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Abstract

A microstructural, magnetic fabric and gravity study is performed on the
Carboniferous Margeride granitic complex that crops out in the central part
of the Variscan French Massif Central. This complex consists of three facies,
namely, a main porphyritic monzogranite, a two-mica granite, and late
leucogranite dykes and stocks. In spite of local variations, the magnetic
lineation mainly trends NW-SE with a shallow plunge throughout the complex.
The magnetic foliation pattern is more complex with various strikes and
generally a moderate dip. This fabric pattern complies with the late-orogenic
NW-SE regional extensional deformation already recognised in this part of the
Variscan Belt. New gravity measurements complete available data and are
used to build up a gravity map and a cross-section with which four gravity
minima are identified. Three gravity minima are interpreted as extensional
fractures consistent with a NW-SE maximum stretching. The last gravity low
corresponds to an extensional jog between the two westernmost fractures.
The structural and gravity features of the complex are used to propose a
feeding and emplacement model controlled by the regional late-orogenic
extensional tectonics. The Margeride complex is interpreted as a kilometre-

scale laccolith-like pluton emplaced in a transtensional setting controlled by



a NW-SE opening direction. Such a model strengthens the relationships
between pluton emplacement and late-orogenic collapse of the Variscan
Belt.

Keywords : Anisotropy of magnetic susceptibility (AMS); Granitic pluton;

Extensional tectonics; French Massif Central; Margeride pluton

1. Introduction

The internal fabric of granite plutons is now routinely used to determine the
magmatic processes occurring in crystallising magma chamber and also, in
some cases, to determine if regional deformation prevailed during the
emplacement and crystallisation of the magma (Gleizes et al., 1997, Benn et
al., 1998, Benn et al., 1999, Benn et al., 2001, Cruden et al., 1999, Becker et al.,

2000, Bolle et dl., 2003 and Neves et al., 2003). Such studies are made easier

by the use of the anisotropy of magnetic susceptibility (AMS) method, which
allows a fast and accurate measurement of the magnetic fabrics of plutons

(Tarling and Hrouda, 1993 and Bouchez, 1997). Granite bodies can be very

useful as kinematic markers, since they may record structural features during
a short time interval allowing an accurate reconstitution of the tectonic

evolution of orogenic belts (Gleizes et al., 1997 and Benn et al., 2001).

However, since fabrics are often acquired quite late during the crystallisation
process of granite, the internal fabric is less helpful to characterise the

emplacement mechanisms of plutons (Paterson et al., 1998). In addition, the

knowledge of the 3D shape of a pluton can bring important information on
the emplacement process, for example by locating and characterising the

likely feeder zones (Brun et al., 1990, Vigneresse, 1990, Aranguren et al., 1996

and Améglio et al., 1997). Several studies illustrate the usefulness of combining

gravity and structural data when investigating the emplacement mode and
structural evolution of a granite pluton (Amégdlio et al., 1997, Vigneresse and
Bouchez, 1997 and Talbot et al., 2004).




During Middle and Late Carboniferous times, numerous plutons emplaced in
the Variscan Belt of the French Massif Central attest to a significant crustal
meltfing event resulting from the Early to Middle Carboniferous nappe stacking

(Duthou et al.,, 1984 and Downes et al., 1997). This granitic magmatism

occurred mainly during the last stages of the compressional event or during

the late-orogenic extensional collapse (Duthou et al., 1984 and Faure, 1995).

Both events begin earlier in the northern part of the massif than in the

southern part (Faure, 1995). The southward shiffing with time of the two

deformation events is still not accurately constrained. Moreover, these two
events are partly synchronous; the extensional event begins in the northern
part of the massif, whereas the southern part is still in compression. The
change from the compressional tectonic event to the extensional tectonic
regime must be investigated in more detail in order to understand the

evolution of the Variscan Belt.

