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Abstract
The Arbus igneous complex (SW Sardinia, Italy) represents a good example of a short time lived post-collisional composite 
pluton emplaced at shallow crustal level in the external zone of the Variscan chain. The pluton almost consists of granodiorite 
and leucogranite rock-suites emplaced at 304 ± 1 Ma within a main NW trending thrust separating the metamorphic wedge 
from the fold and thrust belt foreland. The pluton emplaced into a dilatational step over connecting two NW–SE dextral 
shear zones which belongs to a regional network of post-collisional strike-slip structures marking the transition from col-
lision to post-collisional extension. The microstructure observed for quartz and K-feldspar confirms the lack of significant 
post-emplacement deformation, indicating only limited high-temperature sub-solidus recrystallization. Anisotropy of mag-
netic susceptivity data and field-structural analysis have been carried out to reconstruct the geometry of the pluton and the 
trajectories of magmatic flow in relation to regional deformation structures. Overall, the magmatic and the magnetic fabrics 
are broadly discordant with the metamorphic foliation of the country rocks, defining an EW trending elliptical asymmetric 
sill rooted in the SW quadrant. The reconstructed architecture combined to petrologic observation indicates that accre-
tion of the pluton involved injection of multiple dykes through a sub-vertical feeder zone, combined to lateral flow of the 
roof controlled by inherited collisional structure. The duration of magmatic activity and the cooling history of the contact 
metamorphic aureole have been evaluated through a suite of 2D thermal models. All these observations, together with the 
available geochronological constraints are suggestive of very rapid construction of the pluton. The proposed emplacement 
model is fully consistent with the regional phase of strike-slip tectonics and widespread magmatism accommodating the 
large rotation of the Corsica-Sardinia block during the Carboniferous-Permian transition.
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Introduction

The anisotropy of magnetic susceptibility (AMS) is widely 
used to constrain the deformation history of magmatic rocks 
(King 1966; Van der Voo and Klootwijk 1972; Heller 1973; 
Ellwood and Whitney 1980; Guillet et al. 1983; Cogné and 
Perroud 1988; Bouchez et al. 1990; Mamtani and Greiling 
2005; Cifelli et al. 2012), particularly wherever macroscopic 

flow markers are poorly developed as commonly observed 
for rocks of broadly granitic composition (Bouchez 1997; 
Aranguren et al. 2003; Kratinova et al. 2003; Sant’Ovaia 
et al. 2010; Brown 2013).

Despite the widespread acceptance of AMS as an effec-
tive tool for the analysis of magmatic systems, only a few 
data are available for the Sardinia-Corsica Batholith (Gattac-
ceca et al. 2004; Edel et al. 2014). The complex structure of 
this late-Variscan batholith resulted from coalescence of sev-
eral magmatic events (Rossi and Cocherie 1991; Cocherie 
et al. 2005), clustered in Sardinia in two main peaks (Casini 
et al. 2015a; Cuccuru et al. 2016). The first phase of mag-
matic activity around 320–315 Ma is mostly coincident with 
regional strike-slip deformation accommodated by NW–SE 
and E–W crustal-scale shear zones (Casini et  al. 2012; 
2015a,b). Remarkably, the onset of second phase (~300 Ma; 
Cuccuru et al. 2016; Naitza et al. 2017; Conte et al. 2017) 
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is synchronous with the Late Variscan drifting and over-
all > 90° clockwise rotation recorded by the Corsica-Sardinia 
block (Edel et al. 2014). A pervasive network of roughly EW 
and NW trending strike-slip shear zones, often reactivating 
collisional structures, testifies this regional phase of shearing 
(Conti et al. 1998, 2001; Casini et al. 2010; Cuccuru et al., 
2012; Casini and Funedda 2014). Although a few works have 
documented the connection between shear zones and Late 
Variscan magmatism, the significance of this geodynamic 
event remains still enigmatic (Gébelin et al. 2009; Casini 
et al. 2012; 2015a; Musumeci et al. 2015).

This paper focuses on the emplacement of the Arbus 
pluton, a composite late Carboniferous (304 ± 1 Ma) pluton 
exposed in southwestern Sardinia (Italy) for which a com-
plete set of geological and petrological data are available 
(Secchi et al. 1991; Cuccuru et al. 2016). The pluton records 
incremental accretion by injection of several magma pulses 
within a huge transtensional EW shear zone (Capo Pecora 
Shear Zone, Fig. 1b), that reactivates the frontal thrust of 
the Variscan metamorphic wedge during post-collisional 
shearing (Casini et al. 2015a). A field structural mapping 
combined with microstructural analysis and AMS data are 
used to refine the shape and internal fabric of the pluton, as 
well as the surrounding contact metamorphic aureole. The 
overall structural constraints complement the existing geo-
chronological and petrologic dataset, providing new insights 
into the mechanisms of magmatic accretion in relation to late 
Variscan tectonics. The applicability of different rapid to 
slow incremental growth histories characterized by variable 
melt injection rate and frequency of the magmatic injec-
tions are then evaluated by forward 2D numerical modelling, 
using a purely thermal version of the finite difference code 
evp2d (Casini 2012; Casini et al. 2013; Casini and Maino 
2018). The simulated thermal histories are used to pinpoint 
the rates and persistence of late Variscan magmatism in rela-
tion to regional tectonics. Finally, the results obtained in 
this work are recast in the general framework of the south 
Variscan chain and discussed in terms of post-collisional 
geodynamic evolution of the orogen.

Geological setting and petrographical 
features

The Arbus pluton forms a roughly elliptical EW trending 
pluton injected within the Arburese Frontal Thrust (AFT), 
a major W-directed collisional structure that separates the 
greenschist metamorphic wedge from the Variscan Foreland 
(Fig. 1a, b) (Funedda 2009). The pluton is made of a felsic 
core composed of cordierite-bearing leucogranites, rimmed 
by three pyroxene-, hornblende- and biotite-bearing granodi-
oritic shells (Fig. 1c). A small diaper of monzo-gabbronorite 
composition (MG) exposed along the northern contact of the 

pluton represents the most mafic endmember (Fig. 1c). U/Pb 
geochronological constraints on zircons from pyroxene-bear-
ing granodiorites (GD1) indicate that the pluton emplaced at 
about 304 ± 1 Ma (Cuccuru et al. 2016) matching the onset 
of a large > 90° clockwise rotation of the Sardinia-Corsica 
block (Edel et al. 2014) connected to late orogenic shearing 
of the Variscides (Matte 2001; Gutiérrez-Alonso et al. 2009; 
Casini and Funedda 2014; Musumeci et al. 2015).

The small scatter of U/Pb zircon ages recorded by GD1 
samples (Cuccuru et al. 2016) indicates that the whole mag-
matic system likely solidified in less than 1 Ma, as com-
monly observed in upper-crustal plutons of similar size and 
emplacement depth (i.e., Barboni and Schoene 2014). This 
observation is fully consistent with the prevalence of fine- 
to medium-grained rock-types, the ductile and gradational 
contacts between different magma batches, the shallow 
emplacement depth < 0.2 GPa (Bosi et al. 2018) and the nar-
row contact aureole dominated by andalusite-cordierite spot-
ted schists (Fig. 1c). Similarly to all the intrusions observed 
in SW Sardinia, the Arbus pluton shows distinctive compo-
sitional and mineralogical characters of a typical ilmenite 
rock-series. The pluton is a sill-like body (Fig. 2a) showing 
normal zoning with the mafic magma batches (orthopyrox-
ene—and hornblende-bearing granodiorite, monzo-gab-
bronorite Fig. 2b, e) in the external part of the complex and 
progressively more differentiated products (cordierite-bear-
ing leucogranite) in the core (Fig. 1c). In addition, LG1 leu-
cogranites at the core of intrusion are coarse-grained rocks. 
A detailed full petrographic characterization can be found 
in Secchi et al. (1991) and Secchi and D'Antonio (1996) and 
is summarized in Table 1.

Hypidiomorphic rock-textures are by far dominant; 
porphyritic varieties are only recorded for quartz monzo 
gabbronorites which show in addition graphic textures of 
groundmasses. Evidence for deformation is suggested by 
chessboard appearance of interstitial quartz (Fig. 3), locally 
observed only in granitic rocks and their rare monzonitic 
dark enclaves.

