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rocks that constitute the basement of the Tichka plutonic 
complex.
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Introduction

The role of aqueous fluids upon magma genesis and sub-
solidus evolution of plutons has been investigated for 
decades (e.g., Chappell 2004; Ballouard et  al. 2015 and 
references therein). The cooling rates of plutons may 
also influence the processes of magma mixing, chemi-
cal, and isotopic exchange between different rock suites 
(see Bando et  al. 2003; Annen et  al. 2006; Barboni et  al. 
2013, 2015). The Tichka plutonic complex (TPC) displays 
a close association of coeval unaltered plutonic rocks with 
a broad spectrum of geochemical compositions. There-
fore, we combined several methods to decipher the cooling 
history of these plutons, which are (1) granulometric and 
modal data of the various rock types, (2) an oxygen isotope 
study of whole rocks and their forming minerals, and (3) 
a determination of water contents of quartz determined by 
IR-spectroscopy.

Moreover, the combination of stable isotope measure-
ments with previously published Sr and Nd isotope data 
(Gasquet et  al. 1992) should better constrain the propor-
tion and the composition of the contaminant material. It is 
generally admitted that aqueous fluids are required to pro-
mote partial melting of the continental crust. Stable isotope 
studies of the melting products have the potential to deter-
mine the source and the amounts of these aqueous fluids 
(e.g. Taylor 1968, 1977, 1988; Wickham and Taylor 1987; 
Johannes and Holtz 1996). These fluids may come from 

Abstract Four imbricated mafic to felsic plutons of Vari-
scan age from Morocco have been investigated for their 
cooling history and geochemical interactions with sur-
rounding continental rocks. Oxygen isotope compositions 
of whole rocks and minerals have been used to model the 
cooling rates of these kilometer-sized intrusions. By com-
bining both the knowledge of oxygen-self diffusion data of 
rock-forming minerals and the determination by IR-spec-
troscopy of the water content of quartz, the cooling times 
are estimated ranging from  105 to 5 × 105 years in agree-
ment with the shallow emplacement (4–6  km depth) of 
these intrusions into the continental crust. Such fast cool-
ing rates could explain why after assimilation of the vari-
ous country rocks, heterogeneities of both neodymium and 
strontium isotope ratios were still preserved. A progressive 
δ18O increase from the mafic to felsic terms of the plutonic 
suite, which does not excess 1 to 1.5‰, could be explained 
by the assimilation of metamorphosed pelitic and volcanic 
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external reservoirs in the context of rifting (seawater) and 
subduction, or continental collision (meteoric waters) (e.g., 
Taylor 1988 and references therein; Ruano et al. 2002; Zak 
et al. 2005; Ballouard et al. 2015). They can also be recy-
cled through dehydration of previously hydrated wall-rocks 
at the pluton roots (e.g., Fourcade and Allègre 1981; Gazis 
et al. 1995).

The TPC presents a remarkable coeval suite of four 
mafic-to-felsic magmatic intrusions of Variscan age (Ter-
mier and Termier 1971; Vogel and Walker 1975; Gasquet 
1992; Gasquet et  al. 1992). This massif has been recog-
nized as an excellent example to test how a mafic to felsic 
magmatic suite may be generated and incorporated into the 
continental crust. Consequently, we consider the TPC as an 
adequate example to perform stable isotope measurements 
and thermal modeling. The previous studies of the complex 
have shown that the mafic and felsic end-members derived 
from various rock sources (Scott and Vogel 1980; Gasquet 
et al. 1992). A model of assimilation and fractional crystal-
lization (AFC) (Taylor 1980; De Paolo 1981; Smith et al. 

1999; Van de Flierdt et al. 2003; Wu et al. 2003) dominated 
by a strong mantellic component and melting of mafic 
to intermediate heterogeneous continental sources was 
retained as the most likely scenario to explain the occur-
rence of mafic (gabbros), intermediate (diorites), and felsic 
(granodiorites to monzogranites) members (Gasquet et  al. 
1992). The melting of the various sources is linked to a 
large-scale tectonothermal process as identified elsewhere 
in other granitoid suites (e.g., Creaser 1996; Van De; Fli-
erdt et al. 2003; Christofides et al. 2007, among others) or 
recently modelized by Annen et al. (2015).

Geological setting

The TPC crops out 120 km SW of Marrakech in the West-
ern High Atlas (Morocco). It was intruded 291 ± 5  Ma 
ago (Gasquet et  al. 1992) close to the South Atlasic 
Fault (Fig.  1), in Lower Cambrian volcano-sedimen-
tary sequences. These wall-rocks, mainly consisting of 

Fig. 1  Schematic map and 
cross section of the four nested 
Tichka intrusions along with 
the location of studied samples. 
Because of the poorly defined 
geometry of intrusion#4 on the 
map, only the external contour 
of this intrusion was drawn. 
It must be noted that sample 
NFI118 crops out in a window 
of intrusion#3 within intru-
sion#4
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andesites, rhyolites, tufs, pelites, and carbonates, were 
metamorphosed in the greenschist facies. A systematic 
structural study showed that the Tichka plutonic com-
plex is made of four nested intrusions, limited by screens 
of metasediments from the country rocks and displaying 
unconformable magmatic fabrics (Gasquet 1992; Gasquet 
et al. 1992; Fig. 1). On the basis of field observations and 
wihout detailed and recent geochronological data, it is 
assumed that the three southwestern intrusions, which have 
composite lithologies ranging from gabbros to leucomon-
zogranites, were formed sub-contemporaneously, while 
the northeastern intrusion is made of leucogranitic discon-
tinuous and irregular pods, and was emplaced slightly later 
(Gasquet 1992).

The pluton is supposed built by ballooning and to be the 
result of in-situ assemblage of four magma batches which 
were injected into pre-existing country rocks in relation to 
transpressional tectonic regime (Lagarde and Roddaz 1983) 
as well demonstrated in similar plutonic complexes (Wang 
et al. 2002; Asrat et al. 2003; Glazner et al. 2004; Matzel 
et  al. 2006; Barbey et  al. 2008; Clemens et  al. 2009). In 
each intrusion, five major rock types are present: (1) gab-
bros, (2) diorites, (3) granodiorites-tonalites, (4) monzo-
granites, and (5) leucogranites. In the two most southern 
intrusions, diorites and granodiorites are closely associated 
defining a “zebra structure” (Termier and Termier 1971) 
and represent about 35% of the intrusion volume (Fer-
nandez and Gasquet 1994). This “zebra structure”, which 
marks the magmatic relationships between diorite and 
granitoid intrusions, is characterized by sharp and lobate 
contacts clearly indicating the coeval character of the two 
magmas (Vogel and Walker 1975; Wiebe and Collins 1998; 
Collins et al. 2000; Christofides et al. 2007) without appar-
ent important mixing during their emplacement. In the 
northern part of the massif, the diorites mainly occur as 
scattered enclaves ranging in size from 1 m to more than 
10  m. Enclaves and intrusions of diorites have a similar 
mineralogy, but large variations in grain size (less than 
1 mm up to 5 mm), texture (subdoleritic to intergranular), 
and in modal proportions.

