
Convective mixing and geochemical differentiation of S-type plutons 
(Asinara Island, Italy)

Leonardo Casini a,*, Stefania Corvo b,c, Lorenzo Dulcetta d, Alfredo Idini a, Antonio Langone b,c,  
Francesco Secchi a, Matteo Maino b,c

a Department of Chemistry, Physics, Mathematics and Natural Sciences, University of Sassari, 07100 Sassari, Italy
b Department of Earth and Environmental Sciences, University of Pavia, 27100 Pavia, Italy
c Institute of Geosciences and Earth Resources of Pavia, C.N.R, 27100 Pavia, Italy
d Department of Chemistry and Geology, University of Cagliari, 09042 Cagliari, Italy

A R T I C L E  I N F O

Keywords:
K-feldspar megacryst
Granite
Crustal assimilation
Variscan belt
Shear zone
Convection

A B S T R A C T

The redistribution of magma from deep, partially molten, source zones to emplacement sites usually localized in 
the upper crust plays an essential role for the 4D chemo-thermo-mechanical evolution of the lithosphere. In this 
paper, we investigate the incremental formation of a megacrystic S-type tabular intrusion emplaced in the 
Variscan crust of the Asinara Island, N Sardinia (Italy). LA-ICP-MS U–Pb zircon dating indicates that the pluton 
solidified at the end of Carboniferous, at about 312 Ma. Contact metamorphic assemblages and P-T pseudosection 
modelling are consistent with emplacement at shallow crustal level in the cordierite-andalusite stability field, at 
pressure about 0.25–0.3 GPa. The temperature of melt is estimated between 700 and 850 ◦C by combining Ti-in- 
zircon, Ti in biotite thermometry and thermodynamic modelling. The petrochronological constraints are com
plemented by combining field structural analysis, microstructural observation, geochemical mapping and 
rheological modelling. The proposed emplacement mechanism is finally discussed in relation to the evolution of 
incremental magmatic systems and the overall geochemical diversity of the continental crust. The results support 
an initial stage involving formation of K-feldspar-rich cumulates. Subsequent incremental injections of new, 
hotter and crystal-poor, magma induced incipient Rayleigh-Taylor instability, which stopped soon thereafter 
likely because of fast cooling of the convective layer. The proposed emplacement mechanism is finally discussed 
in relation to the geochemical variability, or lack thereof, of S-type granitic plutons.

1. Introduction

The redistribution of magma through the lithosphere, from deep 
partially molten source zones to shallower emplacement sites, is a major 
process in the chemo-thermo-mechanical evolution of the continental 
crust (i.e., Burg and Gerya, 2007; De Saint Blanquat et al., 2011; Depine 
et al., 2008), with important consequences for seismicity (i.e., Chiarabba 
et al., 2000), volcanic hazard (i.e., Farina et al., 2024), and ore deposits 
formation (i.e., Griffin et al., 2013). The flow of magma is controlled by 
both viscous and inertial forces resulting into a wide range of 
emplacement mechanisms, whose endmembers are dyking and diapir
ism (Bittner and Schmeling, 1995; Brown, 2004; D’Lemos et al., 1992; 
Weinberg and Podladchikov, 1994; Weinberg and Regenauer-Lieb, 
2010). This latter has long been assumed to dominate the dynamics of 
magmatic systems yielding to crystallization and differentiation of 

granitic pluton from one single large magma batch (i.e., Weinberg and 
Podladchikov, 1994). After a lively debate on the strain field required to 
accommodate the ascent of large magma batches, popularly known as 
the ‘room problem’ (e.g., Menand et al., 2011; Tikoff and Teyssier, 
1992), it is now widely accepted that most granite plutons does not 
emplace as single large diapirs but form incrementally by addition of 
multiple batches of melt (Annen, 2009, 2011; Coleman et al., 2004; De 
Saint Blanquat et al., 2011; Menand et al., 2011; Miller et al., 2011; 
Paterson et al., 2011). The incremental construction model solves 
several enigmatic features of granitic plutons, such as i) the commonly 
observed sill-like or flattened elliptical shape, ii) the relatively long 
lifetime of most magmatic systems, frequently >1–5 Myrs, which ex
ceeds the timescale of diffusive/convective cooling, and iii) the exten
sion of contact metamorphic aureole (Annen, 2011). However, it is 
unclear how the incremental accretion model relates with the 
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geochemical and textural variability of plutons (i.e., Casini et al., 2012; 
Farina et al., 2010; Trubač et al., 2017). On the one hand, felsic volcanic 
complexes such as the Fish Canyon magmatic system demonstrate that 
multiple magma batches of strikingly similar composition can be 
extracted from a common source (Bachmann et al., 2005). On the other 
hand, the composition of different magma batches could be also het
erogeneous, as indicated by the large variability of primary melt in
clusions enclosed in peritectic phases (Ferrero et al., 2016; Gianola et al., 
2021) or, at a bigger scale, by the diversity of leucosomes thought to 
represent anatectic melts in migmatitic complexes (i.e., Giacomini et al., 
2006; Wang et al., 2020; Huang et al., 2023). These observations suggest 
either extraction of compositionally homogeneous magma batches or 
efficient mixing during the journey from source to the emplacement site 
(i.e., Clemens, 2003; Clemens et al., 2017; Elburg, 1996; Koteas et al., 
2010; Paterson and Vernon, 1995; Schwindinger and Weinberg, 2017; 
Yang et al., 2019; Zhang et al., 2016).

The aim of this work is to investigate the chemical-mechanical pro
cesses potentially controlling the compositional and textural diversity of 
incrementally-emplaced plutons. We address this topic scrutinizing the 
formation of a late Variscan megacrystic S-type tabular intrusion 
emplaced at shallow crustal depth in the Asinara Island, NW Sardinia 
(Italy). The pluton has a strong, pervasive, magmatic fabric and pre
serves evidence of incremental construction by underplating of several 
magma batches derived from partial melting of a mixed sedimentary and 
magmatic source. Although the central-eastern part of the pluton is quite 
homogeneous, the western and northern sectors show much larger in
ternal variability mostly controlled by K-feldspar megacrysts locally 
forming complex tabular to pipe-like cumulates (Cuccuru et al., 2018). 
We combine structural analysis with LA-ICP-MS U–Pb zircon dating, 
pseudosection modelling on the granite and surrounding metamorphic 

rocks, geochemical mapping and 1D rheological modelling to demon
strate that the compositional and textural variation of the Castellaccio 
pluton is related to incipient convective mixing of the pluton’s roof due 
to Rayleigh-Taylor instability. Finally, the results presented in this paper 
are discussed in relation to the effectiveness of magma chamber con
vection to produce geochemical diversity, or lack thereof, in granitic 
plutons.

2. Geological background

The Asinara Island, NW Sardinia, Italy, represents a near complete 
section of the lower to middle Variscan crust (Fig. 1a,b). It is composed 
of two metamorphic complexes separated by a late orogenic E-W striking 
lithospheric shear zone (PAL - Posada-Asinara Line, Fig. 1b) character
ized by top-to-the S sense of tectonic transport and successively reac
tivated as top-to-the E-SE strike-slip shear zone (Carmignani et al., 1994; 
Casini et al., 2010; Casini and Funedda, 2014). The northern part of the 
Asinara Island (Fig. 1c) exposes the orogenic infrastructure made of 
middle- and lower crustal rocks including garnet- and sillimanite/ 
kyanite-bearing micaschists and paragneiss, orthogneiss derived from 
Ordovician calc-alkaline granites (Oggiano et al., 2010; Casini et al., 
2015a, b; Casini et al., 2023; De Luca et al., 2023), and various types of 
migmatite with relic granulitic assemblages. In the southern sector crops 
out the Variscan suprastructure. It is a monotonous sequence mainly 
composed of paragneiss, quartzite, and micaschists intruded by the 
peraluminous Castellaccio Pluton object of this study (Cuccuru et al., 
2018). The supracrustal rocks south of the PAL show a garnet + oligo
clase + biotite ± staurolite assemblage suggestive of an early Variscan 
M1 metamorphic stage developed between 0.4 and 0.6 GPa and about 
480–550 ◦C (Di Pisa et al., 1993; Ricci, 1992), which is largely consistent 

Fig. 1. Geological setting: a) Principal Variscan domains of Europe; IM Iberian Massif, PY Pyrenées, C–S Corsica-Sardinia Massif, FMC French Massif Central, ECM 
External Crystalline Massifs, AM Armorican Massif, MGCR Mid-German Crystalline Raise, BM Bohemian Massif; b) simplified geological map of Variscan Sardinia 
showing late-orogenic granites (blue = Carboniferous, orange = Permian), and metamorphic units (infra-structure = migmatites and high-grade rocks, supra- 
structure = lower amphibolite to greenschist facies rocks); c) simplified structural map of the Asinara Island. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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with the general evolution of the Variscan crust proposed by various 
authors (i.e., Giacomini et al., 2005, 2006). The M1 assemblage is locally 
re-equilibrated at lower pressure during an M2 metamorphic stage. The 
assemblages related to M2 include andalusite/sillimanite + biotite ±
cordierite to the north and northwest of the pluton, whereas along the 
southern contact supracrustal rocks are characterized by a monotonous 
M2 assemblage composed of quartz + biotite + tourmaline paragneiss 
and micaschists. Taken together, these observations indicate that the 
Barrovian M1 stage is followed by general decompression, HT-LP 
metamorphism, and emplacement of granitic melts. The main fabric 
expressed in the field is a pervasive, steep, S2 foliation roughly oriented 
NW-SE, axial planar of tight to isoclinal F2 folds that transpose an earlier 
S1 fabric rarely preserved within microlithons. The S2 foliation is 
apparently prograde and mostly coeval to the M1 metamorphic stage 
(Carosi et al., 2004; Di Pisa et al., 1993). The S2 foliation is deformed by 
upright open F3 folds trending about E-W, locally associated to the 
development of a crenulation cleavage. Finally, a system of sub- 
horizontal S4 folds associated to NE-SW kink bands developed under 
retrograde conditions (Carosi et al., 2004).