A typical petrographic feature of Arbus igneous rocks 
is the occurrence of orthopyroxene + clinopyroxene + red 
dark mica well distinguishable from gabbroic rocks to 
GD1 granodiorites. In addition, a rather diffuse wide-
spread sub-solidus alteration, producing cummingtonite 
and actinolitic hornblende as uralitic phases on origi-
nary orthopyroxene and clinopyroxene, respectively, is 
commonly observed in GD1 granodiorites. Conversely, 
in hornblende-bearing granodiorites (GD2) and biotite-
bearing granodiorites (GD3), pyroxenes are only observed 
as drop-like inclusions of plagioclase and euhedral horn-
blende or red biotite represent the only mafic phases. In 
GD3 and LG rocks, dark mica show a siderophyllitic com-
position (replaced by white mica) and unusually extremely 
Fe-rich cordierite of sekaninaitic composition (replaced 
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by pale green Fe-chlorite) which become more frequent 
in LG1 and LG3 granites. In these latter rock-types, Fe-
cordierite occurs as sub-vertical swarms of sub-rounded 
centimetric clots showing graphic textures with quartz. 
Finally, according to Secchi et al. (1991) and Secchi and 
D'Antonio (1996), the whole data set indicates that all 

magma batches evolved from a common mantle-derived 
olivine-bearing magma source, assimilating variable 
amounts of crustal component.

Fig. 1  Schematic geological map of late-Variscan Arbus pluton 
(southwestern Sardinia, Italy), simplified after Casini et  al. (2015a) 
and Cuccuru et  al. (2016). a Structural scheme of Variscan Europe; 
BM, Bohemian Massif; ECM, External Crystalline Massifs; MC, 
Massif Central; C-S, Corsica-Sardinia; CIZ, Central Iberian Zone; 

MGCR, Mid German Crystalline Rise. b Simplified geological map 
of Sardinia Batholith; AFT, Arburese Frontal Thrust, CPSZ, Capo 
Pecora Shear Zone, PAL, Posada-Asinara Line. c Geological map of 
Arbus pluton with structural data and AMS sites location
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Analytical methods

Structural analysis

The fabric of the pluton and its internal geometry defined by 
the magmatic foliation and lineation have been investigated 
by field structural analysis using the Shape Preferred Orien-
tation (SPO) of micro-granular mafic enclaves, metamorphic 
xenoliths and biotite schlieren (Vernon et al. 2004; Paterson 
et al. 2019). These macroscopic flow markers are widespread 
throughout the pluton except within the leucogranites, which 
show no perceptible fabric. The crystallographic preferred 
orientation (CPO) of large idiomorphic plagioclase feldspar 
and amphibole has been also determined in a few relatively 
coarse-grained domains of granodiorite units to comple-
ment information on magmatic fabric pattern. The defor-
mation feature characterizing the various domains of the 
pluton have been investigated by microstructural analysis 

of selected samples. Polished thin sections were oriented 
parallel to XZ planes of the finite strain ellipsoid defined by 
the SPO and CPO.

Anisotropy of magnetic susceptibility (AMS)

Samples for AMS measurements were collected at 31 
selected outcrops evenly distributed over about 67  km2 
area (Fig. 1c). Sampling stations were characterized by 
the absence of pervasive fractures and were located far 
from faults, alteration fronts and Fe-cordierite rich vertical 
swarms in LG rocks. Samples were collected by extract-
ing in situ-oriented pieces of rocks. From each site, 6 to 
12 cylindrical cores were drilled from oriented rock pieces 
using a vertical column drilling machine. The low-field AMS 
at room temperature was measured with an AGICO KLY-
3S susceptibility bridge in the Paleomagnetic laboratory of 
Roma Tre University (Italy). The anisotropy measurements 

Fig. 2  Field structures of the 
Arbus Pluton: a overview of the 
northern pluton margin show-
ing nearly horizontal contact 
between GD1 granodiorites and 
metamorphic rocks (thick solid 
line); the dashed line marks the 
gently dipping contact between 
GD1 and GD2 granodiorites; 
b metamorphic xenolith (Xen) 
within fine-grained GD2 grano-
diorite, northern margin of the 
pluton; c rounded to elliptical 
micro-granular mafic enclaves 
(mme), southern margin of the 
pluton; d small metamorphic 
xenoliths with weak preferred 
orientation within GD3 granodi-
orites, central part of the pluton, 
e close-up of GD2 granodiorite 
from the southern margin of 
the pluton showing a pervasive 
E–W magmatic foliation (Sm) 
marked by the preferred orienta-
tion of plagioclase and pyroxene 
crystals and elongate micro-
granular mafic enclaves (mme), 
f close-up of (a) showing a 
sub-vertical late magmatic Zn–
Pb–Ag dyke emplaced within a 
radial fracture crossing through 
the pluton-metamorphic base-
ment contact, northern margin 
of the pluton
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at the site levels were evaluated using Jelinek’s (1977) 
statistics.

AMS is defined by a second rank tensor and represented 
geometrically by an ellipsoid in which the greatest intensity 
of magnetization is induced along the long axis Kmax and 
the weakest intensity along the short axis Kmin (with princi-
pal axes Kmax > Kint > Kmin). Several parameters have been 
defined both for the quantification of the magnitude of ani-
sotropy and for defining the shape of the ellipsoid (Jelinek 
1981; Hrouda 1982). The magnetic lineation L (Kmax/Kmin) 
is defined by the orientation of Kmax, while the magnetic 
foliation F (Kint/Kmin) is defined as the plane perpendicu-
lar to Kmin. The anisotropy degree and the shape factor are 
expressed by the parameter Pj and T, respectively (Table 2, 
Jelinek 1981).

Thermal modelling

Several parameters control the cooling history of plutons and 
the development of related contact metamorphic aureole, 
including: (i) the ratio between magma and country rock 
temperatures, (ii) melt injection rate and frequency of injec-
tions (Annen et al. 2006; Annen 2011). The effectiveness of 
each parameter is evaluated through a suite of 2D numerical 
experiments that simulate different growth histories of Arbus 
pluton using a purely thermal version of the finite difference 
code evp2d (Casini 2012; Casini et al. 2013; Maino et al. 
2015, 2020; Casini and Maino 2018). In the first set of para-
metric experiments, we evaluate the pluton cooling rates for 
different initial crustal geothermal profile. The second group 

of experiments addresses the effect of melt injection rate and 
the frequency of injections. In the remainder of this section, 
we summarize the basic aspects of our modelling strategy 
focusing on the experimental setup adopted to reproduce 
the growth and cooling history of the pluton. Further details 
about the algorithm and numerical approximations used by 
the code can be found in Casini and Maino (2018).

Mathematical background

The lagrangian heat equation is formulated in 2D space 
assuming temperature-dependent thermal conductivity 
(Vosteen and Schellschmidt 2003; Whittington et al. 2009) 
and heat sources:

where DT/Dt is the Lagrangian time-derivative of tempera-
ture, � is density  ([kgm–3]) and Hr represents the volumetric 
heat production rate  ([Wm–3]) due to the decay of radioactive 
elements. The parameters Cp and k are specific heat capac-
ity  ([Jkg–1  K–1]) and thermal conductivity  ([Wm−1  K−1]), 
respectively. This latter parameter is expressed as k = κρCp 
where κ is thermal diffusivity  ([m2s−1]). Both k and Cp are 
formulated as temperature-dependent parameters according 

(1)�Cp

DT

Dt
=

�qi

�xi
+ Hr + HL

(2)qi =
�

�xi

(

k
�T

�xi

)

Table 1  Summary of main petrographical features for intrusive rocks from Arbus igneous  complexa

a Integrated after Secchi et al. (1991) and Secchi and D’Antonio (1996). Radiometric ages reported in boldface and italic refer to U/Pb method 
on single zircon from GD1 granodiorites (Cuccuru et  al. 2016)  and40Ar/39Ar on late-stage white mica from LG3 leucogranites (Boni et  al. 
2003), respectively. Other radiometric ages refer to Rb–Sr isochrones recalculated after Secchi et al. (1991) for MG-GD3 and LG1-LG2 rock-
sequences. Rocks are commonly medium to fine-grained and show hypidiomorphic granular or porphyritic textures often with graphic textures 
and were classified according to Le Bas and Streckeisen (1991) constraints. Mineral abbreviations according to Kretz (1983) and Whitney and 
Evans (2010): Pl = plagioclase; Qz = quartz; Kfs = K-feldspar; Ol = olivine; Opx = orthopyroxene (hypersthene); Cpx = clynopyroxene (augite); 
Bt = dark mica; Hbl = green hornblende; Crdt = cordierite (sekaninaite); Ms = white mica; Ilm = ilmenite; Ap = apatite; Aln = allanite; Zir = zir-
con; Xen = xenotime; Mon = monazite; Fl = fluorite; Tit = titanite; Thor = thorite; Uran = uraninite; Sulph = sulfides e Tur = tourmaline of schorl 
composition (Bosi et al. 2018). Average composition of plagioclase ranges from labradorite in MG monzo-gabbronorites to oligoclase in leu-
cogranites whereas in same rocks, dark micas range from Fe-biotite to siderophyllite. Other abbreviations as reported in Fig. 1