Gabbros have fine-to-medium-grained ophitic textures 
and constitute hectometric lenses with sharp contacts in 
the presence of diorites. These gabbros are composed of 
olivine, augite, labradorite, calcic amphibole (kaersutite 
to magnesio-hornblende), hypersthene, and small amounts 
of phlogopite and ilmenomagnetite. Diorites occur as large 
intrusions that alternate with granitoid strips (the so-called 
“zebra structure”). The common mineral assemblage is 
made of plagioclase (oligoclase-andesine), magnesio-
hornblende, biotite, titanite, and ilmenite, while interstitial 
quartz and K-feldspar occur in the most evolved members. 
The granodiorites–tonalites are in volume the dominant 
plutonic rocks of the massif. They are coarse-grained and 

composed of oligoclase, hornblende, biotite, quartz, and 
K-feldspar with minor amounts of titanite, allanite, ilmen-
ite, and apatite. The monzogranites also display sharp 
lobate or progressive contacts with associated granodiorites 
highly suggesting a synmagmatic emplacement as for the 
diorite-granodiorite association. These equigranular mon-
zogranites include rare and small quartz-dioritic enclaves. 
They are made of quartz, K-feldspar, oligoclase, biotite, 
and hornblende with minor amounts of titanite and ilmeno-
magnetite. The leucogranites occur in dykes or large stocks 
that crosscut the granitoids described above. They consti-
tute the last intrusive event, especially represented in the 
northeastern part of the TPC. We can distinguish two sub-
groups (1) biotite ± amphibole leucomonzogranites (sam-
ples NFI72 and ASF38) associated with the monzogran-
ites and (2) two-micas leucogranites (samples ASF39 and 
NFI118) with rare andalusite, garnet, and cordierite, and 
that crosscut all the other rock types.

Secondary alteration of rocks Even if the plutonic rocks 
constituting the TPC are remarkably unaltered, locally 
some samples show secondary minerals (see Gasquet 1991, 
for more details). Fine-grained secondary muscovite devel-
ops in facies as sericite inclusions in feldspar, as small 
grains around coarse primary muscovite (leucogranites). 
Furthermore, some biotites as well as rare amphiboles are 
chloritized, rare plagioclase being alibitized. These altera-
tions are visible at the microscopic scale and are localized 
at the contact with country rocks or with metasedimentary 
screens within the massif suggesting late hydrothermal cir-
culations of fluids. The post-solidus deformation event is 
evidenced by plastic deformation marked by recrystallized 
quartz and feldspar aggregates surrounding deformed resid-
ual phenocrysts of K-feldspar and plagioclase. Further-
more, mylonitic foliations are present in a few local zones 
in the TPC and more especially in the southern part of the 
complex where a discontinuous pluri-hectometric-wide 
zone can be seen from East to West along the Tizi N’Test 
fault Zone (Lagarde and Roddaz 1983; Gasquet 1992).

According to their chemical compositions, the Tichka 
plutonic rocks have been classified in three main magmatic 
associations found with the same chemical signatures in the 
three southern intrusions of the TPC; the northern fourth 
intrusion being composed almost exclusively of leucogran-
ites (Fig. 2 and Gasquet et al. 1992, 1996):

–– a medium-K calc-alkaline association composed of gab-
bros, diorites, tonalites, granodiorites, and monzogran-
ites,

–– a high-K calc-alkaline association composed of monzo-
gabbros, monzodiorites, and biotite ± hornblende leuco-
monzogranites,

–– a high-K calc-alkaline to shoshonitic association mainly 
composed of peraluminous two-micas leucogranites.



2858 Int J Earth Sci (Geol Rundsch) (2017) 106:2855–2872

1 3

Major and trace element data together with Rb-Sr and 
Sm-Nd isotopes rule out any genetic process involving a 
unique homogeneous source for the different magmas (Gas-
quet et al. 1992). Indeed, the Sm–Nd isotopic heterogene-
ity implies the existence of contrasting source rocks and 
the combination of different mechanisms. The gabbro and 
diorite magmas are assumed to derive from the melting of 
a depleted upper mantle source, whereas a combined wall-
rock assimilation-fractional crystallization (AFC) model 
has been proposed for the evolution of the diorite suite. In 
contrast, the granitoids are mainly the result of the anatexis 
of a dominant basic to intermediate igneous heterogene-
ous continental crust and the two-mica leucogranites result 
from the partial melting of continental sedimentary rocks 
(Gasquet et al. 1992).

Analytical techniques

Mineralogy

The modal and granulometric analyses of Tichka samples 
are presented in Tables  1 and 2, respectively. They have 
been performed on thin sections with a videographic inter-
active analyser developed by Lapique et al. (1988). Uncer-
tainty is about ±0.2%.

A minimal abundance of about 5 wt% made possible the 
separation of mineral fractions for isotopic analysis using 
successively, heavy liquids, a Frantz™ electromagnet, and 
hand-picking (Table  1). The quality of mineral fractions 
was then checked by X-ray diffractometry, and mineral 
concentration is certified to be equal or higher than 98 wt%.

Transmission electronic microscopy (TEM)

Thin sections (30 µm) were prepared using a thermosen-
sitive resin. Selected areas were then cut and sandwiched 

between copper grids. Sample TAG126 from intrusion#2 
was selected as representative for three main reasons: 
(1) its unaltered mineralogy, (2) its richness in quartz in 
which water could be more easily tracked, and (3) min-
eral proportions and δ18O of both whole rock and mineral 
separates are available. This sample was thinned in an 
argon ion mill to be transparent to electrons. We used a 
JEOL 2000 EX TEM operating at 200 kV in the conven-
tional and scanning transmission electron mode (STEM), 
equipped with a Tracor TN 5400 energy dispersive X-ray 
microanalyser.