3. Methods

3.1. Analytical procedures

The major and trace elements composition of 43 selected samples 
uniformly distributed in the various magmatic units (Table 1; Fig. 2a-e) 
was determined by fusion ICP-MS methods at Activation Laboratories 
(ActLab, Ontario). This database is used to construct geochemical maps 
that show the spatial variability of the pluton’s composition character
ized by distinctive patterns of both major and trace elements. We show 
the most representative general pattern observed in the pluton using 
SiO2, Zr, K2O and the A/CNK ratio, calculated as Al2O3/(CaO + Na2O +
K2O). The results are summarized in Figs. 3b-e, respectively. As a 
completion, in Fig. S1 of the Supplementary Information, we reported 
further geochemical maps (i.e., Al2O3, Fe2O3, MgO, MnO, Na2O, Sc, 
TiO2, Be, P2O5). Whole-rock geochemical data were interpolated using a 
Matlab® script based on the nearest-neighbor algorithm. The geometry 
and internal architecture of the Castellaccio Pluton is reconstructed 
combining field structural analysis and microstructural observations 
(Figs. 2,3,4). The orientation of the magmatic fabric, marked by a well- 
developed lineation locally combined to a weak foliation, is obtained 
measuring the shape preferred orientation (SPO) of K-feldspar mega
crysts, and subordinately metamorphic xenoliths and micro-granular 
mafic enclaves (Fig. 2a). A representative group of 30 well exposed 
outcrops that allow the collection of >100 Kfeldspar [001] orientation 
data each were selected as reference measurement stations to calculate 
the intensity of the magmatic lineation I (Fig. 4) as: 

I =
∑

εi

3
(1) 

were εi are the eigenvalues of the orientation tensor (Lisle, 1985). The 
main microstructural features and evidence of HT synmagmatic crystal- 
plastic deformation are presented in Fig. 6. The P-T conditions of the 
magmatic system are quantified by integrating P-T pseudosection 
modelling of two selected samples, one from the metamorphic basement 
(sample AS1b) and one (sample ASN58) from the northern border of the 
pluton, represented by a porphyritic granite of the MU2 magmatic unit 
(Fig. 7). P-T and T-XFe3+ pseudosections were calculated using the 
software Perple_X (Connolly, 2005) version 6.8.5, combined to the 
internally consistent thermodynamic dataset of Holland and Powell 
(1998) for the metamorphic sample, and Holland and Powell (2011) for 
the magmatic sample. P-T pseudosection modelling is complemented by 
classical thermobarometry using the phengite content of white mica 
(Caddick and Thompson, 2008; Massonne and Schreyer, 1987) the Ti 
content of biotite (Henry et al., 2005; Wu and Chen, 2015), and 

Ti-in-zircon thermometry (Crisp et al., 2023; Watson and Harrison, 
2005). The composition of muscovite, biotite, K-feldspar and plagioclase 
of samples AS1b and ASN58 was determined using an Electron Micro
probe Analyzer (JEOL JXA-8200; Dipartimento di Scienze della Terra, 
Università degli Studi di Milano, Italy) at 15 kV accelerating voltage and 
15 nA beam current. Full details of the methods used can be found in the 
Supplementary Material. The age of the magmatic system is constrained 
by combining U–Pb LA-ICP-MS zircon dating on one sample of the 
northern sector of the pluton (sample ASN62). The geochronological 
analyses were performed by using the 
Laser-Ablation-Inductively-Coupled-Mass-Spectrometry (LA-ICP-MS) 
technique at the Institute of Geosciences and Earth Resources of Pavia 
(IGG-CNR) using an instrument that couples a 193 nm ArF excimer laser 
microprobe (GeoLas 102 by Microlas) with an Agilent triple quadrupole 
ICP-MS 8900 system. Before the isotopic analyses, zircon grains were 
imaged by back–scattered electron imaging and cathodoluminescence to 
locate, characterize (dimensions, microstructural position, and internal 
structures) and then select the most suitable domains within the crystals 
(Fig. 8a-c). The results of geochronological analysis are shown in the 
Fig. 8. A detailed description of the analytical procedures and analyses is 
available in the Supplementary Material.

3.2. Rheological modelling

The rheology of magma (melt and solid fraction) and the proneness 
of the magmatic system to convection is evaluated through two sets of 
numerical experiments evaluating the Rayleigh number of the interface 
between two magma batches with same composition but different 
temperature, density and viscosity. First, we calculate T-dependent 
density of melt (ρliq, [Kgm− 3]) from the average composition of MU2 
samples using the equations (i.e., Spera et al., 2011): 

ρliq =

∑n

i=1
XiMi

V
(2) 

V =
∑n

i=1
Xi

[

Vi0 +

(
∂Vi

∂T

)

P
(T − T0)+

(
∂Vi

∂P

)

T
(P − P0)

]

(3) 

where Xi is the mole fraction, Mi is the molar mass, and Vi is the partial 
molar volume of the ith oxide component in the melt [m3mol− 1]; the 
term Vi0 denote the partial molar volume of the ith oxide at a reference 
temperature T0 = 1673 K [m3mol− 1], and P0 is a reference pressure of 
1.0 GPa. Then, we compute magma density (ρ, [Kgm− 3]) as: 

ρ = ρm +
∑n

i=1
ρiϕi (4) 

where the terms ϕi and ρi denote the partial volume fraction and density 
of the ith solid phase suspended in the melt, respectively. As convection 
of the magma mush is expected at relatively low solid fractions (0.5–0.7; 
Costa et al., 2009), we use the equation for dispersed suspensions 
(Einstein, 1906; Krieger and Dougherty, 1959; Costa et al., 2009): 

η = ηliq

(

1 −
ϕ
ϕc

)βϕc

(5) 

log
(
ηliq

)
= A+

B
T − C

(6) 

where η and ηliq are the viscosities of magma and melt, respectively [Pa 
s], ϕ is the fraction of the solid component, ϕc is the critical threshold for 
exponential viscosity increase (0.5–0.7; Costa et al., 2009), β is the 
intrinsic viscosity of the suspension here taken as 2.5 (i.e., Costa et al., 
2009). The term A in the VFT equation (Eq. 6; Vogel, 1921; Fulcher, 
1925) is a constant independent of composition with value of − 4.55, and 
the other coefficients B and C are compositionally dependent parameters 
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Table 1 
Bulk rock analyses.

Sample coordinates unit A/CNK SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total Zr Be Sc Ba

AS10 41◦01′36” 08◦14′11” MU1 1.13 69.21 14.29 3.97 0.073 0.93 2.08 3.11 3.7 0.466 0.22 0.94 98.99 154 3 8 237

AS11 41◦01′22” 08◦14′05” MU1 1.15 70.09 14.43 3.61 0.075 0.89 1.85 3.32 3.71 0.426 0.22 0.94 99.57 138 4 8 386
AS23 41◦02′16” 08◦14′48” MU1 1.19 61.60 16.03 7.60 0.116 1.91 2.19 3.31 3.89 0.931 0.16 1.18 98.93 186 4 16 241
AS24 41◦02′16” 08◦14′48” MU1 1.07 64.98 16.51 5.00 0.078 1.15 3.71 4.16 1.96 0.600 0.29 0.85 99.28 234 1 9 190
AS30 41◦01′11” 08◦13′38” MU1 1.12 69.11 15.35 3.91 0.071 0.87 1.99 3.27 4.57 0.437 0.24 0.94 100.80 141 2 7 20
AS34 41◦00′27” 08◦14′36” MU1 1.18 69.75 15.06 2.74 0.077 0.55 1.4 3.43 4.48 0.291 0.20 0.97 98.95 98 4 6 18