Fundamental phases Accessory phases ɛNd304 δ18OSMOW‰ Age (Ma)

Cordierite-bearing leucogranites (LG1, LG2 and LG3) 304 ± 21
Kfs + Qz + Na-Pl + Fe-Bt ± Fe-Crdt Xen + Mon + Zir + Aln

and rare: Ilm, Ap, Fl, Tur, 
Thor, Uran, Sulph

−6.60  +11.17 ± 0.50 308 ± 1

Granodiorites 305 ± 13
Pl + Kfs + Qz + Bt + Crdt ±  Cpxon Pl ± Fe-Crdt (GD3)
Pl + Qz + Kfs + Bt ±  OpxPl ±  CpxPl (GD2)
or (southern zones) Pl + Qz + Kfs + Bt + Hbl (GD2)
Pl + Bt + Opx + Cpx + Qz + Kfs ± Crdt (GD1)

Zir + Ap + All + Ilm
and Xen + Mon + Tit + Uran

−6.60
−7.79
−7.25

 +10.23 ± 0.27
 +9.54 ± 0.26
 +9.14 ± 0.50

304 ± 1

Leuco quartz-monzo gabbronorites (MG)
Ca-Pl + Bt + Opx + Cpx + Qz + Kfs ± Ol Ilm + Ap + Zir + All −5.87  +8.09 ± 0.13
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to the equations of Whittington et al. (2009). The term HL is 
the latent heat of crystallization  ([Jkg−1]). This latter is com-
puted as function of the melt fraction M and its contribution 

decreases linearly from a value of 3 ×  105 J  kg−1 correspond-
ing to a completely liquid magma to zero once crystalliza-
tion is complete (Annen 2009). As a first approximation the 

Fig. 3  Microstructure of the 
Arbus pluton: a Interstitial 
greenish tourmaline on LG3 
leucogranites, plane polarized 
light, northern margin of the 
pluton, b graphic texture of 
LG3 leucogranites, crossed 
polarizers, northern margin of 
the pluton, c chessboard texture 
of quartz in GD3 granodiorites, 
crossed polarizers, northern 
margin of the pluton, d flame 
perthite, in GD3 granodiorites, 
north-central part of the pluton, 
e Fe-cordierite (now altered)-
quartz graphic intergrowths 
on LG1 leucogranites, crossed 
polarizers, pluton core, f 
chessboard texture of quartz and 
late-stage white-mica + feldspar 
assemblage on LG2 leucogran-
ites, crossed polarizers, central 
part of the pluton, g incipient 
micro-shear zone (white arrow) 
developed at plagioclase-pla-
gioclase grain-boundary, GD2 
granodiorites, southern margin 
of the pluton, h syn-magmatic 
fracture of plagioclase filled by 
muscovite + albitic plagioclase, 
GD2 granodiorites, southern 
margin of the pluton. Mineral 
abbreviation list as reported in 
Table 1



International Journal of Earth Sciences 

1 3

Ta
bl

e 
2 

 A
M

S 
da

ta
 fr

om
 th

e 
A

rb
us

 p
lu

to
n 

(s
ou

th
w

es
te

rn
 S

ar
di

ni
a,

 It
al

y)

n =
 nu

m
be

r o
f a

na
ly

ze
d 

sp
ec

im
en

 fo
r e

ac
h 

sa
m

pl
in

g 
si

te
. D

,I 
(K

m
ax

) a
nd

 D
,I 

(K
m

in
) r

ef
er

 to
 a

zi
m

ut
h 

an
d 

pl
un

ge
 d

ec
lin

at
io

n 
an

d 
in

cl
in

at
io

n 
of

 m
ax

im
un

 a
nd

 m
im

in
um

 a
xe

 o
f m

ag
ne

tic
 s

us
ce

p-
tiv

ity
, r

es
pe

ct
iv

el
y.

 K
m

 =
 (K

m
ax

 +
 K

in
t +

 K
m

in
)/3

 is
 e

xp
re

ss
ed

 a
s 

 10
–5

 S
I 

un
its

 a
nd

 r
ef

er
 to

 th
e 

av
er

ag
e 

va
lu

e 
of

 m
ag

ne
tic

 s
us

ce
pt

iv
ity

. L
 =

 K
m

ax
/K

in
t (

m
ag

ne
tic

 li
ne

at
io

n)
; F

 =
 K

in
t/K

m
in

 (
m

ag
ne

tic
 

fo
lia

tio
n)

; P
j =

 ex
p{

2[
(η

1 −
 η)

2 +
 (η

 2
 −

 η)
2 +

 (η
3 −

 η)
2]

}1/
2 (c

or
re

ct
ed

 a
ni

so
tro

py
 d

eg
re

e)
; T

 =
 2(

η2
 −

 η3
)/(

η1
 −

 η3
) −

 1(
fo

rm
 fa

ct
or

 a
cc

or
di

ng
 to

 Je
lin

ek
, 1

98
1)

; η
1 =

 ln
K

m
ax

; η
2 =

 ln
K

in
t; 

η3
 =

 ln
K

m
in

; 
η =

 (η
1 +

 η2
 +

 η3
)/3

; e
1–

2 =
 se

m
i-a

ng
le

 o
f t

he
 9

5%
 c

on
fid

en
ce

 e
lli

ps
es

 a
ro

un
d 

th
e 

pr
in

ci
pa

l s
us

ce
pt

ib
ili

ty
 a

xe
s. 

M
ap

 re
fe

re
nc

es
 re

fe
r t

o 
sa

m
pl

es
 p

os
iti

on
 o

n 
IG

M
 o

ffi
ci

al
 m

ap
 o

f I
ta

ly
 a

t 1
/2

50
00

 
sc

al
e.

 S
am

pl
e 

A
M

26
 (π

) r
ef

er
 to

 a
n 

ac
id

ic
 d

ik
e 

cr
os

sc
ut

tin
g 

LG
1 

gr
an

ite
s. 

A
bb

re
vi

at
io

ns
 fo

r i
nt

ru
si

ve
 u

ni
ts

, a
s r

ep
or

te
d 

in
 F

ig
. 1

Sa
m

pl
es

Sa
m

pl
in

g 
lo

ca
lit

y
La

tit
ud

e
Lo

ng
itu

de
M

ap
 re

fe
re

nc
e

n
K

m
L

F
Pj

T
D

,I 
(K

m
ax

)
D

,I 
(K

m
in

)
E(

1–
2)

EC
34

 (M
G

)
Pu

nt
a 

C
. M

as
on

is
N

39
°3

2′
14

"
E8

°3
4′

19
"

54
6I

 (G
ùs

pi
ni

)
7

75
.3

1.
03

3
1.

00
6

1.
04

3
−

0.
7

19
0.

5
29

7.
73

8
EC

35
 (M

G
)

Pu
nt

a 
C

. M
as

on
is

N
39

°3
2′

14
"

E8
°3

4′
16

"
54

6I
 (G

ùs
pi

ni
)

9
11

0
1.

00
1

1.
03

5
1.

04
1

0.
94

5
23

7.
61

92
.2

4
71

A
M

S3
 (G

D
1)

G
en

na
 S

ci
ria

N
39

°3
2′

26
"

E8
°3

6′
14

"
54

6I
 (G

ùs
pi

ni
)

21
32

.2
1.

00
4

1.
00

2
1.

00
6

−
0.

35
2

29
4.

2
20

2.
53

16
EC

17
 (G

D
1)

G
en

na
 S

ci
ria

N
39

°3
2′

26
"

E8
°3

6′
13

"
54

6I
 (G

ùs
pi

ni
)

9
23

.9
1.

00
5

1.
00

0
1.

00
6

−
0.

81
6

26
4.

0
35

4.
38

21
EC

19
 (G

D
1)

Pu
nt

a 
Ru

in
as

N
39

°3
2′

21
"

E8
°3

6′
12

"
54

6I
 (G

ùs
pi

ni
)

8
28

.9
1.

00
6

1.
00

6
1.

01
2

0.
04

1
23

.1
8

27
0.

49
6

A
M

S7
 (G

D
2)

G
ru

tz
u

N
39

°2
9′

08
"

E8
°3

2′
12

"
54

6I
I (

G
on

no
sf

an
àd

ig
a)

9
19

.0
1.

00
3

1.
00

8
1.

01
1

0.
38

8
23

9.
54

18
.2

9
31

EC
9 

(G
D

2)
G

en
na

 R
ui

na
s

N
39

°3
2′

08
"

E8
°3

6′
08

"
54

6I
 (G

ùs
pi

ni
)

8
23

.2
1.

00
1

1.
01

2
1.

01
5

0.
79

8
86

.1
2

33
9.

54
61

EC
14

 (G
D

2)
C

as
e 

M
ar

ig
os

a
N

39
°2

9′
09

"
E8

°3
5′

14
"

54
6I

I (
G

on
no

sf
an

àd
ig

a)
10

9.
5

1.
02

0
1.