This study, based on the combined results of several methods, such as field
and microstructural observations, low-field AMS measurements and gravity
data modelling, was carried out on one of the largest pluton of the French
Massif Central, namely the Margeride granitic complex, located in the central
part of the French Massif Central (Fig. 1). This complex consists of several
granitfic bodies with distinct facies emplaced at the end of the Variscan
Orogeny when the two tfectonic events, extensional and compressional,
occur in the northern and southern parts of the massif, respectively. The
choice of the Margeride complex as a study area is supported by: (1) the
central location of this granitic complex in the Massif Central between the
northern and southern parts of the massif, (2) the large size of the granite
body, and (3) the occurrence of two facies that emplaced in an interval of
about 10 Ma. The location and the period of emplacement of these facies
allow us to investigate the change of tectonic deformation in the Massif
Cenftral. The aim of this study is to better constrain the internal structure and
the emplacement processes of this granitic complex bringing new insights not

only on the late-orogenic tectonic evolution of the French Massif Cenftral, but



also on the mechanisms controlling the emplacement of such large plutons.
Our feeding and emplacement model is different than that previously

proposed for this pluton (Couturié, 1977, Laboue, 1982 and Feybesse et al.,

1995) in the sense that emphasis is placed here on an extensional tectonic

setting.
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Fig. 1. (a) Location map of the French Massif Central. (b) Structural map of the French Massif

Central and location of the study area.



2. Geological setting
2.1. General framework

The Variscan Belt of Western Europe has long been recognised as a collisional
orogen resulting from the convergence between Gondwana and Laurussia
supercontinents, to the south and north, respectively (Matte, 1986). In the
French Massif Central, the collision is characterised by the succession of
several tectonic events between Late Silurian (ca. 410 Ma) and Early Permian
(ca. 300 Ma) (e.g. Ledru et al., 1989, Ledru et al., 1994 and Faure et al., 2004).

From Late Silurian to Middle Devonian, the northward continental subduction

of the Gondwanian margin beneath the Armorica microplate is followed by

the exhumation of high- and ultra-high pressure rocks (Lardeaux et al., 2001).

A nappe stacking coeval with the exhumation of high-pressure rocks is
evidenced by NE-SW-trending lineations with top-to-the-SW shearing. During
Late Devonian, the occurrence of calc-alkaline magmatic rocks in the NE
part of the French Massif Central is inferpreted as the mark of a new

subduction event and a rifting period (Faure et al., 1997). The true collision

between Laurussia and Gondwana occurred in the Late Devonian-Early
Carboniferous. In the northern part of the Massif Central, compression ended
in the Early Carboniferous (ca. 360-350 Ma), whereas it lasted up to the
Middle Carboniferous (ca. 330 Ma) in the southern part. This Middle
Carboniferous compressional event is characterised by south-directed ductile

shearing (Mattauer and Etchecopar, 1977 and Burg and Matte, 1978). The

entire Massif Central experienced its first extensional event due to late-
orogenic collapse during the Middle to Late Carboniferous (ca. 325-310 Ma).
Extension is diachronous, beginning earlier in the north than in the south of the
Massif Central. This extension was orogen-parallel with a NW-SE maximum
stretching direction (Faure, 1995). A second extensional event, coeval with
the formation of coal-bearing half grabens, occurred during the Late
Carboniferous-Early Permian. The general direction of this extension is N-S in
the Massif Central (Burg et al., 1994).




2.2. The central part of the French Massif Central

The southern central part of the French Massif Central, in the Margeride areaq,
shows several lithological and tectonic units (Fig. 1). The Palaeozoic
metamorphic rocks are unconformably covered by several Mesozoic to
Quaternary volcanic and sedimentary formations. The Margeride area
comprises a huge granitic pluton, the Margeride massif, surrounded by
several metamorphic units separated by thrust contacts marked by mylonites

and top-to-the-south shearing (Fig. 2).
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Fig. 2. Geological map of the Margeride pluton and its host rock.

These units consist of micaschists and gneisses derived from pelites,
greywackes and sandstones. On the eastern border of the pluton,
orthogneisses are more developed. A foliation, generally flat or slightly
northward dipping, is the main structural feature of this area. This foliation and

associated thrusts are related to the south-verging nappe stacking occurring



from Late Devonian to Early Carboniferous known all over the French Massif
Cenftral. Various types of contacts, discordant, concordant or faulted, are
observed between the Margeride pluton and its host rock. The width of the
contact aureole varies from zero to several kilometres. Along the northern
border, contact metamorphic minerals such as andalusite or biotite are
frequently oriented along a N120-130° trend and are sometimes deformed
(boudinaged or sheared). Shear criteria indicate normal motion, with the host
rock being downfaulted with respect to the granite. In the thermal aureole of
the southern margin, micaschists exhibit NW-SE mineral lineations of
boudinaged contact minerals (biotite, albite and cordierite). The sigmoidal
shape of the biotite and asymmetric quartz pressure shadows indicate a top-
to-the-NW shear. These structures, coeval with the granite emplacement, are
considered as markers of the late-orogenic NW-SE extensional event (Faure,
1995). To the NE of the Margeride pluton, the uprise of the Late Carboniferous
Velay granite-migmatitic dome tilted the previous structures to the west
(Feybesse et al., 1995 and Ledru et al., 2001).