ASN57 41◦01′49” 8◦14′08” MU1 1.14 65.8 16.84 4.32 0.071 1.05 2.7 4.25 2.86 0.539 0.23 1.64 100.30 284 1 10
AS1 41◦00′15” 08◦14′45” MU1 1.12 71.88 13.33 2.65 0.052 0.56 1.35 2.86 4.57 0.292 0.21 1 98.75 99 2 6 388
AS8 41◦02′08” 08◦14′19” MU1 1.12 71.42 14.04 3.24 0.055 0.56 1.63 3.27 4.08 0.335 0.23 1.11 99.96 133 2 6 671
AS9 41◦02′07” 08◦14′34” MU1 1.06 70.70 14.12 3.39 0.055 0.85 1.96 3.13 4.47 0.411 0.20 0.98 100.30 152 2 7 333
AS20 41◦02′25” 8◦14′37” MU1 1.16 71.44 14.59 3.33 0.055 0.62 1.76 3.47 3.68 0.368 0.24 0.99 100.60 153 3 6 419
AS21 41◦02′23” 8◦14′43” MU1 1.11 71.78 14.31 3.04 0.051 0.61 1.85 3.32 4.07 0.355 0.24 0.65 100.30 150 2 7 406
AS37 41◦00′06” 08◦12′55” MU1 1.14 71.05 13.98 3.35 0.056 0.78 1.82 2.86 4.13 0.419 0.19 0.78 99.42 175 2 7 162
AS32 41◦01′20” 08◦13′45” MU1 1.09 69.56 14.08 3.97 0.07 0.99 2.08 3.23 3.74 0.462 0.19 1.01 99.38 162 2 8 202

ASN55 41◦00′27” 8◦13′27” MU1 1.13 70.03 14.09 2.90 0.07 0.77 1.74 2.96 4.38 0.375 0.24 1.12 98.67 136 3 7 58
ASN58 41◦02′02” 8◦14′14” MU1 1.13 70.76 14.37 2.44 0.045 0.55 1.53 3.05 4.78 0.312 0.22 1.13 99.20 131 1 6 221
AS1b 41◦02′34’‘ 08◦15′38’‘ met 70.59 14.82 4.96 0.069 1.27 0.5 0.98 4.03 0.786 0.25 1.86 100.12 301 2 11 173
AS3 40◦59′22” 08◦14′59” MU2 1.23 71.82 13.84 2.43 0.061 0.43 0.85 3.01 4.72 0.251 0.28 0.93 98.63 76 2 5 184
AS4 40◦59′28” 08◦14′50” MU2 1.28 71.91 14.21 2.27 0.048 0.35 0.77 3.01 4.76 0.219 0.31 1.21 99.06 70 2 4 228
AS7 40◦59′47” 08◦14′14” MU2 1.26 71.74 14.31 2.27 0.034 0.47 0.64 3.38 4.67 0.233 0.36 1.29 99.41 81 2 4 313
AS22 41◦02′20” 08◦14′48” MU2 1.11 72.59 13.44 3.32 0.045 0.58 1.72 3.08 3.81 0.364 0.15 0.82 99.92 139 2 6 255
AS33 41◦00′49” 08◦14′23” MU2 1.18 71.85 14.16 2.49 0.053 0.44 1.00 3.19 4.79 0.236 0.22 1.15 99.58 88 2 4 139
AS38 41◦00′13” 08◦12′58” MU2 1.14 71.37 13.95 2.65 0.07 0.68 1.68 3.05 4.13 0.286 0.24 0.85 98.96 107 6 5 184
AS36 41◦00′18” 08◦14′20” MU2 1.16 71.91 14.64 3.00 0.063 0.65 1.65 3.24 4.25 0.349 0.23 0.76 100.80 119 2 6 406
AS25 41◦01′13” 08◦14′28” MU2 1.22 72.24 13.81 2.38 0.049 0.44 0.88 3.00 4.71 0.242 0.24 0.92 98.91 82 2 5 258
AS51 40◦59′53” 8◦14′56” MU2 1.21 72.35 14.17 2.05 0.049 0.43 0.97 3.22 4.6 0.232 0.28 0.97 99.32 81 2 4 440
AS54 41◦00′16” 8◦13′21” MU2 1.18 72.74 13.85 2.33 0.064 0.60 1.45 3.2 3.77 0.299 0.19 1.4 99.89 117 3 6 689

ASN56 41◦00′24” 8◦13′42” MU2 1.16 71.00 13.9 2.73 0.061 0.73 1.63 2.90 4.22 0.363 0.24 0.93 98.71 132 3 7
ASN61 41◦00′21” 8◦12′47” MU2 1.12 72.44 13.58 3.24 0.057 0.72 1.95 2.97 3.66 0.367 0.20 0.8 99.97 153 2 7 187
ASN62 41◦00′35” 8◦13′02” MU2 1.17 70.79 14.42 2.58 0.065 0.78 1.62 3.18 4.01 0.325 0.20 1.1 99.06 105 3 6
ASN66 40◦59′10” 08◦15′15” MU2 1.3 71.47 14.41 2.52 0.06 0.45 0.83 3.36 4.09 0.266 0.31 1.34 99.09 92 2 5 228

AS6 40◦59′43” 08◦13′48” MU2 1.31 75.23 14.44 1.12 0.026 0.05 0.39 4.15 3.55 0.045 0.27 0.94 100.20 22 0.5 4 244
ASN65 41◦02′34” 8◦15′35” MU2 1.19 73.26 13.73 1.69 0.042 0.38 0.91 3.23 4.46 0.211 0.24 1.14 99.31 74 2 4 238

AS2 40◦59′20” 08◦14′59” MU2 1.2 73.33 13.58 1.70 0.033 0.24 0.64 3.27 4.71 0.147 0.25 1.04 98.94 53 2 3 168
AS31 41◦01′13” 08◦13′39” MU3 1.2 75.00 13.57 0.49 0.007 0.16 0.38 3.25 5.1 0.034 0.19 0.94 99.11 20 2 2 389
AS35 41◦00′25” 08◦14′38” MU3 1.15 74.43 13.53 1.20 0.026 0.10 0.49 3.8 4.62 0.060 0.30 0.74 99.30 18 0.5 4 438
AS50 40◦59′57” 8◦14′55” MU3 1.2 74.71 12.82 1.09 0.034 0.26 0.73 2.91 4.56 0.120 0.29 0.98 98.51 47 3 3 159
AS5 40◦59′43” 08◦14′08” MU3 1.16 72.50 13.8 2.68 0.061 0.55 1.41 3.11 4.1 0.292 0.19 1.23 99.92 105 3 6 44
AS52 41◦00′11” 8◦15′02” MU3 1.25 73.59 14.32 0.34 0.013 0.09 0.47 4.07 4.03 0.031 0.35 1.46 98.78 24 2 3 421
AS53 41◦00′14” 8◦15′04” MU3 1.21 74.71 13.6 1.69 0.051 0.40 0.83 3.09 4.64 0.198 0.30 1.03 100.60 72 3 4 186

ASN60 41◦00′05” 8◦13′08” MU3 1.18 75.29 13.11 0.97 0.04 0.22 0.61 3.03 4.82 0.094 0.19 1.16 99.52 29 8 3 77
ASN63 40◦59′32” 8◦15′45” MU3 1.27 73.69 13.52 1.50 0.039 0.34 0.71 2.97 4.49 0.192 0.33 1.34 99.13 80 2 3
ASN64 41◦00′08” 8◦15′52” MU3 1.16 78.23 12.23 0.69 0.026 0.15 0.6 3.24 4.09 0.061 0.22 0.8 100.30 28 2 2
ASN67 40◦59′31” 08◦15′36” MU3 1.25 73.65 14.39 2.16 0.037 0.41 1.01 3.13 4.44 0.233 0.23 0.96 100.70 82 2 4
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calculated after Giordano et al. (2008).
Finally, we use density and viscosity values to calculate the Rayleigh 

number (Ra) of magma, a dimensionless parameter used to characterize 
the proneness to convection of fluid interfaces characterized by viscosity 
and temperature contrast (i.e., Turner and Campbell, 1982). Ra is 
evaluated in the range of temperature between 700 and 850 ◦C, using 
variable water content between 1.0 and 9.0 wt% using the equation: 

Ra =
gβ(Tu − Tl)l3

ηα (7) 

where g is gravity acceleration [ms− 2], β is the coefficient of thermal 
expansion that is calculated from Eq. (2) over the temperature range 
adopted in the experiments, Tu and Tl are temperature of the upper and 
underplating magma batch, respectively [K], l is a characteristic vertical 
dimension, η is magma viscosity [Pa s], and α is thermal diffusivity, 
taken to be 3.5 × 10− 7 [m2s− 1] for the purpose of demonstration. The 
Rayleigh number (Ra) of the magmatic system has been calculated based 
on Eq. (7) assuming that a 250 m-thick magma batch impinges below the 
crystallizing roof of the pluton, which is already partly crystallized and 
at lower temperature, and assuming a variable temperature difference 
ΔT in the range of 12–66 ◦C between the previous magma batch and the 
underplating magma. In the first set of experiments, we evaluated the 
variation of Ra at a fixed magma temperature of 780 ◦C, assuming 

variable water content between 1.0 and 9.0 wt% (Fig. 9b). In the second 
set of experiments, we evaluated the effect of variable viscosity 
assuming a constant 5.0 wt% water content (Fig. 9c). In the last set of 
experiments, we test the effect of variable solid fraction by stepwise 
changing the amount of Kfeldspar phenocrysts between 0 and 30 vol%, 
which is consistent with the results obtained from pseudosection 
modelling and thermometry (Idini et al., this issue). The results of 
rheological modelling are shown in Fig. 9.