00
7

1.
02

8
−

0.
46

4
19

5.
7

29
0.

35
10

EC
30

 (G
D

2)
Sa

nt
a 

Se
ve

ra
N

39
°2

9′
07

"
E8

°3
9′

10
"

54
6I

I (
G

on
no

sf
an

àd
ig

a)
8

23
.9

1.
00

8
1.

01
1

1.
01

9
0.

14
8

27
0.

18
3.

10
14

EC
31

 (G
D

2)
M

on
te

 O
lla

stu
N

39
°2

8′
58

"
E8

°3
8′

19
"

54
6I

I (
G

on
no

sf
an

àd
ig

a)
10

23
.2

1.
01

1
1.

00
6

1.
01

7
−

0.
29

8
10

3.
17

35
7.

40
11

EC
32

 (G
D

2)
C

uc
cu

ru
 G

en
na

N
39

°2
9′

29
"

E8
°3

8′
22

"
54

6I
I (

G
on

no
sf

an
àd

ig
a)

10
18

.0
1.

00
1

1.
01

0
1.

01
2

0.
82

3
22

3.
40

89
.4

0
67

EC
33

 (G
D

2)
C

uc
cu

ru
 G

en
na

N
39

°2
9′

23
"

E8
°3

8′
25

"
54

6I
I (

G
on

no
sf

an
àd

ig
a)

6
14

.2
1.

07
8

1.
03

7
1.

12
1

−
0.

35
1

21
.2

2
23

6.
64

7
EC

13
 (G

D
2)

Po
nt

e 
R

iu
 M

ar
ro

ni
s

N
39

°2
9′

51
"

E8
°3

2′
23

"
54

6I
I (

G
on

no
sf

an
àd

ig
a)

9
11

.7
1.

01
1

1.
01

1
1.

02
2

0.
01

0
99

.5
35

6.
71

13
EC

20
 (G

D
2)

C
uc

cu
re

dd
u

N
39

°3
2′

03
"

E8
°3

6′
19

"
54

6I
 (G

ùs
pi

ni
)

7
21

.5
1.

00
6

1.
01

8
1.

02
5

0.
48

6
20

.1
4

11
3.

12
18

A
M

S8
 (G

D
3)

G
en

na
 d

e 
su

 B
en

tu
N

39
°3

1′
25

"
E8

°3
2′

54
"

54
6I

 (G
ùs

pi
ni

)
8

12
.5

1.
00

1
1.

00
5

1.
00

7
0.

60
1

19
2.

5
88

.7
2

46
A

M
S5

 (L
G

1)
B

ar
at

zu
N

39
°3

0′
29

"
E8

°3
7′

02
"

54
6I

 (G
ùs

pi
ni

)
9

5.
5

1.
00

3
1.

02
6

1.
03

0
0.

76
7

34
8.

28
14

5.
60

51
EC

2 
(L

G
1)

G
en

na
 is

Pi
sc

is
N

39
°3

0′
32

"
E8

°3
4′

59
"

54
6I

 (G
ùs

pi
ni

)
14

3.
1

1.
00

9
1.

02
2

1.
03

2
0.

41
5

47
.3

14
2.

62
18

EC
10

 (L
G

1)
Su

 S
pa

ra
u

N
39

°3
0′

03
"

E8
°3

3′
21

"
54

6I
I (

G
on

no
sf

an
àd

ig
a)

7
4.

62
1.

00
6

1.
01

3
1.

02
0

0.
41

4
25

4.
43

18
.3

1
38

EC
16

 (L
G

1)
B

ar
at

zu
N

39
°3

0′
33

"
E8

°3
7′

10
"

54
6I

 (G
ùs

pi
ni

)
9

5.
4

1.
01

6
1.

04
4

1.
06

3
0.

46
3

57
.1

6
29

2.
64

19
EC

36
 (L

G
1)

M
on

te
 S

pa
ra

u
N

39
°3

0′
23

"
E8

°3
3′

54
"

54
6I

 (G
ùs

pi
ni

)
9

5.
49

1.
00

2
1.

02
7

1.
03

3
0.

85
6

11
0.

2
7.

81
74

EC
22

 (L
G

2)
G

en
na

 S
ar

ta
ni

a
N

39
°3

0′
42

"
E8

°3
1′

43
"

54
6I

 (G
ùs

pi
ni

)
6

6.
0

1.
01

1
1.

02
2

1.
03

4
0.

33
3

10
0.

3
33

6.
85

16
A

M
S2

 (L
G

2)
Pu

nt
a 

C
ug

ui
N

39
°3

1′
14

"
E8

°3
4′

22
"

54
6I

 (G
ùs

pi
ni

)
12

5.
5

1.
00

4
1.

01
5

1.
02

0
0.

58
3

21
8.

11
34

9.
73

47
A

M
S4

 (L
G

2)
Sa

 T
el

la
N

39
°3

2′
00

"
E8

°3
7′

44
"

54
6I

 (G
ùs

pi
ni

)
9

3.
8

1.
00

3
1.

01
9

1.
02

4
0.

70
8

51
.2

4
21

5.
65

51
EC

5 
(L

G
2)

Pi
tz

in
ur

ri
N

39
°3

1′
03

"
E8

°3
0′

55
"

54
6I

 (G
ùs

pi
ni

)
11

8.
9

1.
01

0
1.

00
6

1.
01

6
−

0.
25

5
26

9.
33

14
4.

41
16

EC
6 

(L
G

2)
M

on
ti 

M
an

nu
N

39
°3

1′
50

"
E8

°3
6′

48
"

54
6I

 (G
ùs

pi
ni

)
10

2.
24

1.
02

6
1.

09
9

1.
13

6
0.

56
8

26
7.

11
57

.7
7

23
EC

8 
(L

G
2)

Pu
nt

a 
C

on
ca

 M
al

u
N

39
°3

1′
25

"
E8

°3
6′

18
"

54
6I

 (G
ùs

pi
ni

)
9

4.
29

1.
00

4
1.

02
5

1.
03

1
0.

74
8

21
1.

2
47

.8
8

64
EC

11
 (L

G
2)

Sc
ra

ba
xi

us
N

39
°3

0′
04

"
E8

°3
1′

49
"

54
6I

I (
G

on
no

sf
an

àd
ig

a)
9

3.
31

1.
01

5
1.

09
2

1.
11

7
0.

71
5

32
.2

29
1.

80
22

EC
21

 (L
G

2)
C

uc
cu

re
dd

u
N

39
°3

1′
58

"
E8

°3
6′

18
"

54
6I

 (G
ùs

pi
ni

)
10

6.
1

1.
00

4
1.

01
8

1.
02

4
0.

60
2

28
6.

3
17

5.
83

33
EC

7 
(L

G
3)

M
on

ti 
M

an
nu

N
39

°3
1′

52
"

E8
°3

7′
00

"
54

6I
 (G

ùs
pi

ni
)

6
2.

71
1.

01
6

1.
02

8
1.

04
5

0.
28

6
31

1.
6

14
6.

83
11

EC
12

 (L
G

3)
Po

zz
o 

Ed
oa

rd
o

N
39

°2
9′

26
"

E8
°3

0′
37

"
54

6I
I (

G
on

no
sf

an
àd

ig
a)

8
63

.6
1.

03
2

1.
64

1
1.

38
0

0.
88

0
29

7.
2

42
.8

1
62

A
M

S6
 (π

)
B

ar
at

zu
N

39
°3

0′
46

"
E8

°3
6′

43
"

54
6I

 (G
ùs

pi
ni

)
8

5.
6

1.
00

6
1.

01
4

1.
02

0
0.

39
6

31
3.

13
10

8.
76

38



 International Journal of Earth Sciences

1 3

melt fraction is assumed to changes linearly with tempera-
ture according to the relations (Gerya and Yuen 2003; Burg 
and Gerya 2005):

where T is the actual temperature of the marker, TS ([K]) and 
TL ([K]) are the solidus and liquidus temperature of magma.