3. The Margeride granitic complex

3.1. Petrography and geochronological data

The Margeride massif is the largest post-Visean granitic complex in the French
Massif Central. The massif, elongated in an E-W direction, covers an area of
3200 km2 and is cut into two parts by the Tertiary Aubrac volcanic plateau
(Fig. 2). The westernmost part is called the Entraygues appendix. One of the
peculiar features of this pluton is the numerous NW-SE-trending joints and
faults. These structures are also found on the pluton borders because most of
the faulted-contacts have this NW-SE trend. The Margeride granitic complex
consists mainly of a porphyritic monzogranite facies, called Margeride granite

sensu stricto (Fig. 3a) and to the east, the Chambon-le-Chdteau granite,



which compared with the monzogranitic facies shows grain size reduction

and biotite enrichment (Couturié, 1977).

Fig. 3. Examples of outcrops of the Margeride granitic complex. (a) Typical aspect of the
porphyritic granite facies (AMS sampling site M8). (b) Oriented accumulation of potassic
feldspar megacrysts (AMS sampling site M137). (c) Accumulation of potassic feldspar
megacrysts and mafic microgranular enclave (road D?00 close the AMS sampling site M161).
(d) Steep-dipping leucogranitic dike cutting the porphyritic granite facies. The dyke is about
10 cm wide. The contacts of the dyke are sharp, indicating a strong rheological confrast

between the two granite types (AMS sampling site M8). Kfs, K-feldspar.

Due to the petrological and structural similarities between the Margeride
granite sensu stricto and Chambon-le-Chateau granite, these two types will
be described as a single one. The main facies consists of K-feldspar
megacrysts enclosed in a quartz, K-feldspar, plagioclase (andesine—
oligoclase), biotite and locally muscovite, groundmass. K-feldspar megacrysts
generally do not show any particular preferred orientation; however, locally,

especially along the pluton margins, the megacrysts can be oriented (Fig.



3b). Couturié (1977) defined three sub-facies in the Margeride porphyritic

granite according to the amount of biotite, namely the ‘dark’, ‘medium’ and
‘light’ sub-facies. The ‘dark’ sub-facies is observed only in the eastern part of
the Margeride pluton. Moreover, the porphyritic facies encloses some mafic
enclaves with variable compositions (Fig. 3c). It is also cross-cut by numerous
leucogranite bodies and dykes that trend generally NW-SE or NE-SW (Fig. 3d).
The texture of leucogranites range from aplitic to pegmatitic and their
composition is quartz, K-feldspar, plagioclase (oligoclase—albite), muscovite
and minor biotite. Tourmaline (schorlite) grains are locally observed in some
leucogranite dykes. Due to N-S-tfrending large-scale upright folding related to
the emplacement of the Velay dome (Fig. 2), the massif floor is well observed
along the eastern margin. There, the Saint-Christophe-d'Allier two-mica
granite (SCA in Fig. 2) exhibits a well-marked subsolidus fabric with a NW-SE
mineral and stretching lineation. This two-mica granite is composed of quartz,
K-feldspar, plagioclase, biotite and muscovite; those two latter being roughly

in equal contents.

The Margeride complex was emplaced at the end of the Variscan orogeny
as indicated by the geochronological ages. Previous data on the Margeride
porphyritic monzogranite yield older ages, namely 323+12 Ma (Rb/Sr on whole
rock; Couturié et al., 1979), 314+3 Ma (U/Pb on monazite; Pin, 1979), 3349 Ma

(U/Pb on zircon; Respaut, 1984). Moreover, new “Ar/3?Ar results on biotite

indicate younger cooling ages at 3103 and 306+3.1 Ma (Monié et al., 2000

and Talbot, 2003). The Chambon-le-Chdteau granite yields an age of
311+6 Ma with U/Pb on monazite (Isnard, 1996). Although the formation of the