4. Results

4.1. Structure of the pluton

The pluton is a large (5 × 3 km), NW-SE elliptical, funnel-shaped sill 
with a maximum estimated thickness < 1000 m in the internal domain, 
decreasing to <400 m along the northern and western margins. This 
geometry is deduced by combining information from the aeromagnetic 
anomaly map, field structural observation, and high-resolution seafloor 
mapping. The aeromagnetic survey shows that, at 1:250.000 scale, there 
is no detectable magnetic boundary between the Castellaccio pluton and 
the metamorphic country rocks (Cassano et al., 1979). Given the 
markedly different iron content of metamorphic rocks and granitic units, 
the FeOtot of these latter being about half of that in metapelites (Table 1), 
this implies that the pluton is likely thin (< 1000 m) so that the floor 
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should be close to the surface. The eastern and western borders of the 
pluton are constrained by the fracture patterns shown in high-resolution 
seafloor map of the Asinara island (De Luca et al., 2023). Metamorphic 
rocks, in fact, are characterized by a dominant NW-SE to W-E network of 
closely spaced fractures sub-parallel to the regional S2, whereas the 
granite show two spaced orthogonal sets of NE-SW and NW-SE fractures 
(Fig. 2c). Therefore, we conclude that the eastern and western margins 
of the pluton roughly match the coastline. This interpretation is 
consistent with field structural observation. The south-eastern quadrant 
of the pluton, in fact, record a weak and nearly sub-horizontal magmatic 
foliation and is characterized by fine grain-size, widespread presence of 
micro-pegmatite pockets, and abundant metamorphic xenoliths sug
gestive of proximity to the pluton’s roof (Cuccuru et al., 2018). The 
compositional variations and the distinctive structures observed in the 
field allow to recognize three different magmatic units (MU1–3) that 
represent the apical part-roof of the pluton (MU1), the wall-core domain 
(MU2), and the transition from the roof to the core of the intrusion 
(MU3), respectively (Figs. 2,3). The roof-apical zone is exposed in the 
central and eastern sectors. The MU1 unit is a muscovite-bearing leuco- 
monzogranite with biotite content generally <10 vol% and average fine 
grain size <1 cm (Fig. 3a). A swarm of sub-vertical pegmatitic and aplitic 
dykes emplaced in the metamorphic basement close to the NW border of 
the pluton has been interpreted as part of this magmatic unit (Fig. 2a). 
Micro-pegmatite or aplite pockets are common, together with small 
angular fragments of metamorphic xenoliths, mainly micaschists and 
paragneisses, showing sharp contacts with the host granite. Large >5 
cm K-feldspar megacrysts are occasionally present, marking a weak, 
nearly horizontal, magmatic foliation and lineation gently dipping to
ward E-SE (Fig. 2a,c). The intensity of the magmatic fabric is generally 
around 1.0, which corresponds to weak SPO (Fig. 2a; Fig. 4a). The 

pluton’s roof overlies a strongly porphyritic medium-grained mon
zogranite with average grain size of about 2 cm, labelled as MU2, that 
represents a more internal, deeper, domain of the magmatic chamber 
(Cuccuru et al., 2018). The MU2 is characterized by variable biotite 
content between 15 and 25 vol% and abundant K-feldspar megacrysts up 
to 20 cm-long (Fig. 3b). Small micro-granular mafic enclaves of mostly 
trondhjemitic to granodioritic composition and fragments of meta
morphic xenoliths are occasionally present. These latter are mainly 
quartzite and quartz-rich paragneisses, locally partly disaggregated and 
characterized by ductile contact with the granite. The xenoliths, 
together with the K-feldspar megacrysts, define a well-developed 
magmatic lineation, locally associated to a weak magmatic foliation 
oriented NW-SE or roughly N-S and moderately dipping toward the 
southern and eastern quadrants (Fig. 2a,d). K-feldspar cumulates are 
generally small, <0.2–0.5 m-thick, and extremely rare. The intensity of 
the magmatic fabric in the MU2 is between 0.5 and 2.5 with the highest 
values corresponding to moderate SPO localized along the southern 
contact and in the western-northwestern domain of the pluton (Fig. 2a,e, 
f; Fig. 4b). The MU3 unit is a medium to coarse-grained biotite mon
zogranite characterized by biotite schlieren, fine-grained mafic enclaves 
and metamorphic xenoliths like those observed in the MU2 unit. These 
flow markers form a generally pervasive, NW-SE magmatic foliation in 
the northern margin of the pluton and dipping toward NE (Fig. 2a,b). 
The mean biotite content is about 20–25 vol% like that of MU2, even 
though local concentrations of up to 40 vol% can be observed, partic
ularly along the southern and western contact with the metamorphic 
basement. Large K-feldspar megacrysts are very common and, close to 
the northern and western margin of the pluton, they might concentrate 
forming large (10–100 m wide) cumulitic domains with a complex 3D 
shape, ranging from roughly tabular and parallel to the pluton margin 
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Fig. 3. Field structural observations: a) close-up of MU1 muscovite-bearing granite showing an aplite pocket on the left (A) lens cap for scale approximately 10 cm- 
wide; b) contact between MU2 and MU3 in the south-western border of the pluton. The contact is marked by a 20 cm-thick aplitic dyke sub-parallel to the magmatic 
foliation defined by the shape preferred orientation of K-feldspar megacrysts. Hammer for scale approximately 70 cm-long; c) close-up of MU3 showing a small 
cumulitic domain rich in K-feldspar and metamorphic xenoliths; d) line-drawing of Fig. 3c showing an orizontal section through a nearly vertical tubular cumulitic 
domain in MU3, northern border of the pluton.
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for thicker domains to stretched conic and even more complex geome
tries in thinner cumulitic domains (Fig. 2a; Fig. 3c). The K-feldspar cu
mulates usually display a strong SPO which, locally, can be highly 
discordant with respect to the magmatic foliation, in particular in 
tabular cumulates (Fig. 3c, Fig. 4b). Excluding the cumulitic domains, 
MU3 is almost undistinguishable from MU2. The contacts between the 
different magmatic units are generally gradational and diffuse spreading 
over tens to hundreds of meters, however close to the margins of the 
pluton and in proximity of its roof, the contacts become sharper and 
sometimes marked by thin (<0.5 m) aplitic dykes parallel to the 
magmatic foliation defined by the SPO of K-feldspar megacrysts and 
elongated metamorphic xenoliths (Fig. 3b). Approaching the eastern 
border of the pluton, and along the northern and southern margins, the 
MU1–2 units develop multiple 1–5 m-thick very fine-grained layers with 
distinctive porphyric texture that have been interpreted as chilled 
margins (Cuccuru et al., 2018).

4.2. Composition and geochemical zonation

The pluton is composed of felsic rocks with SiO2 contents ranging 
from 61.60 to 78.23 wt% (average about 69 wt%) (Table 1). The major- 
elements composition of MU1 and MU2 magmatic units largely overlaps 

as most samples can be classified as granite or monzogranite (Fig. 5a). 
However, the Fe2O3 and MgO content of MU1 samples (1.2 and 0.2 wt%, 
respectively) is much lower than that of MU2 samples (2.6 and 0.55 wt 
%, respectively), matching the observed, markedly different biotite 
content. On the other hand, the MU3 magmatic unit has a more variable 
composition fitting into the tonalite to monzogranite fields (Fig. 5a). All 
samples are moderately to strongly peraluminous, with A/CNK value 
between 1.06 and 1.31 (Fig. 5b), have variable Zr content between 18 
and 301 ppm which is negatively correlated with the SiO2 content 
(Fig. 5c), and zirconium is apparently uncorrelated with Ba (Fig. 5g). 
The magmatic units show ferroan-magnesian transitional character 
(Fig. 5d) defining a classical calcalkaline trend (Fig. 5a,e; Debon and Le 
Fort, 1988; Frost and Frost, 2008), being the total FeO + MgO content 
negatively correlated with the A/CNK (Fig. 5f). The location of samples 
analyzed for bulk rock major and trace element composition is indicated 
in Fig. 5h. The distribution of major and trace elements is clearly 
inhomogeneous within the pluton, evidencing distinctive patterns in the 
northern-western sector, central, and south-eastern domains. The SiO2 
content is maximum in the eastern and south-eastern part of the pluton 
matching the roof zone of the pluton represented by the MU1–2 (Fig. 5h). 
The northern and western margins, closer to the MU3 pluton’s floor, 
have generally lower values (Fig. 5h). The distribution of Zr is nearly 
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antithetical to that of SiO2 reaching the lowest values in the eastern and 
southern margins of the pluton (Fig. 5i). On the contrary, a localized Zr 
positive anomaly with values reaching 280–290 ppm appears in the 
northwestern sector, close to the contact with the metamorphic base
ment in correspondence of MU2 (Fig. 5i). The A/CNK ratio pattern 
mimics that of SiO2 showing higher values in the eastern part of the 
pluton and along the southern margin, whereas the central and northern 
sectors have lower values below 1.1 (Fig. 5j). The composition of Na2O 
and MnO is more variable, with values ranging between 2.86 wt% and 
4.25 wt% and 0.07 wt% and 0.11 wt%, respectively. Both elements have 
an extremely heterogeneous pattern characterized by localized positive 

and negative anomalies (Fig. S1 of the Supplementary Information). The 
other major elements such as TiO2, CaO, MgO, Fe2O3, Al2O3, and Ba 
have patterns nearly identical to that of Zr, whereas the distribution of 
the other trace elements is generally much more variable (Fig. S1 of the 
Supplementary Information).