The spatial coordinates are denoted by xi, the index i = 1, 
2, and repeated indices denote summation according to 
the Einstein summation convention. The heat equation is 
solved using a fully implicit Crack–Nicholson algorithm 

(3)

⎧

⎪

⎨

⎪

⎩

M = 0 → T ≤ Ts

M =
(T−TS)
(TL−TS)

→ TS < T < TL

M = 1 → T ≥ TL

which ensures second-order accuracy both in time and space 
(Crank and Nicholson 1947). Advection due to incremental 
injection of magma batches is accounted for by tracing the 
displacements of material points using a large number of 
Lagrangian markers, up to 2.4 million in the high-resolution 
experiments (Casini and Maino 2018; Maino et al. 2020). 
As the model is purely thermal, advection is simulated in a 
simplified way. Each magma batch is represented in 2D as 
a pseudo-elliptical body composed of four quadrants that 
have minor and major semi-axis of length ai, bi, respectively 
(Fig. 4b). The pluton builds up progressively by adding N 
pulses of equal area; thus, the final area of the pluton Ap is 
defined summing over a prescribed number of magmatic 
pulses, N:

T
im

e

emplacement sequence
(4 injections)

I

II

III

L = 200 km

h 
= 

10
0 

km

diorite

metamorphic rocks

peridotite
x

z

magma
(granodiorite,
leocogranite)

T(z=1300) = 2300 K

sediments

6 km

1.
5 

km

T(z=0) = 293 K

dT/dx= 0

Fig. 3b

a)

b)

upper crust

lower crust

mantle
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a1

b1
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final area
of pluton

 magma batch (leucogranite)

previous
magma batches
(granodiorite)

VI

Fig. 4  Model setup: a Composition and geometry of the model 
lithosphere used for thermal experiments (see Table 3 for details of 
physical properties and thickness of the various layers). The thermal 
boundary conditions are specified as insulating lateral boundaries, 
Dirichlet (constant T = 293.15 K) upper boundary, and external Dir-
ichlet (constant T = 2300 K) at the lower boundary. The site of plu-

ton emplacement is indicated; b Close-up of the pluton geometry 
showing the displacement of material points after emplacement of 
a magma batch, the white dot of coordinates xp,yp indicates the new 
position of point p of initial coordinates x0,y0 (black dot), c example 
of a 4-pulses sequence of injections
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The emplacement of magmatic pulses is evenly distrib-
uted over a given time interval which depends on the pre-
scribed frequency of injection � [1/s], defined as the time 
interval between two consecutive magma batches. Given 
that emplacement of each magma batch is represented as 
an instantaneous process, the melt injection rate İ  [m2/s] is 
defined in 2D as the time-derivative of the net increase in 
area due to emplacement of the ith magma batch as:

After emplacement of each magma batch the country 
rocks and previous magma batches are displaced follow-
ing a radial displacement field (Fig. 4b) directed outward 
from point C of coordinate xs,ys representing the centroid 
of the pluton (e.g., Caricchi et al. 2012), so that the new 
position (xp,yp) of a material point p of coordinates x0,y0 
is calculated as follows:

where α and q define the slope and intercept of the line con-
necting point p to the centroid of the magma batches, respec-
tively, and the other variables have been already defined. In 
all experiments, the contact metamorphic aureole is charac-
terized by capturing either the maximum T recorded within 
10 m from either the southern or northern borders of the 
pluton and the maximum distance reached by the 600 K 
isotherm, indicated respectively as TN, TS, and WN and WS. 
This temperature is used to compare experimental results 
with field observation, as the 600 K isotherm roughly corre-
sponds to the onset of muscovite-forming reactions in low-P 
metapelites (i.e., Wei et al. 2004). Besides, we also extracted 
the total time tc [Myr] required to completely cool the whole 
magmatic system (i.e., the contact metamorphic aureole and 
the core of the pluton) below 600 K.

(4)Ap =

N
∑
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∑ �aibi
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Experimental setup and boundary conditions

The proposed model consists of a rectangular domain 
200 km-wide that simulates a 30 km-thick crust (18 km felsic 
upper crust, and 12 km mafic lower crust) overlying 70 km-
thick lithospheric mantle (Fig. 4a). The full details of the 
experimental setup and thermal properties of the different 
model materials are provided in Table 3 and Fig. 4a,b. The 
vertical boundaries are assumed to be insulating, whereas a 
Dirichlet boundary condition (T(z0) = 293.15 K) is imposed 
at the upper boundary of the model which corresponds to the 
topographic surface (Fig. 4). A constant 2300 K temperature 
is prescribed at an external lower boundary set at 1300 km 
depth, far below the bottom of the model, to minimize the 
numerical artifacts due to the choice of restrictive boundary 
conditions (Fig. 4). Equation (1) is discretized using an Eule-
rian grid composed of 100 by 200 irregularly spaced nodes. 
This configuration corresponds to a maximum resolution of 
about 50 m in the central domain representing the pluton 
and its surrounding contact metamorphic aureole. Before 
running the parametric experiments to test the effect of vari-
able injection rate and injection frequency, we evaluate the 
sensitivity of the model to the grid size in a suite of 5 experi-
ments using a variable grid size ranging from 10 to 500 m 
in the highest resolution domain, and 5 magma batches 
emplacing every 0.025 Myr resulting into a total lifetime of 
the magmatic system of 0.1 Myr (Table 4). The sensitivity 
tests show that the temperature pattern does not change for 
a grid size finer than 50 m, thus in the remaining experi-
ments we use a cell size of 50 m in the central upper part of 
the model to ensure an optimal resolution for the emplace-
ment site and the contact metamorphic aureole. A total of 
34 numerical experiments, including the sensitivity tests 
(AR00a-e, Table 4), were ran to reproduce the cooling of 
the Arbus pluton and the development of the related contact 
metamorphic aureole. Field structural data and geological 
constraints indicate that the pluton might be approximated as 
an asymmetric 1500 m-thick and 6000 m-wide tabular intru-
sion with a cross-sectional area of about 7  km2 (Secchi et al. 
1991; Cuccuru et al. 2016). The compositional variability 
of the pluton is reproduced in a simplified way injecting a 
variable number of magma batches of either granodioritic or 
leucogranitic composition. In all experiments the sequence 
of emplacement is from granodiorite to leucogranite result-
ing in a final proportion of felsic to relatively mafic terms of 
about 0.25, consistent with field structural analysis and AMS 
(Secchi et al. 1991; Cuccuru et al. 2016; this work). The 
emplacement depth and the solidus (TS) and liquidus (TL) 
temperatures of compositionally-distinct magma batches is 
deduced from Al-in hornblende in GD granodiorites and 
CIPW normative mineral contents (i.e. quartz and albite 
plus orthoclase) of LG granitic rocks according to Yang’s 
(2017) constraints (Secchi et al. 1991; Bosi et al. 2019). 

The thermal properties of different magma batches are listed 
in Table 3. Incremental accretion is reproduced assuming 
a dyke propagation model with instantaneous advection of 
magma along perfectly vertical trajectories, which is a rea-
sonable approximation for incrementally accreted shallow-
crustal plutons or volcanic complexes (Annen et al. 2006; 
Albert et al. 2020). This implies that our experiments explic-
itly neglect conductive heat loss during the ascent of magma, 
providing a maximum estimate for the dimension and per-
sistence of the contact metamorphic aureole. Under these 
assumptions, the major parameters controlling the ther-
mal evolution are the temperature of melt, the initial (pre-
emplacement) temperature of country rocks, the melt injec-
tion rate İ and the frequency of magmatic injections, � . The 
Arbus pluton preserves evidence for extensive compositional 
homogenization within each magma batch, as well as ductile 
and gradational contacts between the different batches. Thus, 
we limit the melt injection frequencies to values lower than 
1.2 ×  10–10  s−1 in all experiments to avoid complete crys-
tallization before emplacement of the next magma batch 
(Table 4). Given a general sill-shaped geometry, we calcu-
late the pluton emplacement rate ψ ([m/s], Table 4) as the 
time-averaged vertical growth rate of the sill (Annen 2011). 
In the absence of convection and neglecting the latent heat 
of crystallization, the mean timescale for cooling (Δt, [s]) 
a single magma batch of thickness h [m] can be roughly 
estimated from the 1D diffusion equation, provided that the 
width of the magma batch exceeds its thickness so that the 
overall geometry approximates that of a tabular intrusion:

For typical κ values of 1.1 ×  10–6  m2s−1 (Whittington 
et al., 2009), Eq. (10) implies that the minimum frequency 
of magmatic injections required to prevent complete cool-
ing of 10–375 m-thick sills during incremental construction 
of a tabular intrusion ranges between about 4.4 ×  10–8  s−1 
and 3.12 ×  10–11  s−1, respectively (i.e., exp AR27 and AR15, 
Table 3). The effect of the initial temperature of country 
rocks is evaluated in a first set of parametric experiments 
(AR01a-g, Table 4) changing the pre-emplacement steady-
state geothermal profile. We tested eight different thermal 
configurations that correspond to cold (12, 15 K  km−1), 
intermediate (18, 20, 22, 25 and 30  K   km−1) and hot 
(40 K  km−1) linear-sectioned crustal geotherms in the mid-
dle crust and sedimentary layer, i.e., within the first 18 km 
of the model domain. The temperature of the Moho is set 
to 1170 K in all experiments; thus a hot crust corresponds 
to gentle geothermal gradient in the lower crust. For the 
purpose of demonstration, in these experiments we assume 
a simple incremental growth history consisting of periodic 
injection of 5300 m-thick sills, corresponding to the main 

