace-
ment of original U–Th–Y- rich domains by U–Th–Y- poor zircon.

Full details of the mineral separation techniques and the analyt-
ical dating methods, LA MC- ICP- MS and noble gas MS, are given in 
Text S2–S4 and Table S2.

6  |  RESULTS AND INTERPRETATION

Our U–Pb and 40Ar/39Ar results (Tables S3 and S5; Figures S3–S5) 
are plotted in Figures 3 and 4, along with published data (Table S6). 
For zircon, only U–Pb data determined on CL- oscillatory zoned do-
mains reflecting igneous crystallization (most commonly ‘rims’) are 
plotted and used for the interpretation.

For our <10 Ma U–Pb LA ICP- MS data (indeed remarkably pre-
cise thanks to the high U content, estimated in the range of 1000s 
ppm in all samples, Table S3) the uncertainty on the 6/38 date 
was <2% (2s). Individual absolute 206Pb/238U age uncertainties (2s) 
were in the range of ±130–140 ka. Similarly, the radiogenic 40Ar 
yields measured in the white mica samples were high (Table S5). 
Our chronology data are plotted as ranked distributions of indi-
vidual dates (±2s). High precision (ID- TIMS) U–Pb zircon data from 
the MC main granite body by Barboni et al. (2015) are plotted as 
kernel density estimate (KDE) plots. Each of their samples (±8 ka, 
average uncertainty). The KDE peaks of the MC pluton samples in-
dicate younging of the magma batches, from the top (Sant'Andrea 
facies) to the bottom (San Piero facies) of the composite MC in-
trusion. Since previous studies have highlighted the occurrence 
of zircon age variation (Barboni et al., 2015) and a number of our 
U–Pb data points repeat well, indicating that potential Pb- loss 
was limited (which at this age range of interest would be unresolv-
able, causing data to plot in a line along concordia), we interpret 

F I G U R E  1  Schematic geological map of Elba Island with sample locations. Inset shows: Elba location in the Tyrrhenian Sea west of 
mainland Italy and a schematic representation of the Eocene Alps- Apennine orogen. 
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4  |    MAZZARINI et al.

the scatter in the data to represent true geological variability 
(Figure 3; Figure S4).

Remarkably, the spread of zircon dates of our late- magmatic 
samples largely overlaps with the age spread in the main granite 
(SIMS data from Gagnevin et al., 2011 also represented), indicat-
ing that the late- stage dykes carry a record of zircon in a super-
solidus melt continuing until ~7 Ma (our youngest MC rim being 

6.96 ± 0.13 Ma, Figure 3). Similarly, the range of U–Pb zircon dates 
of PA1 overlaps with the spread of zircon dates determined on the 
PA monzogranite (Figure 3) by Spiess et al. (2021) and Gagnevin 
et al. (2011). Importantly, our zircon U–Pb data suggest that the 
two systems were active at the same time for at least 220 ka; that 
is the MC reservoir was still supersolidus during crystallization of 
the PA reservoir (Figure 4), the latter crystallizing zircon until ~6 Ma 

F I G U R E  2  Photographs of outcrops, microphotographs of thin sections (X polars) and representative SEM CL- images of zircons for 
samples MC1 (a–c), MC2 (d–f) and PA1 (g–i). Red circles on CL- images: location of LA spots (diameter: 25 μm); crossed circles: failed analyses 
(see text for details); >90% concordant 206Pb/238U dates ±2s are indicated. 
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    |  5MAZZARINI et al.

(youngest rim in PA1: 6.02 ± 0.14 Ma). This youngest PA crystalliza-
tion recorded by the late- stage magmatism post- dates the thermal 
peak recorded in the PA contact aureole as indicated by a metamor-
phic zircon overgrowth in the Calamita Schist at 6.4 ± 0.2 Ma and by 
the thermal peak in the host rocks documented by 40Ar/39Ar white 
mica at 6.8 and 6.2 Ma (Musumeci et al., 2011, 2015). Altogether 
these data indicate that, after the main pluton had emplaced and 
metamorphosed the host rock, a melt reservoir remained available 
to allow continuous crystallization of zircon, as recorded by our late- 
stage PA1 sample (Figures 3 and 4).

Our single- grain 40Ar/39Ar age white mica distributions plot as 
simple Gaussian curves (peaking at 6.54 ± 0.01, 6.53 ± 0.01 and 
5.78 ± 0.01 Ma, respectively MC1, MC2 and PA1) indicating fast 
cooling below the closure temperature shortly after emplacement 
(Figure S5).

Remarkably, for each of the three samples, the 40Ar/39Ar age 
distribution spreads across a range whose oldest end overlaps 
with (or closely follows) the youngest zircon dates in the same 
sample (Figure 3) as observed in long- living silicic reservoirs (e.g. 
Castellanos Melendez et al., 2023). The 40Ar/39Ar age distribution 
of sample MC2 includes a minor component at ~7.0 Ma, possi-
bly pointing to incomplete isotopic resetting of very large white 
mica crystals during the fast cooling of the dyke, being the rate 
of chemical diffusion orders of magnitude lower than the rate of 
the thermal diffusion (e.g. Rout et al., 2021). A single fusion ex-
periment at 8.4 Ma with a low radiogenic 40Ar yields (~17%) could 

have derived from resorbed older wall rock, but is not considered 
as reliably dating the dyke emplacement.