4.3. Petrography and microstructure

The dominant magmatic rocks MU2 and MU3 except the cumulitic 
domains are strongly porphyritic being composed of medium to fine- 
grained matrix and large, 10–20 cm-long, K-feldspar megacrysts 

Fig. 5. Geochemistry of the three magmatic units of the Castellaccio Pluton: a) classification scheme proposed by Debon and Le Fort (1988), Gr – granite, Ad – 
monzogranite, mz – monzonite, go – gabbro, gd – granodiorite, to – tonalite, ad – adamellite, dq – quartz-diorite, mzdq – quartz monzodiorite, quartz-monzogabbro, 
mzgo – monzogabbro, monzodiorite, mzq – quartz-monzonite, sq. – quartz-syenite, (b) Aluminium Saturation Index (Frost and Frost, 2008), c) Harker variation 
diagram showing the content of Zr in relation to SiO2, d) variation of Fe# = Fe2O3tot/(Fe2O3tot + MgO) in relation to SiO2, e) Modified Alkali-Lime diagram, A =
Na2O + K2O-CaO (Frost and Frost, 2008), f) variation of A/CNK in relation to Fe2O3tot + MgO, g) variation of Ba in relation to Zr, h) pattern of SiO2, the white circles 
indicate the position of samples selected for bulk chemical composition (Table 1); i) distribution of Zr; j) spatial variability of the A/CNK ratio.

L. Casini et al.                                                                                                                                                                                                                                   LITHOS 516–517 (2025) 108257 

8 



(Figs. 3b,c). The matrix consists of quartz + plagioclase + biotite + small 
interstitial K-feldspar grains (Fig. 6). Common accessory minerals 
include zircon + apatite + ilmenite + titanite ± monazite. The K-feld
spar megacrysts are generally idiomorphic and show no evidence of 
plastic deformation, except within cumulitic domains where they show 
occasionally zonal undulose extinction and rare subgrains. The mega
crysts are frequently perthitic and contain abundant inclusions of sub- 
idiomorphic plagioclase, quartz and biotite, and several accessory pha
ses. The plagioclase inclusions are almost systematically surrounded by 
a rim of anorthoclase (Fig. 6a). All matrix minerals except the accessory 
phases preserve evidence for extensive sub-solidus HT deformation and 
sub-magmatic deformation (Bouchez et al., 1992; Paterson et al., 1998; 
Vernon et al., 2004). The distribution and intensity of these sub- 
magmatic to HT sub-solidus deformation structures is apparently quite 
pervasive and uncorrelated to the distance from the pluton’s margin. 
However, deformation structures are generally weakly developed and 
the fabric is dominantly magmatic. Large quartz grains (Fig. 6b) nor
mally show the typical chessboard structure due to simultaneous acti
vation of prism <c>, <a > slip systems at high temperature (>600 ◦C; i. 
e., Kruhl, 1996; Peng and Redfern, 2013). At places, quartz forms 
incipient shear zones marked by fine-grained aggregates of 

recrystallized grains and sub-grains. These structures typically develop 
in interstitial quartz pockets or at the contact with, or within fractures 
cutting through, plagioclase (Fig. 6c). Plagioclase forms idiomorphic to 
sub-idiomorphic crystals with normal magmatic zoning and, very 
commonly, deformation twins (Fig. 6d; Tullis et al., 1998). Large and 
mostly idiomorphic biotite crystals have commonly undulose extinction 
and locally display micro-shear zones or kink bands (Fig. 6e). Locally, 
early crystallized minerals such as plagioclase and biotite are deformed 
by dilatant fractures healed by quartz ± muscovite ± K-feldspar ±
ilmenite assemblages (Fig. 6f). The metamorphic rocks at the contact 
with the Castellaccio Pluton are mainly foliated micaschists and para
gneiss (Fig. 6). Far from the intrusion, the mineral assemblage of 
micaschists consists of quartz + muscovite + oligoclase + garnet +
staurolite + biotite. Biotite and muscovite form a well-developed folia
tion, labelled as S2 (Fig. 2) axial planar of tight to isoclinal folds oriented 
roughly WNW-ESE. Quartz is commonly deformed by subgrains and 
partly replaced by fine-grained aggregates of polygonal recrystallized 
new grains forming incipient ribbons. Relicts of an earlier fabric are 
commonly preserved as graphite + quartz inclusion trails within garnet 
and staurolite porphyroclasts (Fig. 6g). Close to the pluton, the micas
chists develop a contact mineral assemblage largely discordant respect 

Fig. 6. Microstructure: a) SEM-BSD image of a plagioclase inclusion within a large K-feldspar megacryst; b) quartz with typical chessboard pattern, crossed 
polarizers; c) micro-shear zone (white arrow) deforming a large quartz grain with HT chessboard pattern, crossed polarizers. The boundaries of the shear zone are 
marked by white dashed lines; d) deformation twins (white arrow) in plagioclase, crossed polarizers; e) kink bands in biotite (white arrows), note also the small, 
recrystallized grains along the contact between biotite and plagioclase, plane polarized light; f) SEM-BSD image of a biotite crystal. The fracture is filled by muscovite 
and ilmenite; g) large andalusite porphyroblast with inclusions of garnet and small flakes of biotite, plane polarized light; h) tourmaline porphyroblast with inclusions 
of quartz and biotite, in equilibrium with andalusite, plane polarized light; i) Fibrolitic sillimanite partly replaced by muscovite, plane polarized light. Mineral 
abbreviations are as follows: An = anorthoclase, Zrn = zircon, Kfs = K-feldspar, Bt = biotite, Pl = plagioclase, Qtz = quartz, Ms. = muscovite, Grt = garnet, Tur =
tourmaline, And = andalusite, Sill = sillimanite.
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to the previous fabric. The new mineral assemblage is composed of 
quartz + oligoclase + biotite ± cordierite ± andalusite ± tourmaline 
(Fig. 6h). Cordierite and andalusite appear only close to the northern 
and north-western contact with the pluton marking a substantial 
decrease of muscovite, which become nearly absent within 10–100 m of 
the contact. Fibrolitic sillimanite appears only as relict within large 
muscovite crystals in a few samples close to the northern contact of the 
pluton (Fig. 6i).

4.4. Mineral chemistry

In the remainder of this section, we present a summary of the mineral 
chemistry of two representative samples used for P-T pseudosection 
modelling. Further details on the chemical composition of the various 
mineral phases and the complete dataset of analyses can be found in the 
Supplementary Material and supplementary Tables S2, S3. The first 
sample (AS1b, Fig. 2) is an aluminous paragneiss collected about 10 
above the northern border of the intrusion, whereas the latter is a sample 
of porphyritic biotite-monzogranite part of the MU2 magmatic unit 
exposed in the north-western side of the intrusion (ASN58, Fig. 2).

4.4.1. Aluminous paragneiss (sample AS1b)
The mineral assemblage of sample AS1b includes quartz + muscovite 

+ biotite + andalusite ± K-feldspar ± plagioclase ± sillimanite. Com
mon accessory minerals are zircon, monazite and ilmenite. Graphite, 
apatite and oxides may be occasionally present. Although not present in 
this sample, cordierite has been sometimes observed in nearby outcrops 
(i.e., Cuccuru et al., 2018). K-feldspar often appear as large porphyr
oclasts and is microcline with an average orthoclase content of about 99 
% (Table S1). Plagioclase contains a minimum 6 % of anorthoclase 
component, reaching up to 20 % in the core of some crystals (Table S1). 
Overall, this corresponds to albite-oligoclase composition. Biotite occurs 
either as thin flakes elongated along the S2 foliation, or as larger crystals 
randomly oriented discordant on the S2 foliation. Both generations of 
biotite have quite similar composition being moderately enriched in Ti 
with an average value of 0.110 a.p.f.u. (atom per formula unit), with no 
significant variability between the core and rim of the crystals. The ratio 
Mg/(Mg + Fe) averages 0.38 ± 0.02 a.p.f.u., thus biotite composition 
ranges between annite and siderophyllite (Table S3). White mica has an 
average Si value of 3.04 ± 0.03 a.p.f.u. (Table S3) and shows an average 
composition of 0.96 XMus (4-Si a.p.f.u.), thus classifying as muscovite 
(Meyre et al., 1999).