(10)
Δt ∼

(

h

2

)2

�
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magmatic units recognized in the field (Fig. 1c). The five 
sills emplace every 2.5 ×  104 years to get a total emplace-
ment time tf of 0.1 Myr (Table 4), which is consistent with 
geological and geochronological constraints (Secchi et al., 
1991; Cuccuru et al., 2016). These experiments imply a 
mean vertical accretion rate of about 2.37 ×  10–9  ms−1 and 
melt injection frequency of 1.27 ×  10–12  s−1 (Table 4). In 
a second set of parametric experiments using a fixed lin-
ear geothermal gradient of 20 K  km−1 (AR27-AR10b) we 
explore the effect of variable melt injection rate and duration 
of magmatic activity (tf [Myr], Table 4). These experiments 
use a variable number of sills between 4 and 150 and a fixed 
time interval of either 3000 or 5000 years between two con-
secutive batches. The number of prescribed magma batches 
is chosen to represent a range of different growth histories 
characterized by either episodic or near continuous supply 
of magma (Annen 2009, 2011). Using this configuration, 
all the model runs in this second set have a constant time-
averaged melt injection frequency of either 1.05 ×  10–11  s−1 
(‘high’ frequency experiments) or 6.33 ×  10–12  s−1 (‘low’ fre-
quency experiments) and variable duration of the magmatic 
activity ranging from a few thousand years to about 0.5 Myr 
(Table 4). The last set of experiments use a fixed number of 
magmatic pulses N = 25 and variable time interval between 

each pulse ranging from 250 to 31,000 years (experiments 
AR50-AR60, Table 4). This results into variable melt injec-
tion frequency between 1.26 ×  10–10 and 1.02 ×  10–12  s−1, 
and variable melt injection rate between 3.58 ×  10–5 and 
2.89 ×  10–7  m2s−1. The duration of magmatic activity for 
this last set of experiments ranges from 6000 years to > 0.7 
Myr (Table 4).

All the experiments result into three distinct groups of 
emplacement histories characterized by different dura-
tion of the magmatic activity mimicking fast and ultra-fast 
(experiments AR27/AR09 tf < 0.1 Myr) to slow (experiments 
AR8-AR10b tf < 0.5 Myr) and ultra-slow (experiment AR58, 
AR60 tp > 0.5 Myr) evolution, covering the full spectrum 
of geologically meaningful accretion rates from about 
5.9 ×  10–9 to 9.5 ×  10–11 m/s (Annen et al. 2006; Annen 2011; 
Caricchi et al. 2012) (Table 4).

Results

Field structural data

In the northern sector, the contact between the Arbus plu-
ton and the metamorphic basement is flat or gently dipping, 

Fig. 5  Stereonets diagrams for 
granodioritic rocks from Arbus 
pluton. a–d Poles to magmatic 
flow foliation and magmatic 
lineation. e Poles to planar 
cleavage S2. f Poles to bedding 
planes. All diagrams are equal 
area projection, lower hemi-
sphere. For major explanation, 
see text

a)

f)

e)

d)

c)

b)
1 9

Multiple of uniform random distribution
(magmatic foliation)
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as indicated by the roughly constant elevation of the con-
tact itself, and by the general trend of magmatic foliation 
(Figs. 1c, 2a, 5a, c). Here, granodiorites GD1–GD3 and the 
monzo-gabbronorites are generally fine- to medium-grained 
and develop a narrow (20–70 m) contact metamorphic aure-
ole (Fig. 1c). Conversely, the southern margin is steeper, 
the magmatic foliation is locally close to vertical (Fig. 5b), 
and the pluton develops quite a thicker contact metamorphic 
aureole (600–1000 m). Metamorphic xenoliths and mafic 
enclaves are relatively common within a few meters of the 
contact with the metamorphic basement, both in the north-
ern and southern domains (Fig. 2b, c). Size and frequency 
of dark enclaves generally decrease in the more felsic terms 
such as GD3 granodiorites and leucogranites (Fig. 2d).

The orientation of magmatic flow foliation is variable 
within the pluton, though the different magma batches iden-
tified on the basis of their mineralogical composition, grain 
size and overprinting relationships are mostly concordant 
(Fig. 1c). In the northern part of the pluton, the magmatic 
foliation is roughly parallel to the contact itself, being flat or 
gently dipping topside down (Fig. 1c). The magmatic linea-
tion is extremely variable and poorly defined (Fig. 5a, c). In 
the southern domain, the magmatic flow foliation is steeply 
dipping toward the south and shows a mean EW trend paral-
lel to the margin of the pluton (Figs. 5b, 2e). Here, a few out-
crops characterized by clusters of large microgranular mafic 
enclaves indicate a steep magmatic lineation (Fig. 5b). The 
country rocks, namely the sub-greenschist facies rocks of 
the Arburese Unit exposed along the northern margin of the 
pluton and the sedimentary sequences of the Foreland show 
a consistent deformation fabric which includes a pervasive 
S1 foliation parallel to the bedding (S0, Fig. 5f). This fabric 
is axial planar of tight to isoclinal S-verging folds (Funedda 
2009). The S1/S0 fabric is folded by a second generation of 
W-verging asymmetric open folds related to an axial planar 
cleavage S2 (Fig. 5e). Syn-magmatic deformation struc-
tures can be occasionally observed in the greenschist-facies 
rocks and within the inner part of the contact metamorphic 
aureole. They post-date the S1/S2 metamorphic fabric form-
ing narrow, 0.1–2 m-thick, fractures parallel to the pluton 

borders, frequently injected by Ti–Co–Zn–Pb ore-bearing 
quartzitic dykes (Fig. 2f; Moroni et al. 2019).

Microstructures

Most samples collected within the leucogranitic core of the 
pluton and in the innermost part of the granodioritic rim 
show little or no evidence for crystal-plastic deformation, 
as testified by the idiomorphic to sub-idiomorphic shape of 
late-crystallizing phases such as tourmaline (Fig. 3a), and 
by graphic texture of quartz-feldspar aggregates (Fig. 3b). 
In the relatively more mafic granodiorites of the central 
part of the pluton (GD3), the mafic minerals such as bio-
tite and amphibole or pyroxene are generally idiomorphic 
to sub-idiomorphic and do not show sub-grains or kink 
folds (Fig. 3c). Plagioclase is mostly sub-idiomorphic and 
shows rare stress twins and oscillatory compositional zona-
tion (Fig. 3d). K-feldspar is perthitic and frequently charac-
terized by Carlsbad twinning (Fig. 3e). The only evidence 
suggestive of HT deformation (T > 846 K; Krhul 1996) is 
provided by diffuse chessboard pattern shown by interstitial 
quartz pockets (Fig. 3c, f). On the other hand, the relatively 
more mafic hornblende/pyroxene-bearing granodiorites 
exposed in the outermost rim of the pluton (GD1/GD2) show 
occasional evidence for moderate HT-deformation such as 
sub-grains developed at plagioclase-plagioclase contacts 
(Fig. 3g), tiling and syn-magmatic fracturing of plagioclase 
crystals (Fig. 3h).

Magnetic fabric

Table 2 gives the bulk magnitude (Km, expressed in  10–5 
SI) of the magnetic susceptibility at each sample site in the 
Arbus pluton. Overall, the low magnetic susceptibility is 
consistent with petrographic observation indicating ilmenite 
as the only Ti-Fe oxide in the rock. With few exceptions 
(MG), the bulk susceptibility is always below 35 ×  10–5 
SI (Table 2; Fig. 6a, b) in most of the samples, in agree-
ment with the observed modal abundances of paramagnetic 
or diamagnetic minerals such as dark mica and quartz, 
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respectively. In detail, the bulk magnetic susceptibility 
decreases systematically in the more evolved rocks, from 
32 ×  10–5 SI (pyroxene-bearing granodiorite) to 1 ×  10–5 
SI (hornblende-bearing leuco-granodiorite), matching the 
observed decrease of mafic minerals (Fig. 6a). Leucogran-
ites show slightly higher values (9 ± 3 ×  10–5 SI), consistent 
with the modal abundance and composition of biotite (Bosi 
et al. 2019). The degree of anisotropy (P) is commonly low 
and shows average values in the range of 1.006 < P < 1.032 
(Table  2), reaching higher values of 1.38 in site EC12 
(Fig. 6b, c). The magnetic fabric is generally consistent with 
that captured by macroscopic flow markers, although the 
magnetic foliation is generally better developed than mag-
netic lineation in most of the sites, with some exceptions 
(Table 2). Overall, the magnetic lineation has a generally 
consistent EW trend, but local deviations can be observed 
in the inner part of the pluton (LG, Figs. 7, 8) and along 
the contacts with the metamorphic basement. The magnetic 
foliation is more variable, though generally consistent with 
the macroscopic fabric recorded by micro-granular mafic 

enclaves and metamorphic xenoliths (Cuccuru et al. 2016). 
Along the northern side of the pluton, the magnetic folia-
tion is gently dipping to the north and roughly parallel to the 
border of the pluton (Figs. 7, 8). Conversely, in the southern 
margin the magnetic foliation is steeper (up to 80°) toward 
the south and southwest. The felsic core of the pluton is 
characterized by a NE-SW trending magnetic foliation which 
dips moderately to the NW or SE, defining a mostly flat sill.  