Infrared spectroscopy

Infrared absorption was measured by Fourier transform 
infrared (FTIR) spectroscopy on double polished sections 
(250–300 µm) using an infrared microscope (Spectra Phys-
ics/Nicolet 550 m) to focus the beam down to 50 µm. Water 
absorbs both in the IR (infra red) and NIR (near infra red) 
region, giving rise to both sharp peak or broadband, each of 
them being assigned either to molecular water or to  OH–, 
respectively. Most commonly, the conventional IR spec-
tra are used to quantify water (OH and  H2O) in glasses or 
minerals (e.g., Jendrzejwski et  al. 1996), whereas NIR is 
used to determine water speciation. In this study, we used 
the broad-band absorption between 2500 to 4000  cm–1 to 
determine water content in quartz, without any distinction 
between the different forms of incorporation. IR spectra 
were recorded with a resolution of 4 cm–1, the perturbation 
caused by atmospheric water was corrected by subtract-
ing a blank spectrum collected without sample. Figure 3a 
shows two spectra obtained by analyzing two quartz grains 
from monzogranite TAG126. To quantify the broadband 
due to water absorption, we subtracted the background that 
was modeled by a curved line between 2500–4000 cm–1, as 
shown in Fig. 3b. In some cases, we tested the sensitivity 
of the calculation to the choice of the baseline using dif-
ferent baselines (Table  3). Then, the area was measured 
and the Beer–Lambert law (1) was applied according to the 
following:

where c is the total water concentration in mole H  l–1, ∆ 
is the measured absorption in  cm–2, e is the thickness 
of the sample in cm, and I is the effective integral molar 
absorption coefficient in  cm–1 mol–1 H l–1 (Paterson 1982). 
According to Paterson (1982), the value of I should be cho-
sen according to the approximate level of OH concentra-
tion; a value of 24,000 cm–1 mol–1 H l–1 was taken for this 
study. Uncertainty associated with water contents is about 
20–30%.

(1)c =
Δ

Ie
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Fig. 2  K2O versus  SiO2 (wt%) diagram for the rocks from the four 
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Oxygen isotope data

Molecular oxygen, analyzed as  CO2 gas, was extracted at 
600 °C during 12 h using the  BrF5 method (Clayton and 
Mayeda 1963). Isotopic compositions are quoted in the δ 
notation relative to VSMOW. Results from the NBS28 

standard gave a mean δ18O value of +9.5 ± 0.2‰. The 
external reproducibility of repeated measurements of 
Tichka whole rocks and mineral separates was better than 
0.1‰ (2σ). Data are reported in Table 1.

Results

Transmission electronic microscopy

The microstructure of quartz from sample TAG126 is char-
acterized by dislocations in climb configuration (Fig.  4). 
This configuration is indicative of plastic deformation 
at relatively high temperature (i.e. 450 °C) of water-con-
taining quartz (Cordier et  al. 1988; Cordier and Doukhan 
1989). Higher temperature deformation (>450 °C) would 
be characterized by subgrain boundaries which are absent 
here. At lower temperature, or for dry quartz, climb of dis-
location would not be allowed. It must also be mentioned 
that internal deformation of quartz crystals is also a func-
tion, besides temperature, of the planes to be activated, 
either parallel to the “c” axis (high T°, about 600 °C) or 
perpendicular to “c” (about 300 °C). Water-rich fluid inclu-
sions are observed, either randomly distributed in the 
quartz matrix or along dislocations (Fig. 4), suggesting that 
the exsolution of this water took place before, during, and 
after the deforming event.

IR‑spectroscopy

The calculated water contents are reported in Table  3 for 
fourteen spectra obtained from six quartz grains from sam-
ple TAG126 and range from 16.5 ppm  H2O (110 H·10−6·Si) 
up to 373  ppm  H2O (2500  H·10−6·Si), the highest values 
being measured in areas where fluid inclusions were clearly 
visible. Median and mean values of 35  ppm and 60  ppm 

Table 2  Distribution of mineral sizes for Tichka plutonic rocks

Bracketed values correspond to mean sizes

Sample Rock type Biotite (mm) Muscovite (mm) Amphibole (mm) K-feldspar (mm) Plagioclase (mm) Quartz (mm)

TAG154 Meladiorite 0.1–0.7 (0.3) 0.1–0.8 (0.3) 0.1–2 (0.3)
TAM28 Diorite 0.2–0.8 (0.4) 0.2–1.2 (0.6) 0.2–7 (1.5) 0.2–2 (0.6)
TAG110 Diorite 0.1–0.5 (0.3) 0.1–0.8 (0.3) 0.1–3 (0.6) 0.1–1 (0.2)
TAM29 Granodiorite 0.5–2 (1.2) 0.5–2 (1.2) 0.5–4 (2.5) 0.2–1.6 (0.4)
TAG79 Granodiorite 0.2–2 (1) 0.5–1 (0.8) 0.2–0.6 (0.4) 0.8–5 (1.5) 0.2–1.2 (0.6)
NFI82 Granodiorite 0.5–2 (0.8) 0.3–2 (1) 0.1–3 (1.5) 0.5–2 (1.5) 0.2–1 (0.8)
TAG126 Monzogranite 0.25–1 (0.8) 0.25–1.5 (0.8) 0.3–3 (2) 0.6–3 (2) 0.15–3 (1.5)
NFI72 Leucogranite 0.2–2 (1) 1–3 (2) 0.6–1.5 (1) 1–3 (1.5)
ASF38 Leucogranite 0.2–1 (0.8) 0.2–2 (0.8) 0.4–1.5 (0.8) 0.2–1.2 (0.8)
NFI118 Leucogranite 0.2 0.15–0.8 (0.5) 0.3–3 (1.5) 0.6–4 (1.2) 1–2.5 (1.5)

(a)

(b)

Fig. 3  a IR spectra of two quartz grains 1 and 2 from sample 
TAG126 showing the absorption band of the O–H species in the 
2500–4000  cm–1 region. b Example of background correction for 
quartz grain 2
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 H2O (400 H·10−6·Si) were respectively obtained for quartz 
from sample TAG126.