Finally, we have modelled the post- emplacement cooling of a 
non- convecting intrusive sheet as a function of the intrusion thick-
ness, host rock thermal diffusivity, latent heat during crystallization 
and the temperature difference between magma and host rock (e.g. 
Annen, 2011). The model results (Text S5) indicate that the 20 m 
thick PA1 apophysis cooled in <5 years to 30 years (respectively 
using a cold vs. hot host rock model, i.e. 300 vs. 600°C), while the 
1 m thick MC dykes must have cooled in a few days to 4 weeks. The 
results of our modelling indicate that the youngest 40Ar/39Ar white 
mica dates in both the MC and PA samples constrain the timing of 
emplacement of the late- stage intrusions.

7  |  LONG - LIVED MAGMA RESERVOIRS IN 
THE L ATE MIOCENE THYRRENIAN CRUST

Our new U–Pb data testify to a zircon crystallization history re-
corded in the late magmatic products of both the Monte Capanne 
and Porto Azzurro igneous systems which overlaps with the ~1 Ma 
zircon crystallization record observed in the respective main granite 
bodies (Figure 3). This supports the protracted (although possibly 
not continuous, e.g. Barboni et al., 2015) occurrence at depth of size-
able long- lived reservoirs, feeding the main pluton body as well as 
the late- stage pulses.

F I G U R E  3  Summary of U–Pb zircon (206Pb/238U dates) and 40Ar/39Ar white mica data of the MC and PA igneous systems and host 
rock. Published U–Pb zircon data are plotted as normalized (adaptive) KDE diagrams (Vermeesch, 2018) Literature data from Spiess 
et al., 2021, LA ICP- MS concordant data; Barboni et al., 2015, ID- TIMS data; SA, Sant'Andrea; SF, San Francesco; SP, San Piero facies; 
Table S6. SIMS U–Pb individual zircon dates: Gagnevin et al., 2011; Musumeci et al., 2011; uncertainties not represented. 40Ar/39Ar w.m. 
weighted plateau ages: Musumeci et al., 2011, 2015. LA ICP- MS single zircon ablations and 40Ar/39Ar single fusion dates are plotted as 
ranked distributions (vertical bars: ±2s). Thermal state is qualitatively defined as: (i) ‘hottest’, allowing crystallization of new zircon in a 
supersolidus melt (with zircon saturation for the MC melts at T ~ 800°C, Barboni et al., 2015; in the absence of data, a similar T is assumed 
for the PA melts) or overgrowth of metamorphic zircon in the aureole (Musumeci et al., 2011); (ii) ‘hot’, allowing limited mobility of the 
igneous body, emplacement of late- stage apophyses and dikes and rapid cooling as recorded by the 40Ar/39Ar isotopic system in w.m. 
(~800°C > T > ~400°C); (iii) ‘warm’, representing cooling from hot conditions to the brittle–ductile transition (BTD, T ~ 350°C; Papeschi 
et al., 2017); (iv) ‘cool’ Ts below the BTD. See text for discussion and cf. Figure 4. 
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6  |    MAZZARINI et al.

Cooling through ~400°C by ~6.2 Ma (MC) and 5.6 Ma (PA), re-
spectively, is constrained for the first time by our 40Ar/39Ar white 
mica data. Such cooling overlapped or closely followed youngest 
zircon crystallization in each pulse feeding our late- stage products, 
pointing to a supersolidus melt capable of crystallizing zircon until 
very shortly before emplacement and ruling out an antecrystic na-
ture for at least the youngest zircon growth in all samples.

Remarkably, our U–Pb zircon data testify to coeval crystalliza-
tion of new zircon for about 220 ka (~7.2 to 7.0 Ma) in both the MC 
and PA igneous systems (Figure 4). This is in contrast to the gener-
ally accepted view of a substantial temporal gap (~1 Ma) between 
the two upper crustal magmatic systems (e.g. Serri et al., 1993).

Further evidence for a long- lived PA reservoir is given by meta-
morphic white mica in the PA contact aureole at ~6.8 and ~ 6.2 Ma 

F I G U R E  4  Cumulative age distributions (CAD) plots of U–Pb zircon (206Pb/238U dates) and 40Ar/39Ar white mica age data. CAD diagrams 
do not consider the individual data uncertainties. The ‘hottest’ and ‘hot’ thermal states for PA and MC are qualitatively defined based on age 
data from this study (same as in Figure 3). Additional data from the literature (Table S6) are plotted for comparison. The grey band shows 
the ca 220 ka time interval when both MC and PA melts (feeding our late- stage magmatic samples) crystallized zircons. 
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    |  7MAZZARINI et al.

and a zircon metamorphic overgrowth (~ 6.4 Ma) being post- dated 
by continuous igneous zircon crystallization in the reservoir until 
~6.0 Ma (Figures 3 and 4).

The final post- emplacement cooling must have occurred very 
rapidly for the MC and PA dykes at the scale of years to days, as 
modelled by Papeschi et al. (2022) and this study (Text S5).

We conclude that the presence of two long- lived, sizeable 
magma reservoirs in both western and eastern Elba at supersolidus 
conditions at the same time (for ~200 ka around ~7.0 Ma) may indi-
cate a relationship between the two systems in the late Miocene.
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