Thermal models

The contact metamorphic aureole is characterized detecting 
the distance of the more external marker reaching a tempera-
ture of 600 K along the southern and northern margin of the 
pluton (WS and WN, respectively, Table 4). Moreover, we 
extrapolated also the maximum temperature recorded within 
10 m from each of the pluton borders (TS and TN, respec-
tively, Table 4). The first set of parametric experiments using 
different geothermal profiles shows that the thickness and 
maximum temperature of the metamorphic aureole along 

Fig. 8  Magnetic foliation 
(a) and lineation (b) for each 
sampled sites (sites names are 
reported in Fig. 1c)
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the southern margin of the pluton approaches geologically 
realistic values of about 800–1000 m and 690–750 K for 
the southern margin, and < 100 m and 550–600 K for the 
northern margin respectively, for intermediate temperature 
gradients between 18 and 22 K  km−1 (Table 4; Fig. 9d–f). 
Remarkably, both too cold (12, 15 K  km−1) and very hot 
(40 K  km−1) initial geothermal gradients yield to thinner or 
thicker metamorphic aureoles and correspondingly shorter 
or longer cooling rates (Table 4). The second group of 
experiments allow to evaluate the effect of variable pluton 
growth rates in response to changing the number of mag-
matic pulses between 4 and 150 (AR27-AR10b, Table 4; 
Fig. 9). All these experiments use the same linear-sectioned 
geotherm of 20 K  Km−1 and two melt-injection frequen-
cies of either 1.05 ×  10–11  s−1 or 6.33 ×  10–12  s−1 simulat-
ing rapidly recharging or sluggish systems, respectively. 
Thus, the vertical pluton growth rate change from about 
2.37 ×  10–9  ms−1 using 4 pulses (experiment AR24, Table 4) 
to 9.5 ×  10–11  ms−1 using 100 pulses (experiment AR10b 

100, Table 4, Fig. 9). The extension of metamorphic aure-
oles generally depends on the emplacement temperature of 
magma and the time required to cool it (Annen et al. 2006; 
Annen 2017). Thus, at low P,T conditions such as those 
inferred for the Arbus pluton, the thickness of the meta-
morphic aureole is positively correlated with the pluton 
growth rate as efficient dissipation by the country rocks is 
expected to prevent heat diffusion over large distances. Yet, 
the experiments with few magmatic pulses and high pluton 
growth rates above 2 ×  10–9  ms−1 (experiments AR27, AR04, 
Table 4; Fig. 9c) develop too hot and unrealistically thick 
metamorphic aureole that does not match the field data. This 
discrepancy is particularly obvious along the northern side 
of the pluton where model runs predict >3 00 m-wide aure-
ole but the observed thickness is generally less than 100 m 
(Table 4). Moreover, these experiments are characterized by 
very short lifetime of the magmatic system, generally below 
0.03 Myr corresponding to nearly instantaneous emplace-
ment (Table 4; Fig. 9). Conversely, the experiments with a 

b)a)

300

500

700

900

c)

0 0.05 0.1 0.15 0.250.2

d e p t h
[ k m ]

2

4

6

1 0

8

1 2

5654 6058 62

e x p .  A R 0 1
g r a d ( T )  =  1 2 K / k m

S N

2

4

6

1 0

8

1 2

5654 6058 62

S N

2

4

6

1 0

8

1 2

500

5654 6058 62

S

d i s t a n c e
[ k m ]

2

4

6

1 0

8

1 2

00 0

Aureole width

750

1000

1250

1500

T [K]N

d)

time = 0.046 Myr

sourthern margin
northern margin

time [Myr]-7

W
 [m

]

-6 -5 -4

1200

800

400

0

1600

time = 0.046 Myr time = 0.046 Myr

Log10(I) [m2s-1]

373
373

373373

600 600
600

Aureole maximum temperature

-7
T 

[K
]

-6 -5 -4

800

700

600

500

400

900

Log10(I) [m2s-1]

AR52

AR6c
AR22

sourthern margin
northern margin

variable melt injection rate
high-frequency
variable melt injection rate
low-frequency
variable injection frequency

AR52 AR27

AR27

AR22

AR22 AR13

AR13

T 
[K

]

sourthern margin
northern margin

variable melt injection rate
high-frequency
variable melt injection rate
low-frequency
variable injection frequency

end of magmatic activity
(experiment AR22)

time-T evolution

e x p .  A R 0 1 c
g r a d ( T )  =  2 2 K / k m

e x p .  A R 0 1 g
g r a d ( T )  =  4 0 K / k me) f)

Fig. 9  Results of thermal modelling, dots and triangles denote the 
second set of experiments using variable melt injection rate for ‘high’ 
(dots) and ‘low’ frequency of injections (triangles); squares denote 
the third set of experiments using different injection frequencies. a 
Width of contact metamorphic aureole along the southern (red sym-
bols) and northern (blue symbols) margins of the pluton as a function 
of variable melt injection rates, the gray-shaded areas indicate the 
range of observed width of metamorphic aureole for the admissible 

melt injection rates; b maximum temperature recorded by the contact 
metamorphic aureole, same symbols as panel (a), c temperature evo-
lution of the best-fit experiment (AR22) and other two selected runs 
using very high melt injection rate (exp. AR27) and a large number of 
magmatic pulses (exp. AR13); d–f snapshots of three representative 
experiments for variable initial geothermal gradients of 12, 22 and 
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relatively large number of magmatic pulses between about 
16–32 reproduce quite well the observed thickness of the 
metamorphic aureole (experiments AR05, AR6c and AR22; 
Table 4; Fig. 9a). The last group of experiments assume 
a constant number of magmatic pulses N = 25, thus the 
pluton growth rate changes as a function of variable melt-
injection frequency (AR50-AR60, Table 4). These experi-
ments reproduce reasonably the temperatures recorded along 
both pluton’s margins (Fig. 9b), tough the thickness of the 
metamorphic aureole is reproduced only for intermediate 
to low melt injection frequencies between about 1.5 ×  10–11 
and 6.3 ×  10–12  s−1 yielding to pluton growth rates between 
1.8 ×  10–6 and 4.5 ×  10–6  ms−1 (AR52-AR53, Fig. 9).

Discussion

Time‑integrated emplacement history

The relatively low temperature recorded by the country 
rocks in the immediate proximity of the pluton (T < 740 K; 
Secchi et al. 1991; Bosi et al. 2018) and the internal con-
tacts between compositionally different magma batches 
indicates that accretion of Arbus pluton was incremental, 
rather than resulting from a single injection episode (Cuc-
curu et al. 2016). The strongly asymmetric contact meta-
morphic aureole suggests that magma increments were 
not injected in the central part of the pluton, but probably 
close to its southern margin where the aureole reaches its 
maximum thickness. According to Cuccuru et al. (2016), 
the injection of magma follows an EW shear zone reactivat-
ing the Arburese Frontal Thrust (Fig. 1b). The combination 
of AMS analysis and thermal modelling allow to refine the 
proposed emplacement model. The mostly flat magmatic 
and magnetic fabric observed in the northern margin and 
central part of the pluton indicates that these domains rep-
resent the roof-wall transition zone and the remnant of the 
pluton roof, respectively. The horizontal compositional lay-
ering suggests that construction of the uppermost part of 
the magmatic chamber involved repeated injections of rela-
tively thin sill-shaped dykes. On the contrary, the southern 
half of Arbus pluton, characterized by a steep magmatic and 
magnetic fabric, nearly absence of stoped blocks and gen-
erally more mafic composition consisting of a thick layer 
of hornblende-bearing granodiorite, likely represents the 
pluton floor/feeder dyke transition zone (Fig. 1). According 
to this interpretation, the small gabbro-norite body and the 
thin discontinuous layer of pyroxene-bearing granodiorite 
exposed along the northern margin of the pluton represent 
a remnant of the feeder zone separated from the southern 
border by subsequent emplacement of more differentiated 
magma batches in the core of the pluton. The relatively scat-
tered orientation of the magmatic fabric and the minimal 