4.4.2. Porphyritic biotite-monzogranite (sample ASN58)
The mineral assemblage of sample ASN58 consists of quartz + K- 

feldspar + plagioclase + biotite + ilmenite ± magnetite ± apatite ±
zircon. Garnet or cordierite were not detected in thin section, though 
small amounts of these phases are locally observed in other samples of 
the MU2 and are relatively common in the more silicic MU1 rocks 
(Cuccuru et al., 2018). K-feldspar is microcline with an average ortho
clase content between 88.3 wt% and 92.5 wt% (Table S1). Plagioclase 
contains a minimum 16,76 % of anorthite component, reaching up to 
27.7 % in the core of some crystals (Table S1). Overall, this corresponds 
to oligoclase composition. Biotite occurs as thin, very small inclusions 
within huge K-feldspar megacrysts or as bigger nearly idiomorphic 
crystals. These latter have a mean composition characterized by high Ti 
content with values between 0.16 and 0.20 a.p.f.u. The ratio Mg/(Mg +
Fe) is almost homogeneous with values between 0.34 and 0.36 a.p.f.u., 
thus biotite can be classified as siderophyllite (Table S3). The compo
sition of small biotite inclusions within large Kfeldspar phenocrysts is 
markedly different from the biotite in the magmatic matrix as it contains 
Cl and has very low Ti content <0.01 a.p.f.u. However, the ratio Mg/ 
(Mg + Fe) is 0.36 almost undistinguishable from that of the biotite in the 
matrix.

4.5. P-T conditions

The average temperature of magma has been determined based on 
Ti-in-zircon thermometry (Crisp et al., 2023; Watson and Harrison, 
2005). Nine zircons of sample ASN62 from the northeastern part of the 
pluton indicates a temperature range between 700 and 860 ◦C with a 
median value of 782 ◦C (Fig. 7d). The temperature conditions have been 
investigated also using two calibrations based on the Zr solubility in 
silicate melts (Crisp and Berry, 2022) and the whole-rock SiO2-content 
(Duan et al., 2022). It should be emphasized that both thermometers are 
likely flawed and do not provide a reliable estimate of magma temper
ature, which is almost systematically overestimated by the Zr-solubility 
thermometer because of inheritance and underestimated by the SiO2-
based calibration because of residual melt segregation and crystal 
accumulation processes (Fig. 7a-c; Supplementary Material). Yet, the 
relative temperature patterns provided by these thermometers are quite 
consistent indicating peak temperature in the cumulus-rich domain MU3 
in the northern sector of the pluton, and lower temperatures in the 
southern and eastern sectors (Fig. 7e-f). The P-T conditions of 
emplacement have been further investigated by forward thermody
namic modelling. P–T pseudosections were calculated for samples AS1b 
and ASN58 in the range 0.05–0.55 GPa and temperature between 450 
and 600 ◦C and 500–1200 ◦C, respectively (Fig. 7g-h). We used the 
whole-rock bulk composition (SiO2, Al2O3, MgO, MnO, K2O, Na2O, CaO, 
FeO, TiO2, P2O5, Table 1) to determine the equilibrium phase relation
ships as both models reproduce the mineral assemblages observed in 
thin sections, their mode, and the composition of most mineral phases. 
In the metapelite sample, water, plagioclase and quartz are assumed to 
be in excess (Fig. 7g). Furthermore, sample ASN58 was modelled 
assuming 20 % of Fe3+ (i.e., XFe3+ = 0.20) after T-XFe3+ phase diagrams 
calculation. Both samples have similar composition although sample 
ASN58 is richer in CaO, Na2O and K2O, whereas sample AS1b is richer in 
MgO, FeOtot, TiO2 and Zr. The solidus line emerges only in the P-T 
pseudosection of sample ASN58 at around 720–730 ◦C at low pressure 
(0.05 GPa) and 670–680 ◦C at 0.55 GPa (Fig. 7h). The small differences 
in composition give a wider stability field of cordierite toward lower 
temperature in sample AS1b and predict the coexistence of cordierite 
and andalusite at low pressures <0.25 GPa, whereas sillimanite appears 
in the high-T side of the pseudosection at P > 0.25 GPa (Fig. 7g). The 
inferred peak metamorphic conditions of the HT-LP assemblage present 
in sample AS1b (qtz + pl + bt + ms ± sill ± and) occupies a wide P-T 
field between 0.15 and 0.3 GPa and 500–610 ◦C (Fig. 7g). Under the 
microscope fibrolitic sillimanite is occasionally preserved within 
muscovite crystals apparently in equilibrium with biotite and andalusite 
porphyroblasts (Fig. 6i), which indicates pressure of about 0.25 GPa 
during contact metamorphism. Overall, the isopleths of muscovite, 
biotite and plagioclase fit the composition of minerals analyzed at the 
microprobe (Table S2). The Ti content of biotite is 0.75–0.95 a.p.f.u. in 
the model, matching the observed mineral composition of 0.70–0.11 a.p. 
f.u. The albite component of plagioclase Xab as deduced from the iso
pleths ranges between 0.65 and 0.90 corresponding to the measured 
mean value of Xab 0.82. The Si content of muscovite in the pseudosection 
of sample AS1b ranges from 3.01 to 3.04 a.p.f.u., in good accordance 
with the composition of muscovite determined by the microprobe 
(Table S3). By contrast, sillimanite and andalusite do not stabilize in the 
pseudosection of sample ASN58 and cordierite is stable only at high-T 
above the solidus, although its mode is always lower than about 1–2 
vol% and thus likely undetectable in thin section. Garnet appears above 
the solidus in the high-P side of the pseudosection and coexists with 
cordierite between 0.25 and 0.4 GPa and high-T > 800 ◦C (Fig. 7h). 
Therefore, the inferred magmatic assemblage in sample ASN58 (Qtz +
Pl + Kfs + Bt + Ilm ± Crd ± Mt) is stable in a relatively narrow 
supra-solidus field in the diagram from 0.05 to 0.35 GPa and between 
700 ◦C and nearly 800 ◦C, where this assemblage coexists with up to 
25–30 vol% of residual melt. The absence of garnet and the scarcity of 
cordierite constrains the emplacement pressure of sample ASN58 at 
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around 0.20–0.25 GPa. The mean analyzed XMg value of biotite in the 
sample (XMg = 0.36) is slightly lower than the calculated isopleths at 
about 0.25 GPa near the solidus (XMg = 0.40). The two samples AS1b 
and ASN58 provide quite different peak temperature, however pressure 
is identical and tightly constrained below about 0.25 GPa, suggesting 
that both samples are constraining the same event.

4.6. Geochronology results

Zircon U–Pb analyses were performed on one MU2 sample of fine- 
grained porphyritic monzogranite (sample ASN62). To limit possible 
disturbance of the isotopic systems, the sample was collected from a 

well-exposed outcrop just 20 m below the northern border of the pluton 
with clear field structural relationships far from post-Variscan faults and 
main fracture zones. Variations in the internal chemical composition of 
zircon grains have been characterized through EPMA and trace elements 
analyses, which can be found in the supplementary Table S6.

Zircon grains from sample ASN62 are relatively homogeneous in 
size, ranging in length from about 75 to 220 μm (Figs. 8a-c, Fig. S2). 
They exhibit prismatic to short prismatic shapes as commonly observed 
in intrusive rocks (Corfu et al., 2003). The cores are generally poor in U 
(79–330 ppm, Table S6) and contain few inclusions. They appear usually 
structureless or characterized by complex zoning (Fig. 8a; Fig.S2a,c,d,e). 
Around the cores, typical magmatic overgrowths with oscillatory or 
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sector zoning occur. Both cores and magmatic overgrowths are 
commonly truncated or partially obscured by unzoned, dark to poorly 
luminescent homogeneous patches or resorption rims often localized in 
the prismatic termination (Fig. 8b,c; Fig. S2a,e,g,h). These dark rims are 
characterized by high 238U content between about 1790 and 3700 ppm 
(Table S6). We performed a set of 72 U–Pb analyses on 50 zircon grains 
considering all textural zoning (Fig. 8a-c; Fig. S2; Table S4; core, rim, 
oscillatory, homogeneous). The analyses showed a wide range of 
206Pb/238U ages from 965 ± 20 Ma to 290 ± 8 Ma, with an upper 
Palaeozoic cluster of ages from 344 ± 9 Ma to 296 ± 8 Ma obtained on 
dark U-rich zircon rims and domains with oscillatory zoning (Table S4; 
Fig. S3).