δ18O of whole rocks

δ18O values of Tichka whole rocks vary from 5.8 to 10.4‰ 
for a rock suite that spreads from gabbros to leucogranites. 
Except intrusion#4, the distribution of oxygen isotope com-
positions is not related to their belonging to the three other 
intrusive units (Table  1). Two samples from intrusion#1 
have δ18O values of 6.2 and 6.6‰. Oxygen isotope ratios 
of rocks from intrusion#2 vary from 5.8 to 7.3‰, whereas 
intrusion#3 is characterized by more positive δ18O values 
(6.8–8.1‰). The highest δ18O values (8.7–10.4‰) have 
been measured in the leucogranites of intrusion#4. Fig-
ure  5 shows variations in whole rock δ18O values versus 
 SiO2 contents. We observe a rough increase of δ18O values 
with  SiO2 contents, but the data distribution is complex and 
dependent on both the intrusion to which a given sample 
belongs and its petrology (Fig. 5). The lowest oxygen iso-
tope compositions were measured in the gabbro (GOU6) 
and meladiorite (TAG154) of intrusion#2, whereas leu-
cogranites from intrusion#4 constitute a separate cluster 
characterized by the highest δ18O and  SiO2 values (Fig. 5). 
Excluding the case of intrusion#4, most of Tichka plu-
tonic rocks have δ18O values lower than 7.5‰ that slightly 
increase with the  SiO2 contents (see the linear trend illus-
trated in Fig.  5), except two samples belonging to intru-
sion#3 (TAG45 and NFI82). In more detail, diorites have 
a δ18O range up to 2‰, a 1.5‰ difference occurs among 

granodiorites, and about 2‰ of isotopic variation affects 
leucogranites from intrusion#4.

δ18O of minerals

Internal variations in δ18O values of mineral separates 
(Table 1) reveal the narrow range of δ18O values of quartz 
(from 8 to 9‰) in comparison to feldspar (δ18O from 6.8 to 
10‰), amphibole (from 4.4 to 5.9‰), and biotite (from 2.8 
to 5.9‰). It is also remarkable that variations in the oxy-
gen isotope compositions of quartz and amphibole are cor-
related to their modal abundance (Fig. 6) and mean grain 
size (Fig.  7). We emphasize that quartz grains were not 
systematically isolated from whole rocks for isotopic anal-
ysis because of either their absence in the primitive rocks 
or their minute abundance in some diorites (Table 1). The 
variation in δ18O values of quartz (1‰) with respect to its 
modal abundance (Fig. 6a) is small relatively to the varia-
tion in whole rock δ18O values (≈4‰). These correlations 
result from isotopic mass balance in a rock that behaves as 
a closed system, for example, when quartz crystallizes in 
abundance the remaining available 18O reservoir is more 
diluted than for a rock in which minor amounts of quartz 
are formed at the end of the crystallization sequence. How-
ever, inverse trends have already been observed in other 
granite complexes (e.g., Tartèse and Boulvais 2010). The 
δ18O values of whole rocks are mainly controlled by the 
δ18O values of feldspar (Fig. 8a), which is the most abun-
dant mineral present in Tichka plutonic rocks (Table  1). 
Consequently, this positive correlation (Fig.  8a) is not 

Table 3  Absorption for the 
O–H species measured between 
2500 and 4000 cm–1 in quartz 
from monzogranite TAG126 (b 
and b2 in the analysis number 
corresponding to two different 
baselines subtracted to the 
spectrum)

Concentration of water is then calculated using the integral molar absorption coefficient given by Paterson 
(1982)

Analysis number Absorption 
 (cm–2)

Thickness (cm) Concentration 
(mol H/l)

Concentration 
ppm  H2O

Concentra-
tion H·10−6 
Si

060b 6.307 0.027 0.01 33.06 220.4
060b2 8.37 0.027 0.013 43.87 292.4
061b 6.92 0.029 0.011 36.27 241.8
061b2 6.15 0.029 0.009 32.23 214.9
062b 8.36 0.029 0.013 43.82 292.1
063b 60.3 0.029 0.093 316.04 2106.9
064b 17.76 0.029 0.027 93.08 620.5
065b 7.85 0.0277 0.012 41.14 274.3
066b 3.4 0.0277 0.005 17.82 118.8
066b2 3.47 0.0277 0.005 18.2 121.2
067b 29.24 0.0277 0.045 153.25 1021.7
068b 4.82 0.0262 0.007 25.26 168.4
069b 7.78 0.0262 0.012 40.78 271.8
070b 4.095 0.0262 0.006 21.46 143.1
071b 3.147 0.0229 0.005 16.5 109.9
072b 4.63 0.0229 0.007 24.27 161.8
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observed when variations in δ18O values of quartz are 
reported against those of whole rocks (Fig. 8b). Consider-
ing the complex pattern of oxygen isotope compositions of 
Tichka plutonic rocks, we first explore whether the distri-
bution of whole rock δ18O values is totally related to their 
magmatic history or partly affected by a late hydrothermal 
or weathering stage.

Discussion

Post‑solidus history of Tichka intrusions

The circulation of aqueous fluids during the sub-solidus 
history of plutons has the potential to modify the oxygen 

Fig. 4  Negative TEM image of a quartz grain showing numerous 
dislocations 1 in climb configuration. Tiny water bubbles 2 are also 
visible mostly dispersed in the quartz matrix, but also sometimes 
associated with the dislocations 3

Fig. 5  Variations in whole rock δ18O values versus  SiO2 contents. 
Alteration trends are materialized by black arrows. Dashed line lin-
ear correlation for the non-altered samples from intrusions #1 to #3 
(TAG110, TAG41, TAG45, and NFI82 are excluded from this trend). 
The open field delimits the samples from intrusion#4. Symbol size 
represents the analytical uncertainty associated with the repeated 
measurements of whole rock δ18O values

Fig. 6  Variations in δ18O values of quartz (a) and amphibole (b) as 
a function of their modal abundance (% volume). Same symbols as 
in Fig. 5
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isotope compositions of cooling rocks (e.g., Taylor 1978). 
First, it is critical to examine the possible existence of iso-
topic heterogeneities related to a weathering or hydrother-
mal stage before modeling cooling rates and discussing any 
process of crustal contamination. An apparent complexity 
in the distribution of δ18O values of Tichka rocks is well 
illustrated when reported against  SiO2 contents (Fig. 5) or 
the initial Sr and Nd isotope compositions (Fig. 9).