syn-magmatic deformation of the host rocks in the central 
and northern part of the pluton indicate that magma injec-
tion involved passive reactivation of the Arburese Frontal 
Thrust (Funedda 2009) which served as permeable hori-
zon facilitating the lateral spreading of magma. Independ-
ent constraints provided by clustered U–Pb zircon ages 
and thermal modelling indicate that cooling of the pluton 
required probably less than 0.3–0.5 Myr. This observa-
tion implies that the contribution of dilatant deformation 
would be negligible in the range of geologically meaning-
ful strain rates between 1 ×  10–12 to 1 ×  10–15  s−1 (Turcotte 
and Schubert 2002). Therefore, accretion of the pluton roof 
is much likely controlled by structural inheritance, rather 
than regional tectonics. Yet, the country rocks preserves 
evidence for syn-magmatic deformation. The SW border of 
the pluton, in fact, record sub-solidus strain compatible with 
syn-tectonic injection of mafic to intermediate melts within 
the Arbus-Capo Pecora Shear Zone (Fig. 1), a major top-t-
the W structure belonging to the regional network of Late 
Variscan shear zones (i.e., Matte 2001; Casini et al. 2012, 
2015a, b; Casini and Funedda 2014; Musumeci et al. 2015). 
Overall, these observations fit well a model of incremental 
emplacement of multiple dykes forming an asymmetric lac-
colith with the vertical feeder zone localized in the southern 
half of the pluton (Fig. 9), representing a sort of infra-crustal 
magmatic channel connecting a not exposed source zone 
to the upper-crustal magma chamber (Cruden et al. 1999). 
The orientation of this vertical channel percolated by melt 
coincides with the orientation of Capo Pecora Shear Zone 
(Fig. 1b), thus we propose that melt ascent pathway is mostly 
controlled by dynamic pressure established within the shear 
zone during viscous deformation (i.e., Luisier et al. 2019).

Although all models simulate repeated injections of 
magma localizing the vertical feeder zone in the southern 
half of the pluton, several first-order outcomes such as thick-
ness and maximum temperature of the metamorphic aure-
ole, and the cooling time of the magmatic system change 
as a function of the emplacement rate and the frequency of 
injections (Table 4; Fig. 9c). The models providing a better 
fit to geological and geochronological constraints have been 
obtained combining a moderate to large number of mag-
matic pulses, roughly between 20 and 50, low melt injec-
tion rates in the range of 3–8 ×  10–10  ms−1 and moderately 
high frequency of injections between 1 and 1.5 ×  10–11  s−1 
(Table 4; Fig. 9). In particular, the experiments AR6c and 
AR22 develop a strongly asymmetric metamorphic aureole 
which is up to 850–1100 m-thick in the southern margin and 
less than 100 m to the north (Table 4; Fig. 9a). Another rele-
vant feature of these experiments is the development of peak 
metamorphic temperatures consistent with geological obser-
vation (Secchi et al. 1991; Bosi et al. 2018). The southern 
margin, in fact, records temperature exceeding 700–730 K, 
whereas the northern contact is characterized by temperature 
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between about 550 and 600 K (Fig. 9b; Table 4). It should be 
emphasized that the formulation of the heat equation (Eq. 1) 
explicitly neglects the contribution of shear and adiabatic 
heating. However, the contribution of these thermal sources 
should be very small at upper crustal conditions such as 
those deduced for emplacement of the Arbus pluton, because 
of small pressure changes and low inelastic viscous deforma-
tion (i.e., Burg and Gerya 2005).

Implications for late Variscan geodynamics

The emplacement of granitoids in orogenic settings is often, 
if not systematically, correlated to activation of major shear 
zones which provide efficient melt pathways (Rosenberg 
and Handy 2005; Vilà et al. 2010). The growth of Arbus 
pluton confirms this paradigm, as near-vertical magmatic 
flow trajectories combined with horizontal stretching line-
ation call for emplacement within an EW strike-slip shear 
zone (Cuccuru et al. 2016). Yet, AMS investigation com-
bined with field structural analysis and thermal modelling 
evidenced a more complex tectonic setting. The central and 
northern sectors, in fact, reflect mostly horizontal magma 
flow and weak or absent sub-magmatic deformation, which 
is not consistent with a model of syntectonic emplacement 

during shear. These observations suggest that accretion of 
the pluton likely involved transtensional reactivation of the 
Arburese Frontal Thrust (Fig. 1) which served as perme-
able horizon facilitating the switch from vertical flow to lat-
eral expansion above the pluton floor (Fig. 10). The causal 
relationships linking the Arbus pluton to the general geody-
namic framework are not straightforward, as lithospheric-
scale shearing is widespread in the Variscan belt during the 
Carboniferous-Permian transition (Matte 2001; Carosi et al. 
2012; Oggiano et al. 2009; Casini and Funedda 2014; Edel 
et al. 2014; Casini et al. 2015a). Palaeomagnetic data, field 
structural evidence and U–Pb zircon dating indicate that 
in Sardinia shearing was mostly coeval with a 90° clock-
wise rotation of the Corsica-Sardinia-Maures-Esterel block, 
accompanied by a large, >1000 km, horizontal displacement 
along a lithospheric-scale right-lateral shear zone (Muttoni 
et al. 2003; Edel et al. 2014). The rotation was accommo-
dated in the interior of the block by development of both 
left- and right-lateral strike-slip shear zones, frequently 
injected by syntectonic melts of various composition dated 
between 305 and 295 Ma (e.g., Casini et al. 2012; Casini 
et al. 2015a; Musumeci et al. 2015; Meloni et al. 2017). The 
emplacement of Arbus pluton might be recast into this gen-
eral geodynamic framework by complementing the results 
obtained in this study with the existent field structural data 
and geochronological constraints on two adjacent Carbonif-
erous-Permian intrusive massifs. The first, namely the Man-
drolisai pluton (Fig. 11) is almost made-up a of hornblende 
biotite to biotite granodioritic magmas emplaced at about 
299 Ma reactivating an early Carboniferous structure equiva-
lent of the Arburese Frontal Thrust (Meloni et al. 2017). The 
second, (Monte Grighini pluton) is conversely a peralumi-
nous, strongly deformed syntectonic granodiorite, emplaced 
between 300 and 302 Ma within a segment of a stair-stepped 
NW trending dextral shear zone (Musumeci et al. 2015). 
Remarkably, restoring the pre-rotational position of the 
Corsica-Sardinia block (Edel et al. 2014), the direction of 
this shear zone (Central Sardinia Shear Zone, Fig. 11) is 
perfectly coincident with that of the Bray fault zone, which 
is one of the main Late Variscan structures responsible for 
accommodating the large rotation of crustal blocks during 
self-subduction of Pangea and opening of Tethys at the end 
of the Variscan orogeny (Muttoni et al. 2003; Gutiérrez-
Alonso et al. 2009). Although the correlation between the 
Bray Fault zone and the Central Sardinia Shear Zone is 
only speculative, we must emphasize that structures with 
similar orientation and equivalent kinematic are widespread 
all over the Variscan chain (Matte 2001; Edel et al. 2014; 
Rossi et al. 2015). Thus, the various segments of the Central 
Sardinia Shear Zone likely reflect upper crustal strain parti-
tioning of a major lithospheric-scale structure which might 
have enhanced the ascent of melt from the lower crust and 
the mantle-crust interface (Rossi et al. 2015; Conte et al. 
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2017). Therefore, we propose that Arbus and Mandrolisai 
plutons emplaced at dilatational step-overs recording poor 
deformation, whereas the Monte Grighini pluton injected a 
locally compressive segment of the shear zone. Therefore, 
according to this simple model, the observed differences in 
composition, volume of magma and deformation intensity 
of the three plutons simply reflect the local re-orientation of 
the stress field along the shear zone.

Conclusions

AMS data and field structural observation confirm the gen-
eral architecture of the Arbus Pluton depicted in Cuccuru 
et al. (2016). Based on these structural arguments and the 
results obtained from a suite of 2D thermal experiments, 
we propose an emplacement model by fault-assisted magma 
injection within a dilatational site developed along a regional 
strike-slip shear zone (Cruden et al. 1999; Tikoff and Teys-
sier 1992; Yoshinobu et al. 1998). According to this model, 

the growth of the pluton likely required relatively low 
emplacement rates combined with high fault displacement 
rate (Yoshinobu et al. 1998). The geometry of the pluton 
roof and that of the roof-wall transition zone depart from this 
simple fault-assisted model, as melt flow above the feeder 
zone was apparently controlled by structural inheritance 
rather than active deformation, thus resulting into an abrupt 
switch from sin-magmatic shear to stoping and horizontal 
expansion. The proposed emplacement model fits the gen-
eral framework of Late Variscan geodynamics connected 
to the rotation of crustal blocks during trans-lithospheric 
shearing related to self-subduction of Pangea.
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