Among this population, the majority of ages span from 301 ± 8 Ma to 
324 ± 8 Ma (Table S4). Overall, zircon geochronology indicates a large 
component of likely inherited Neo-Proterozoic to Silurian (Fig. 8a-d) 
grains (n =) while the crystallization is marked by the dark U-rich rims 
indicating a late Carboniferous emplacement of the Castellaccio pluton, 
which is constrained by a Concordia age of 312 ± 2 Ma obtained from 
the oscillatory rims or dark terminations (MSWD = 0.6; Fig. 8d).

4.7. Rheological modelling results

The results of rheological modelling (Fig. 9) show that a pure (ϕ = 0) 
melt with the chemical composition corresponding to MU2 and with a 
minimum H2O content of 3.0 wt% would be characterized by viscosity 
values generally lower than 107 Pa s over the range of temperature 
700–850 ◦C (Fig. 9a). The results show altogether that much lower 

viscosity values between 104 and 106 Pa s require a more hydrous melt 
composition; however, the amount of water necessary to reach lower 
bound viscosities is between about 3.5 and 8 wt% of. The set of exper
iments simulating the behavior of magma with 0–30 vol% of solid 
fraction, representative of Kfeldspar megacrysts, do not show any sig
nificant change of this pattern (Fig. 9b). In the range of 760–840 ◦C, in 
fact, an increase from ϕ  = 0.1 to 0.3 corresponds to an increased shear 
viscosity less than one order of magnitude (Fig. 9b). It should be 
emphasized that our simple modelling approach does not consider the 
effect of P2O5, Cl and other volatiles, thus our results are likely to un
derestimate the actual viscosity of melt (i.e., Giordano et al., 2008). The 
Ra number is only weakly dependent on the temperature difference 
between the magma batches, and increases as the water content in
creases, reaching high values supportive of convection above 108 for 
water content between about 4.5 and 5.3 wt% (Fig. 9b). The experi
ments at constant 5.0 wt% water content show that high Ra above 108 

are expected over the whole temperature range of the magmatic system 
between 700 and 850 ◦C (Fig. 9c). However, if the temperature differ
ence between magma batches is lower than about 30 ◦C, high Ra 
numbers require low viscosity values below 2.7 × 106 Pa s corre
sponding to a temperature > 760 ◦C (Fig. 8c).

5. Discussion

5.1. P-T-t-d conditions of emplacement

The coexistence of andalusite and cordierite in metapelites of the 

Fig. 8. Zircon geochronology: a)-c) cathodoluminescence images of three representative zircons handpicked from sample ASN62, the white circles indicate the 
position of LA-ICP-MS spots that provided concordant U–Pb ages, the red circles denote spots corresponding to discordant ages; d) Wetherill’s plot showing the 
206Pb/238U vs 207Pb/235U U–Pb ages of analyzed zircons, e) zoom on the Carboniferous age cluster used to calculate the pluton emplacement age. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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contact metamorphic aureole suggest low-P conditions during crystal
lization of the pluton. A shallow crustal setting is also supported by the 
sharp contacts with the country rocks, the abundance of pegmatites in 
the apical zone of the pluton exposed in the eastern sector, and the 
presence of chilled margins suggestive of high ΔT between the magma 
and the country rocks. P-T pseudosection modelling supports these ob
servations, as the predicted mineral assemblage and the phengite 
composition of white mica indicate that the maximum pressure during 
magma emplacement was likely between about 0.3–0.25 GPa. Ther
mometry based on the Ti-content of biotite and Ti-in-zircon thermom
etry suggest that the Pluton crystallized over the 700–850 ◦C 
temperature interval, in agreement with phase equilibria modelling 
(Fig. 7h). The total duration of magmatic activity cannot be precisely 
constrained because the small size of the pluton points to a lifetime 
likely below the sensitivity of available geochronometers (i.e., Blundy 
and Annen, 2016; Petford et al., 2000). A few zircon ages apparently 
unrelated to the regional Variscan metamorphic evolution (i.e., Casini 
et al., 2023; Ferrara et al., 1978; Giacomini et al., 2005, 2006) suggest 
that melt emplacement could have started around 320 Ma. Given the 
shallow emplacement level and the small size of the pluton, however, it 
is expected that supra-solidus conditions could have lasted less than 1–5 
Myrs (Petford et al., 2000). The pluton shows a moderate, locally strong, 
magmatic fabric marked by preferred alignment of micro-granitoid and 
mafic enclaves, metamorphic xenoliths, and idiomorphic K-feldspar 
megacrysts with simple twin interfaces parallel to the direction of 
elongation (i.e., MU2 Fig. 5b). This fabric is partly modified by sub- 
magmatic and HT solid-state deformation structures. The intensity of 
the magmatic to solid-state fabric is generally higher close to the 

margins of the pluton and decreases in the more internal part and to the 
east, in correspondence of the roof, as normally observed in syntectonic 
intrusions (Johnson et al., 2003), or because of strain localization during 
emplacement (De Saint-Blanquat et al., 2001). This variation correlates 
with the abundance of K-feldspar in magmatic layers characterized by 
different grain size and modal proportions of biotite. The observation of 
grain size gradients and the occurrence of thin, very fine grained (<0.5 
cm), layers that we interpret as chilled margins indicates that the pluton 
formed incrementally through emplacement of several magma batches, 
as usually expected in silicic systems (i.e., Annen, 2010; Menand et al., 
2011). The weak to nearly absent internal strain of K-feldspar mega
crysts indicates that melt must have been abundant during their crys
tallization and generally present throughout most of the emplacement 
history. This conclusion is supported by sub-magmatic fracturing (i.e., 
Vernon et al., 2004) of early formed minerals such as Kfeldspar, biotite 
and plagioclase (Fig. 6f), and by the occurrence of large interstitial 
muscovite and quartz showing very weak internal strain which testify 
sub-magmatic flow (Paterson et al., 1989; Yan et al., 2024). Yet, the 
matrix minerals of MU2 and MU3 rocks, mostly quartz and interstitial K- 
feldspar, are plastically deformed showing wavy and lobate grain 
boundaries suggestive of HT, near solidus, deformation accommodated 
by Nabarro-Herring and Coble creep (Dimanov and Dresen, 2005; 
Gomez-Barreiro et al., 2007; Gower and Simpson, 1992; Greenough, 
1958). The HT (T > 600 ◦C) chessboard pattern of large quartz grains is 
frequently cut by micro-shear zones likely developed by grain-boundary 
migration and sub-grain rotation recrystallization at decreasing tem
perature (i.e., Simpson, 1985; Dell’Angelo et al., 1987). This sequence of 
microstructure development indicates continuous, albeit weak, 

Fig. 9. Rheological modelling of magma viscosity and Rayleigh number: a) variation of viscosity in relation to water content and melt temperature, the grey bands 
mark the temperature and water content conditions of a melt with MU2 composition, the red lines indicate the conditions used for the experiments shown in Fig. 8c,d, 
b) variation of magma viscosity in relation to the amount of crystallized Kfeldspar for a constant 3.0 vol% of water, c) evaluation of Rayleigh number for variable 
water content and temperature difference between the magma batches, d) evaluation of Rayleigh number for variable difference between the magma batches and 
melt viscosity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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deformation during pluton construction and overall cooling of the 
magmatic system. The pluton has a sill-like geometry and overall flat 
magmatic foliation, which is consistent with vertical shortening and 
lateral expansion of the pluton. This pattern of magmatic and HT solid- 
state flow and the sharp contacts between the granite and the country 
rocks indicate that emplacement is most likely unrelated to the tectonic 
regime responsible for the development of the regional S2 foliation, 
which is correlated to the 350–340 Ma regional phase of shortening 
(Carmignani et al., 1994; Carosi et al., 2004; Ferrara et al., 1978). 
Although not exposed in the field, we propose that melts feeding the 
Castellaccio pluton were channelized through a major roughly E-W 
shear zone related to the regional phase of post-orogenic shear dated 
between about 320–310 Ma (i.e., Casini et al., 2012, 2013; Casini et al., 
2015a; Casini et al., 2023; Casini and Funedda, 2014; Padovano et al., 
2014; Secchi et al., 2022; De Luca et al., 2023).