The examination of apparent oxygen isotope fractiona-
tions, between the mineral pairs that constitute the whole 
rocks, may reveal disequilibrium patterns, which are char-
acteristics of water–rock interactions (Gregory et al. 1989). 
When the δ18O values of feldspars are plotted against those 
of quartz (Fig. 10a), we observe that a series of five rocks 
(NFI72, TAG126, TAM29, TAM28, and TAG79) plot along 
a line that corresponds to a ∆quartz-feldspar of +1.3. This 

fractionation value is in agreement with an undisturbed 
sub-solidus magmatic evolution where quartz and feld-
spar stopped exchanging oxygen isotopes during cooling 
at a temperature of about 600 °C according to the isotopic 
fractionation equations developed by Bottinga and Javoy 
(1975). We note, however, that three samples exhibit typi-
cal disequilibrium isotopic patterns with ∆quartz-feldspar 
close to 0 or even negative (Fig. 10a). Similar closure iso-
topic temperatures of 580 ± 20 °C are obtained from amphi-
bole-quartz pairs (Fig. 10b) except for samples TAM28 and 
TAM29 that show higher ∆quartz-amphibole values. These 
higher fractionation values could mean lower closure iso-
topic temperatures; however, the amphiboles from these 
two samples are Fe-hornblende instead of Mg-hornblende. 
(Kohn and Valley 1998) have shown that Mg–Fe substitu-
tions in amphiboles are able to modify by several tenths of 

Fig. 7  Variations in δ18O values of biotite (a), amphibole (b), feldspar (c), and quartz (d) as a function of their mean grain size
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per mil the oxygen isotope fractionation between mineral 
and water. Unfortunately, as already noted, it was not pos-
sible to analyze systematically the quartz–feldspar pairs. If 
we examine the other samples with high δ18O values, we 
can suspect some of them to have also been hydrothermally 
altered. Sample TAG45 from intrusion#3 is characterized 
by ∆feldspar–amphibole and ∆amphibole–biotite values 
compatible with isotopic disequilibria in the presence of an 
aqueous fluid phase (Table 1). Sample TAG41 very close 
to TAG45 (Fig. 1) remains questionable in the absence of 
mineral δ18O values, whereas sample TAG110 has recorded 
fractionations for feldspar–amphibole (∆  =  2.6) and feld-
spar–biotite (∆ = 4.2) pairs, compatible with a magmatic 
history.

∆feldspar–quartz values that range from 0 to 1 for sam-
ples (samples NFI118, NFI82, and ASF38) reveal disequi-
librium processes that are not related to a simple magmatic 
history (Criss and Taylor 1986; Criss et al. 1987; Gregory 
et al. 1989). On the basis of our data, only feldspars from 
samples NFI118, NFI82, and ASF38 have oxygen isotope 
compositions that strongly deviate from apparent isotopic 

equilibrium temperatures (Criss and Taylor 1986). It is also 
worth noting that the two-mica leucogranites (NFI118 and 
ASF38), with high whole rock δ18O values, were hydro-
thermally altered, strongly contrasting with the leucogran-
ite NFI72 from intrusion#3 whose belongs to the general 
trend drawn by most of the samples (Fig. 5). If samples for 
which the oxygen isotope compositions have been modi-
fied by water–rock interactions are not considered anymore, 
smooth regular trends of δ18O values increasing by 1.5‰ 
for large variations in  SiO2 contents (see trend in Fig.  5) 
and the initial Sr isotope compositions (Fig.  9a) are then 
observed.

We, therefore, conclude that the original oxygen iso-
tope compositions of some plutonic rocks (TAG45, 
NFI82, ASF38, NFI118, and TAG41?) from the TPC 
were modified through sub-solidus alteration by an aque-
ous fluid. Feldspars were 18O-enriched during a low-tem-
perature stage of water–rock interaction (Fig.  10a), a pat-
tern of isotopic exchange which strongly contrasts with 
those well known during the hydrothermal alteration of 

Fig. 8  Variations in δ18O values of feldspar (a) and quartz (b) as a 
function of whole rock δ18O values. Same symbols as in Fig. 5

Fig. 9  Variations in εSr(T) (a) and εNd(T) (b) values as a function 
of whole rock δ18O values. Sr and Nd isotope data are from Gasquet 
et al. (1992). Same symbols as in Fig. 5
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continental plutons by meteoric waters (e.g. Taylor 1977). 
As it was commonly demonstrated, because of the ubiqui-
tous 18O-depleted character of meteoric waters, interaction 
of such waters with igneous rocks at temperatures higher 
than 200–300 °C generate low δ18O hydrothermally altered 
igneous rocks (Taylor 1977; Taylor and Sheppard 1986). 
An 18O-enrichment of igneous rocks may be produced at 
lower temperatures as already documented during weath-
ering (Lawrence and Taylor 1971) and also in the surficial 
zones of certain hydrothermal systems (Criss et al. 1984). 
These isotopic patterns mainly result from the property of 
the oxygen isotope fractionation equation between feld-
spar and water; at temperatures of water–rock interactions 
higher than 250 °C, feldspars are 18O-depleted relatively to 

their magmatic values, while they become 18O-enriched at 
low temperatures. Such reversed temperature-dependent 
oxygen isotope fractionation has also been documented 
in the hydrothermally altered oceanic crust (Gregory and 
Taylor 1981; Lécuyer and Fourcade 1991; Lécuyer and 
Reynard 1996). We cannot also exclude that aqueous flu-
ids with positive δ18O values could have been released dur-
ing the heating of intruded pelites or metabasites. Such a 
hypothesis was already proposed as a source of aqueous 
fluids that interacted with the Variscan granites from the 
Pyrénées (Fourcade and Allègre 1981).

Except along the margins of the Tichka plutonic com-
plex, the hydrothermal activity was rather limited, per-
haps, as the consequence of the low permeability of coun-
try rocks mainly made of pelites and metabasites. Taking 
into account this limited hydrothermal activity, the rates at 
which these intrusions cooled must be investigated.

Cooling rates of Tichka plutons

Modeling cooling rates with oxygen isotope data

The distribution of δ18O mineral values constituting an 
igneous rock, which has cooled in a closed system, depends 
on (1) the cooling rate, (2) the mineral grain sizes, and (3) 
the proportions of minerals in the rock (Giletti 1986; Eiler 
et al. 1992, 1993). Using the kinetic data for oxygen self-
diffusion in quartz, feldspar, hornblende, and biotite, which 
are the four dominant minerals present in the Tichka plu-
tonic rocks, cooling rates can be calculated for rocks that 
escaped hydrothermal alteration and for which modal data 
(Table 1) and mineral sizes are available (Table 2). A sim-
ilar approach has been made by Durand et  al. (2006; see 
Fig.  7) who modeled oxygen isotope profiles in the Qué-
rigut magmatic complex, Eastern Pyrenees, France. Cool-
ing rates were calculated (Table 4) on the basis of the best 
fit between calculated by mass balance and measured δ18O 
values of minerals following the procedure developed by 
Giletti (1986) which involves Dodson’s (1973) Eq. (2);

in combination with the mass–balance relationship (3);