Margeride granitic complex as several stages cannot be totally excluded, the

most recent and reliable data suggest that the emplacement of the
porphyritic granite occurred around 310 Ma. Only one date of 305t14 Ma
(U/Pb on monazite) exists for the Saint-Christophe-d'Allier two-mica granite
(Isnard, 1996). Regardless of the method, the geochronological ages for the
cross-cutting leucogranites are more tightly grouped and range from 307 to
298 Ma (Couturieé and Caen-Vachette, 1980, Lafont and Respaut, 1988,




Monié et al., 2000 and Talbot, 2003). In agreement with our structural

observations, the leucogranites are younger than the porphyritic granite and
were emplaced in a host granite already solidified. Therefore, the
emplacement of the Margeride complex took place in Late Carboniferous

times and post-dates nappe emplacement.

3.2. Field structural observations

Previous analyses of the preferred orientation of K-feldspar megacrysts show
two imbricate fabrics at the pluton scale in the Margeride porphyritic granite.
One frends N60-100° and is named ‘longitudinal’, whereas the other trends
N140-160° and is ‘oblique’ relative to the general elongation of the pluton

(Laboue, 1982 and Feybesse et al., 1995). The ‘oblique’ fabric is the only one

developed in the eastern part of the pluton, whereas the ‘longitudinal’ fabric
is present more in the central and western parts. The two directions of K-
feldspar megacrysts preferred orientation were interpreted to reflect

emplacement and crystallisation processes of the magma (Laboue, 1982).

According to Laboue (1982), the ‘medium’ and ‘light’ sub-facies were

emplaced through a feeder zone located in the eastern part of the pluton.
Then the magma expanded along an E-W direction. The ‘longitudinal’ fabric
is interpreted as reflecting this E-W-trending magma flow. The later
emplacement of the ‘dark’ sub-facies through the same eastern feeder zone
would change the initial orientation of the primary fabric info an ‘oblique’

direction in the eastern area of the pluton (Laboue, 1982). In a more detailed

study carried out in the eastern border of the Margeride pluton, the statistical
analysis of K-feldspar megacrysts preferred orientation is reinterpreted in a

new structural model (Feybesse et al., 1995) according to which the mylonitic

contacts observed between the Margeride, Chambon-le-Chateau and Saint-
Christophe-d'Allier plutons indicate a top-to-the-southeast shearing. Both
preferred orientations would be coeval and would correspond to the same
strain field. The ‘longitudinal’ orientation, developed in the centre of the

pluton, is associated with coaxial flow, whereas near the floor and roof



contacts of the granites, the ‘oblique’ orientation develops with a non-

coaxial strain related to the regional southeastward shearing (Feybesse et al.,

1995). Regardless of the emplacement model and related kinematics, the
previous studies consider the Margeride granite as a laccolith-like pluton (Fig.
4).
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Fig. 4. NW-SE-trending cross-section of the Margeride complex (located in Fig. 2) showing the

relationships between the granite and its host rock (after De Goér de Hervé et al., 1994). T,

Triassic; J, Jurassic formations.

Furthermore, some local variations of the preferred orientation of K-feldspar
megacrysts are observed, mainly near the northeastern border. It has been
suggested that, in this area, the N-S-trending large-scale upright folding
related to the emplacement of the Velay dome has reoriented the primary

planar and linear structures of the Margeride complex (Couturié, 1977 and

Feybesse et al., 1995).

Conversely to the porphyritic granite, very few previous structural works dealt
with the leucogranite bodies in the Margeride complex. However, it is worth
noting that the leucogranite dykes exhibit a peculiar orientation related to
the NW-SE-trending regional extensional strain field. Leucogranite dykes trend
generally NW-SE or NE-SW. The dominant NE-SW-trending dykes,

perpendicular to the maximum extensional direction, might be interpreted as



steep-dipping faults open like ‘tension gashes'. Conversely, the NW-SE-

tfrending dykes emplaced along NW-SE faults.
3.3. Microstructures

In the porphyritic facies, three kinds of microstructures are observed (Fig. 5).
Magmatic microstructures. Many samples exhibit microstructures that are
typical of magmatic flow (Fig. 5a and b). However, some signs of a very weak
solid-state overprint are sometimes present. Millimetre-sized quartz grains show
weak undulose extinction and are almost free of sub-grain boundaries. A few
quartz grains underwent a slight dynamic recrystallisation, as indicated by the
occurrence of rare, well-individualised sub-grains. Generally, biotite grains are
characterised by the lack of any evidence of solid-state deformation, such as
undulose extinction or bending (Fig. 5a). Ductile deformation is completely
lacking in feldspars. Compositional zonings (Fig. Sb) and syneusis of
plagioclase are locally observed and K-feldspars show perthitic texture. A few
late fractures indicate that a low temperature brittle deformation was

recorded in these samples.