5.2. Origin of melts

A detailed discussion of the sources of the magmatic system is 
beyond the scope of this paper, however a few general remarks can be 
drawn by combining thermodynamic modelling, bulk rock geochemistry 
and trace element composition of magmatic minerals. The first is that 
the pluton shows overall contrasting geochemical features typical of S- 
type anatectic melts on the one side, or matching the geochemical 
fingerprint of I-type granites on the other side. The different magmatic 
units, in fact, define a classical calc-alkaline trend and their composition 
is transitional between that of ferroan and magnesian granites (Fig. 5d). 
Although all samples are moderately to strongly peraluminous as 
commonly observed in S-type granites (i.e., Chappell and White, 1992), 
the A/CNK ratio have a slightly positive correlation with the SiO2 
content (Fig. 5b), and is negatively correlated with the bulk rock MgO +
FeO content, a feature which is commonly observed in Cordilleran-type 
granites (Stevens et al., 2007). Zirconium (18–301 ppm, average 105) 
and Barium (20–690 ppm, average 260) show a similarly contrasting 
behavior, as Ba shows a slightly negative correlation with SiO2 as ex
pected in S-type granites (i.e., Clemens, 2014) but is uncorrelated with 
Zr (Fig. 5g). The common occurrence of partly disaggregated meta
morphic xenoliths is consistent with assimilation of crustal material (i.e., 
Idini et al., 2025). Besides, all magmatic units show a dominant crustal 
component testified by the abundance of inherited zircon grains (32 % 
of the total of concordant zircons, Table S4) with Silurian to Neo
proterozoic ages either with oscillatory zoning suggestive of magmatic 
crystallization or structureless (Fig. 8a-c). These observations are overall 
consistent with the temperature pattern obtained from Zr-solubility 
thermometer (Crisp and Berry, 2022). This calibration is highly sensi
tive to inheritance, thus the systematic overestimation of magma tem
perature suggest extensive assimilation of zircons commonly abundant 
in crustal rocks. Finally, the temperature of 700–850 ◦C obtained from 
Ti-in-zircon and pseudosection modelling and the abundance of biotite 
indicates that the melts of the Castellaccio Pluton were likely produced 
by fluid-fluxed melting (i.e., Miller et al., 2003). All these observations 
suggest that the likely source of melt is a pre-Variscan crystalline 
basement composed of metapelite and calc-alkaline orthogneiss of the 
Ordovician magmatic arc (Cocco et al., 2018, 2022).

5.3. Magma rheology and convective mixing

Several studies have shown that granites seldom if ever represent 
solidified melt because of magma chamber processes yielding to 
geochemical, textural and mineralogical differentiation mainly testified 
by cumulates and zones where residual, more evolved, melt concen
trates (Bachmann et al., 2014; Vernon and Collins, 2011; Zhang et al., 
2023). The incremental nature of magmatism adds complexity to this 
picture, as the interaction between competing chemical and mechanical 
processes during the growth of a magmatic system may lead to either 
nearly homogeneous plutons (i.e., Weinberg et al., 2001; Johnson et al., 

2003; Vernon et al., 2004; Casini et al., 2012; 2015a), or to large 
compositional and textural variability (i.e., Farina et al., 2010). In the 
remainder of this section, we present a conceptual model to explain the 
structure and the geochemical zonation of the Castellaccio Pluton based 
on simple rheological arguments and first principles. In the model pre
sented in Fig. 10a-d, the structure and the geochemical zonation of the 
Castellaccio Pluton emerge from incipient convection related to short- 
lived Rayleigh-Taylor instability of the incrementally growing magma 
chamber. In this model, the first melt batch (MU2) emplaces within low- 
grade metamorphic rocks and start crystallizing, eventually assimilating 
crustal material (Fig. 10a). After cooling and crystallization of biotite 
and K-feldspar, a new batch of melt with similar composition impinge 
the pluton (Fig. 10b). The former, partly crystallized, magma batch 
develop a Rayleigh-Taylor instability activating convective mixing that 
lead to formation of Kfeldspar cumulates-bearing granite (MU3) on the 
one hand, squeezing the low-density, volatile-rich, peraluminous felsic 
residuum (MU1) in the apical zone of the pluton (Fig. 10c). According to 
this model, the pluton core corresponding to MU2 forms passively after 
extraction of cumulates and upwelling of high-SiO2 residual melts 
(Fig. 10c). The results of 1D rheological modelling largely support this 
interpretation, as melt batches with a thickness of about 250 m and with 
the composition of MU2 rocks, similar to the non-cumulitic domains of 
MU3, would be convective for most of their supra-solidus evolution in a 
wide temperature range between about 730–850 ◦C (Fig. 9). Under these 
assumptions, vigorous convection is expected for relatively small tem
perature difference of 10–50 ◦C between the crystallizing magma batch 
and the underplating melt (Fig. 9) if melt is hydrous (>3.5–4.0 wt% 
water). However, due to the small size of the pluton and the shallow 
emplacement depth < 0.3 GPa, the convective window is likely short- 
lived (Molina et al., 2012). These observations fit the constraints ob
tained from Ti-in-zircon thermometry, pseudosection modelling and 
structural analysis. The relatively low temperature range between 700 
and 850 ◦C calculated for melt and HT stabilization of biotite (i.e., Idini 
et al., this issue), in fact, suggest that melt sourcing the Castellaccio 
Pluton were likely hydrous, which is consistent with the low viscosity 
required to activate convective mixing. Yet, the relatively low temper
ature of magma and the shallow emplacement depth likely yield to rapid 
cooling of the magmatic system, preserving Kfeldspar cumulates and 
similar structures related to incipient convective mixing of the pluton. 
This interpretation is largely consistent with the observed compositional 
and structural zonation of the pluton. Our simplified model assumes 
only two magma batches, but the process would be effective also for 
magmatic systems composed of more pulses, provided that the 
emplacement rate is high enough to prevent the complete lockup of the 
system before injection of the next magma batch.

6. Conclusions

The Castellaccio Pluton is a peraluminous S-type granite character
ized by K-feldspar cumulates showing variable geometry from tabular 
with an internal fabric at high angle to the margin of the cumulate, to 
vertically elongated stretched cones with an internal fabric parallel to 
the magmatic foliation of the pluton. Pseudosection modelling and Ti-in- 
zircon thermometry indicate that the pluton likely formed through low- 
T fluid-fluxed melting of a mixed metapelitic and meta-igneous source, 
which generate relatively low-viscosity hydrous melt emplaced incre
mentally at shallow depth corresponding to about 0.25 GPa. Rheological 
modelling indicates that the Castellaccio Pluton magma was in a 
convective state for part of the emplacement history, thus we propose 
that K-feldspar cumulates formed by Rayleigh-Taylor instability of the 
interface between the crystallizing roof of the pluton and the melt-rich 
core. This conclusion implies that K-feldspar cumulates may reflect 
either incipient geochemical differentiation of initially homogeneous 
magma batches, or they represent failed homogenization of composi
tionally different magma batches.
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Visualization Stefania Corvò: Data curation, formal analysis, investi
gation Alfredo Idini: formal analysis, investigation Antonio Langone: 
formal analysis, investigation writing Lorenzo Dulcetta: formal anal
ysis, investigation Francesco Secchi: Conceptualization Matteo 
Maino: Writing, Visualization.

CRediT authorship contribution statement

Leonardo Casini: Writing – review & editing, Writing – original 
draft, Visualization, Funding acquisition, Conceptualization. Stefania 
Corvo: Investigation, Formal analysis, Data curation. Lorenzo Dul
cetta: Investigation, Formal analysis. Alfredo Idini: Investigation, 
Formal analysis. Antonio Langone: Writing – review & editing, Inves
tigation, Formal analysis. Francesco Secchi: Conceptualization. Mat
teo Maino: Writing – original draft, Visualization.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests:

Leonardo Casini reports financial support was provided by Italian 
Ministry for Research and Education (MUR). If there are other authors, 
they declare that they have no known competing financial interests or 
personal relationships that could have appeared to influence the work 
reported in this paper.

Acknowledgements

This work has been developed within the framework of the project e. 
INS- Ecosystem of Innovation for Next Generation Sardinia (cod. ECS 
00000038) funded by the Italian Ministry for Research and Education 

(MUR) under the National Recovery and Resilience Plan (NRRP) - 
MISSION 4 COMPONENT 2, “From research to business” INVESTMENT 
1.5, “Creation and strengthening of Ecosystems of innovation” and 
construction of “Territorial R&D Leaders” granted to LC and AI.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2025.108257.

References

Annen, c., 2009. From plutons to magma chambers: Thermal constraints on the 
accumulation of eruptible silicic magma in the upper crust. Earth Planet. Sci. Lett. 
284, 409–416.

Annen, C.J., 2010. Implications of incremental emplacement of magma bodies for 
magma differentiation, thermal aureole dimensions and plutonism–volcanism 
relationships. Tectonophysics 500, 3–10.

Bachmann, O., Dungan, M.A., Bussy, F., 2005. Insights into shallow magmatic processes 
in large silicic magma bodies: the trace element record in the fish Canyon magma 
body, Colorado. Contrib. Mineral. Petrol. 149, 338–349.

Bachmann, O., Deering, C.D., Lipman, P.W., Plummer, C., 2014. Building zoned 
ignimbrites by recycling silicic cumulates: insight from the 1,000 km3 Carpenter 
Ridge Tuff, CO. Contrib. Mineral. Petrol. 167 (6), 014-1025-3–1025–3. https://doi. 
org/10.1007/s00410-.

Bittner, D., Schmeling, H., 1995. Numerical modelling of melting processes and induced 
diapirism in the lower crust. Geophys. J. Int. 123, 59–70.

Blundy, J.D., Annen, C.J., 2016. Crustal magmatic systems from the perspective of heat 
transfer. Elements 12, 115–120.

Bouchez, J.L., Delas, C., Gleizes, G., Nédélec, A., Cuney, M., 1992. Submagmatic 
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