where Tc is the closure temperature of isotope exchange, 
E is the activation energy for self-diffusion of oxygen in a 
given mineral, A is the diffusional anisotropy parameter, R 
is the gas constant, Do is the pre-exponential factor, a is the 
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Fig. 10  δ18O of feldspar (a) and amphibole (b) versus δ18O of quartz 
from some Tichka plutonic rocks. Full lines represent isotherms com-
puted with fractionation values of mineral pairs according to equa-
tions of Bottinga and Javoy (1975). a Five mineral pairs have frac-
tionations of about +1.3 that indicate apparent temperatures of about 
600 °C, whereas three others (NFI82, NFI118, and ASF38) show 
isotopic disequilibrium produced by a late low-temperature hydro-
thermal circulation that enriched feldspars in 18O relatively to quartz. 
b Three mineral pairs have a fractionation value of +4 (T = 580 °C), 
whereas the two other samples (TAM28 and TAM29) show apparent 
lower temperatures. Same symbols as in Fig. 5
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mineral size, dT/dt is the cooling rate, X is the modal abun-
dance of minerals i, j, and ∆ is the fractionation factor for 
mineral pairs. References for oxygen diffusion and isotopic 
fractionation data are given along with the Table 4.

Five samples were selected to calculate the cooling 
rates of intrusions #1, #2, and #3. Large differences among 
computed apparent temperatures for mineral pairs reflect 
low cooling rates. Calculations lead to a cooling rate of 
10–50 °C My–1 for intrusion #1 and #2 and a much higher 

Table 4  Estimates of cooling 
rates based on the best fit 
between measured and modeled 
δ18O minerals and whole rocks

These calculations were made assuming dry minerals and oxygen isotope diffusion in a closed system. 
Resulting apparent isotopic temperatures are also reported for each possible mineral pair. Fractionation fac-
tors are derived from equations given by Bottinga and Javoy (1975). Oxygen diffusion data come from 
Giletti and Anderson (1975) and Giletti (1986). Uncertainties associated with calculated temperatures are 
about ±30 °C

δ18O analyzed δ18O modeled Mineral pairs Apparent T °C

TAM28 (pluton#1)
 Whole rock 6.2 6.0 qtz-amp 573
 Quartz 8.9 9.0 qtz-feld 591
 Amphibole 4.8 4.5 qtz-biot 525
 Feldspar 7.6 7.3 amp-feld 566
 Biotite 3.7 3.5 amp-biot 348

feld-biot 504
 Cooling rate = 10–50 °C My–1

TAM29 (pluton#1)
 Whole rock 6.6 6.8 qtz-amp 555
 Quartz 8.7 8.9 qtz-feld 591
 Amphibole 4.4 4.9 qtz-biot 554
 Feldspar 7.4 7.2 amp-feld 540
 Biotite 3.9 3.9 amp-biot 549

feld-biot 542
 Cooling rate = 10–50 °C My–1

TAG79 (pluton#2)
 Whole rock 6.8 6.9 qtz-amp 593
 Quartz 9.0 9.0 qtz-feld 559
 Amphibole 5.1 5.0 qtz-biot 578
 Feldspar 7.6 7.4 amp-feld 609
 Biotite 4.5 4.3 amp-biot 502

feld-biot 584
 Cooling rate = 10–50 °C My–1

TAG126 (pluton#2)
 Whole rock 6.9 6.8 qtz-amp 583
 Quartz 8.5 8.4 qtz-feld 591
 Amphibole 4.5 4.6 qtz-biot 532
 Feldspar 7.2 7.0 amp-feld 579
 Biotite 3.4 3.2 amp-biot 348

feld-biot 513
 Cooling rate = 10–50 °C My–1

NFI72 (pluton#3)
 Whole rock 7.0 6.9 qtz-amp –
 Quartz 8.0 7.9 qtz-feld 626
 Amphibole – – qtz-biot 569
 Feldspar 6.8 6.7 amp-feld –
 Biotite 3.4 3.4 amp-biot –

feld-biot 552
 Cooling rate = 500–1000 °C My–1
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estimate for intrusion#3 of 500–1000 °C My–1. One inter-
esting effect of cooling rate is the isotopic mass balance 
effect at the whole rock scale resulting from the various 
proportions of minerals and the time at which isotopic dif-
fusion for each mineral stopped. This mass balance effect 
is recorded in the various minerals and we observe that 
their variations in δ18O values against  SiO2 contents do not 
resemble variations in δ18O values of whole rocks (Fig. 5). 
Figure  6 shows that δ18O values of quartz decrease with 
increasing modal abundance of quartz (and also magmatic 
differentiation), whereas δ18O of amphiboles increase with 
the amount of these amphiboles in the rocks. Another 
expected consequence of the cooling rate of these rocks 
is some dependence observed between the δ18O values of 
minerals and their mean grain size (Fig. 7).

Cooling rates of about 10–50 °C My–1 for intrusions #1 
and #2 may be considered as surprisingly very low cool-
ing rates for intrusions whose diameters do not exceed 
10  km (Fig.  1) and whose emplacement depths range 
from 4 to 6  km. Indeed, we would expect in such plu-
tonic suite that the cooling rate should decrease from the 
first to the latest intrusion because of the heat advected 
by the successive magma injections. The pluton was sup-
posed built by ballooning (Lagarde and Roddaz 1983) 
and to be the result of in-situ assemblage of four magma 
batches (Gasquet 1991) which were injected into pre-
existing country rocks in relation to transpressional tec-
tonic regime as well demonstrated in similar plutonic 
complexes (Wang et al. 2002; Asrat et al. 2003; Glazner 
et al. 2004; Matzel et al. 2006; Barbey et al. 2008; Clem-
ens et al. 2009). However, according to recent works per-
formed by Annen et al. (2015), Menand (2011), Menand 
et  al. (2015), and Coleman et  al. (2016), the four mag-
matic bodies of the TPC may result from the amalgama-
tion of magmatic dykes injected rapidly and successively. 
Giletti (1986) calculated a cooling rate in the range 
100–200 °C My–1 for the San Jose tonalite and Hess et al. 
(1993) a cooling rate of 180 °C My–1 for the Eldzhurtin-
skiy granite (Caucasus) whose sizes are comparable to 
the TPC. Such low cooling rates for intrusions #1 and #2 
could result from the very limited or near absent hydro-
thermal activity which is well known to be a very effi-
cient process to remove heat from the crust. Each new 
intrusion could also heat the previous one, thus lowering 
its cooling rate. It must be noted that a much higher cool-
ing rate of 500–1000 °C My–1 was computed for the intru-
sion#3. Even though this intrusion shows more evidence 
of hydrothermal circulation at the field scale (Gasquet 
1991), sample NFI72 most likely preserved a magmatic 
oxygen isotope composition as suggested by its ∆quartz-
feldspath value of +1.3 (Fig. 10a). It must be noted that 
the whole rock modeling is less constrained than for 
other samples with only three minerals in the absence 

of amphibole (Table  4). Therefore, we do not consider 
this estimated high cooling rate as meaningful. Com-
puted slow cooling rates of 10–50 °C  My–1 may also be 
explained either by a protracted magmatic history within 
each pluton or by the imbricated structure of these plu-
tons for which the new intrusion heated the former one, 
thus lowering its cooling rate overall. All these calculated 
cooling rates inferred from an isotopic modeling based on 
data of self-diffusion of oxygen in minerals must be com-
pared to a simple model of thermal cooling of a pluton 
whose size and emplacement depth are similar to those 
occurring in the Tichka plutonic complex.

Constraints from thermal modeling of a single pluton

The following 2D thermal balance equation which takes 
into account the latent heat of fusion and crystalliza-
tion (Stüwe 1995) has been solved by a finite-difference 
method using an ADI scheme (Albarède 1995):

with T being the temperature, ρ the density, t time, k ther-
mal conductivity, A radiogenic heat production, v melt pro-
portion, L latent heat of fusion, and cp the heat capacity. 
The values of the parameters are given in Table 5. The term 
concerning the fusion is solved by the method of Price and 
Slack (1954) who proposed to use a modified heat capacity 
equal to:

In the melting interval, an exponential model of melt 
proportion according to temperature has been used 
(Stüwe 1995):
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Table 5  Physical parameters used in the thermal model

ρ Density 2700 kg m–3

cp Heat capacity 1000 J kg–1 K–1

cmod Modified heat capacity
L Latent heat of crystallization 320 × 103 J kg–1

v Proportion of melt
Ts Solidus temperature 700 °C
Tl Liquidus temperature 900 °C
K Thermal conductivity 2.5 W m–1 K–1

A Radiogenic heat production 1 µW m–3

α Exponential parameter in Eq. 6 0.001 K–1

B Pre-exponential parameter in Eq. 6 0.0022 K–1
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See Table 5 for the description of the parameters. The 
evolution of melt proportion with temperature is not a key 
parameter in this model as it is concerned by the temper-
ature evolution after the crystallization phase. The values 
of B and α are, therefore, not important in the model as 
they describe the shape of the fusion curve. The liquidus 
and solidus temperatures and the latent heat (Table  5) 
used in calculation are those of a granitic magma (Stüwe 
1995).

The initial and boundary conditions of the system are 
described in Fig.  11. The calculation domain is 20  km 
long and 15 km thick. It is assumed that the emplacement 
of the intrusion, is rapid on the right mirror boundary of 
the domain at 5 km depth. It means that this thermal mod-
eling of a single isolated pluton only provides an esti-
mate of the upper limit for the cooling rate. The thickness 

of melted body is 4 km and its width is 5 km. The initial 
undisturbed geotherm is a simple parabolic one (Turcotte 
and Schubert 1982) with a surface temperature of 0 °C, 
an internal heat production of 1 µ W m–3, and a basal heat 
flow of 37 m W m–2. The surface and the left boundaries 
of the model have constant temperatures. The heat flow 
is constant at the base of the system and nul on the right 
boundary.

The temperature evolution of two points has been fol-
lowed (Fig. 12), one in the middle of the intrusion, the other 
at 7.5 km depth in the country rocks, 3 km off the intrusion 
boundary. One hundred thousand years after the emplace-
ment, cooling rate in the intrusion reaches 1900 °C  My–1 
at 600 °C and is between 10 and 50 °C  My–1 after 0.45 
My when the intrusion temperature is around 380 °C. We 
note that these values are the lowest possible as the effect 
of convection in the intrusion and in the fluids in the sur-
rounding rocks are not taken into account. The cooling 
rates estimated by the thermal model are then two orders 
of magnitude higher than those estimated from the distri-
bution of δ18O mineral values for the intrusion #1 and #2 
(Table 4). A re-examination of the parameters of the geo-
chemical model has been done to explain this discrepancy.

The incorporation of water into quartz and its role 
on oxygen diffusion

It is well known and this has been particularly well stud-
ied in quartz (e.g., Cordier and Doukhan 1989), that the 
incorporation of even small amounts of water modifies the 
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Fig. 11  a Geometry and boundary conditions of the thermal model. 
The box represents the intrusion. The points indicate the areas on 
which the temperature evolution has been measured. b, c Initial geo-
therms on the left and right boundaries of the model. Cst constant

Fig. 12  a Temperature evolu-
tion of the areas marked by 
points on Fig. 11a. b Cooling 
rates of the same points. At 
600 °C in the intrusion, the 
cooling rate is 1900 °C My–1. 
A value of 10–50 °C My–1 is 
reached after 0.45 My when 
the temperature in the intru-
sion is close to the steady-state 
temperature of the system
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physical and chemical properties of quartz, such as ductil-
ity and diffusivity. Infrared spectroscopy (IR) was, there-
fore, used to quantify the amount of water dissolved in 
these quartz grains.

The solubility of water in quartz has been shown experi-
mentally and theoretically to be extremely low, even at high 
pressure. It is in the order of few tens of H·10−6 Si, reaching 
50 to 100 H·10−6 Si at 700 °C and 800 MPa (Cordier and 
Doukhan 1989). In natural as well as in synthetic crystals; 
however, it is common to find larger amounts of water (up 
to few thousands H·10−6 Si), showing that under specific 
conditions (large water fugacities, rapid growth) supersatu-
rated water can be incorporated into the quartz structure. 
Several models exist for the incorporation of water into the 
quartz structure (e.g., Paterson 1986; McConnell 1995). For 
a small concentration of water, it can be dissolved under the 
form of point defects [the (4  H) Si defects where 1 Si is 
replaced by 4 H] or under the form of tiny fluid inclusions. 
For a large amount of water (i.e., when supersaturated  H2O 
is present), it is then essentially under the form of tiny fluid 
inclusions as occurring in the sample investigated in this 
study (Fig. 4).

Both microstuctures such as dislocations in climb con-
figuration, tiny bubbles (Cordier and Doukhan 1989), as 
well as water content determinations (average value around 
400  H·10−6 Si) suggest that quartz grains in the selected 
TAG126 sample contain large amounts of supersaturated 
water and can be considered as wet quartz crystals. Such 
observation allows reconsidering the rate of oxygen diffu-
sion, since it is well known that water enhances the rates 
of many solid-state diffusional processes. For instance, it 
has been shown that diffusion coefficients for oxygen in 
quartz are markedly greater in hydrothermal experiments 
(e.g. Giletti and Yund 1984) than those measured under 
anhydrous conditions (e.g., Schactner and Sockel 1977). 
Moreover, by comparing the diffusion law for water in wet 
quartz described by Cordier et al. (1988) with experimen-
tally determined diffusion coefficient for oxygen in quartz 
under hydrothermal conditions (Dennis 1984; Giletti and 
Yund 1984; Farver and Yund 1991), it appears that the oxy-
gen diffusion process is certainly controlled by the diffu-
sion of molecular water in quartz as already suggested by 
several authors (Farver and Yund 1991; McConnell 1995). 
To model the oxygen diffusion in the quartz grains of the 
Tichka intrusion, we have used, according to Cordier et al. 
(1988), the following water diffusion law (7):

In these wet conditions, a numerical application shows 
that D is at least an order of magnitude higher than those 
experimentally determined for oxygen-self-diffusion in dry 
quartz. True cooling rates are, therefore, expected to be in 

(7)D = 10−12 exp

(

−95, 000

RT

)

m2s−1.

the range 500–1000 °C  My−1, which are in better agree-
ment with the results deduced from the thermal modeling 
of a single pluton. Such fast cooling rates could explain 
why during assimilation of the various country rocks, het-
erogeneities of the neodymium and strontium isotope ratios 
were preserved (Fig. 9).

Crustal contamination

Excluding isotopically altered samples (TAG110, TAG41, 
TAG45 and NFI82), a decrease in the scattering of δ18O 
values with respect to  SiO2 contents and a good correlation 
with the initial Sr isotope ratios are observed (Figs. 5, 9). 
There is, indeed, no more than 0.5‰ of variation in δ18O 
values for identical Sr isotope compositions. Leucogran-
ites from intrusion#4 constitute a separate group of rocks 
(Fig. 5). Gasquet et  al. (1992) have shown that these leu-
cogranites are not related to the other intrusions and were 
generated by melting of a supracrustal source. Their low 
δ18O values for S–type granites (Taylor 1978) reveal the 
18O-depleted character of the Paleozoic wall-rocks com-
pared to modern sediments.

The dioritic–monzogranitic suite of the TPC was gen-
erated through a combined process of crystallization and 
assimilation of country rocks as it was demonstrated by 
Gasquet et al. (1992). The most peculiar isotopic feature 
of these plutonic rocks is the slight δ18O increase, which 
does not excess 1–1.5‰ (Fig.  5), recorded by the most 
evolved terms (monzogranites and biotite–leucogranites) 
of intrusions#2 and #3. Unmetamorphosed sediments 
are generally characterized by much higher δ18O values, 
typically in the range 15–25‰ (Taylor 1978). When 
they are involved into crustal contamination of a mantle 
source, the igneous products have generally higher δ18O 
values than those observed for Tichka plutonic rocks 
(δ18O  =  6–7.5‰) as it is the case for the contempora-
neous Variscan Pyrénées (δ18O  =  10–12‰; Wickham 
and Taylor 1985, 1987) or Corsican (δ18O  =  6–9‰; 
Cocherie et  al. 1994) calc-alkaline granitoids. Published 
Sr and Nd isotope data revealed that the mechanism of 
magma genesis for the TPC implied a moderate rate (no 
more than 30%) of crustal component recycling (Gasquet 
et al. 1992). According to this result, the oxygen isotope 
compositions of Tichka plutonic rocks suggest that the 
crustal components (metamorphosed pelitic and volcanic 
rocks) involved in the crustal contamination of the man-
tle source had δ18O values lower than 10‰. It has been 
indeed documented through several studies that Paleozoic 
wall-rocks tend to have lower δ18O values than modern 
ones (Simon and Lécuyer 2005 and references therein). 
In the absence of these Sr or Nd isotope data, it would 
be highly speculative to interpret these data, because a 
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δ18O increase of 1–1.5‰ from mafic to felsic rocks may 
be expected for a simple fractional crystallization history 
(Weiss et al. 1987).

Compared with the West European Variscan plutons, 
the Moroccan TPC is quite similar to the post-collisional 
granitoids from the Northern Armorican Massif, North-
eastern French Central Massif, Northern Vosges, or North-
western Portugal (see references in Gasquet et  al. 1996; 
Dias et  al. 2002; Simons et  al. 2016). However, contrary 
to this European segment where the post-collisional grani-
toids are generally associated with late extensional tecton-
ics and shear-zones, the emplacement of the Tichka would 
be mainly controlled by transpressive tectonics partly com-
parable to the post-closure tectonics of Pitcher (1983). The 
crustal magma genesis implies, in both Variscan segments, 
significant thermal anomalies related to the emplacement 
of mantle-derived magmas inducing crustal anatexis (e.g., 
Vielzeuf and Pin 1989).

Concluding remarks

By combining results from thermal modeling of a sin-
gle pluton both, knowledge of self-oxygen diffusion data 
of rock-forming minerals and the determination by IR-
spectroscopy of the water content of quartz, the cooling 
rates of Tichka plutons have been estimated in the range 
500–1000 °C  My–1, which corresponds to a cooling dura-
tion from  105 to 5 × 105 years. Such conclusions match 
those inferred from 40Ar/39Ar ages obtained for the Hercyn-
ian Lizio granite of quite similar size. Indeed, Tartèse et al. 
(2011) estimated that the Lizio granite cooled down in less 
than one million of years. Such high cooling rates calcu-
lated for the Tichka plutons are also in agreement with the 
small sizes of individual intrusions (diameter <10 km) and 
their shallow depth of emplacement between 4 and 6 km. 
The rapid cooling of the intrusions may explain why dur-
ing assimilation of the various country rocks, heterogenei-
ties of the neodymium and strontium isotope ratios were 
preserved. These cooling rates are consistent with geochro-
nological data and the previous models obtained for pluton 
assembly for recently studied similar intrusions (St Jean du 
Doigt massif, Barboni et al. 2013, 2015; Mt Capanne plu-
ton). The combination of O, Sr, and Nd isotope data sug-
gests that during the magma ascent towards the surface, no 
more than 30% of metapelites or metabasites were assimi-
lated. These metasediments are most likely characterized 
by δ18O values lower than 10‰. Finally, a late stage of 
limited hydrothermal activity affected some plutonic rocks 
whose fluid source could have derived from the dehydra-
tion of the Paleozoic basement during the emplacement of 
the Tichka plutonic complex.
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