Moderate solid-state  deformation  microstructures. Quartz  grains
systematically exhibit undulose extinction, often with a chess-board texture,
and evidence exists for dynamic recrystallisation, such as lobate grain
boundaries (Fig. 5¢). Large quartz grains are rarely observed since they are
often replaced by numerous small recrystallised grains with irregular
boundaries. Biotite is more frequently ‘kinked’ than in the first type of
microstructures and some grains are elongated (Fig. 5c¢). K-feldspar displays
features of intracrystalline deformation, such as undulose extinction. Some
myrmekites are also observed. All these criteria are typical of a solid-state

deformation (e.g. Paterson et al., 1989 and Vernon, 2000).

Significant solid-state deformation microstructures. All the primary quartz
grains, without exception, are recrystallised and replaced by aggregates of

newly formed grains, elongated along the same direction (Fig. 5d).



Fig. 5. Microstructures of the porphyritic granite. (a) and (b) Magmatic microstructures
showing quartz grains without undulose extinction and undeformed biotites (near to the AMS
sampling site M161 for (a) and AMS sampling site M18 for (b)). (c) Microstructures of
moderate solid-state deformation. Quartz grains are weakly recrystallised with a slight
neograin formation. Biotite is bent (AMS sampling site M02). (d)-(f) Microstructures of
significant solid-state deformation. (d) Intensively recrystallised quartz grains with grain size
reduction (AMS sampling site M08). (e) Biotite with significant undulose extinction (AMS
sampling site M48). (f) Biotite and quartz grains with infense dynamic recrystallisation (AMS

sampling site M126). Qfz, Quartz; Kfs, K-feldspar; PI, Plagioclase; Bt, Biotite.



Biotites are intensely deformed (Fig. 5e) and may sometimes be compared
with ‘mica-fish’. Locally, biotite and quartz grains are organised in ribbons
forming a gneissic-like microstructure (Fig. 5f). Feldspar often displays intense

undulose extinction.

At the pluton scale, the distribution of these different types of microstructures
shows a well-defined spatial organisation (Fig. 6). The magmatic
microstructures are observed mostly in the central and western part of the
Margeride granite. On the conftrary, in the eastern border, most samples show
a solid-state deformation and this is the only part of the massif where
significant solid-state deformation microstructures occur. In the leucogranites,
microstructures range from magmatic to moderate solid-state deformation,
but no geographic distribution can be determined at the scale of the massif.
Conversely, in the Saint-Christophe-d'Allier two-mica granite, moderate to
intense solid-state deformation microstructures are observed throughout this

pluton.

© Magmatic microstructures

Moderate solid-state deformation
microstructures

A Significant solid-state deformation
microstructures

Fig. 6. Distribution of the different types of microstructures of the porphyritic facies of the

Margeride pluton.



4. Anisotropy of magnetic susceptibility (AMS) of the Margeride

granitic complex
4.1. Magnetic mineralogy

The identification of the phases that contribute to the magnetic signal and its
anisotropy is important in every AMS survey, because the occurrence of some
minerals may lead to anomalous magnetic fabrics that cannot be easily

related to kinematics (Hrouda, 1982, Tarling and Hrouda, 1993 and Borradaille

and Henry, 1997). These anomalous magnetic fabrics can result from the

crystallisation of new minerals after fabric formation, from the alteration of
primary crystals, or due to anomalous intrinsic anisotropies of some minerals,
such as ftourmaline or single-domain magnetite, whose magnetic fabric
orientations do not correspond to crystallographic or shape preferred

orientations. Furthermore, as mentioned by Borradaille and Werner, 1994 and

Borradaille and Henry, 1997, some phases, so-called ferromagnetic sensu lato,

such as magnetite or hematite, even in small amounts, can strongly influence
the orientation and shape of the ellipsoid of the magnetic susceptibility. In
order to identify the main ‘carriers’ of the magnetic fabrics, several methods

have been used.

The magnetic mineralogy survey was essentially carried out on the porphyritic
facies. Observations have been realised with a petrographic microscope and
also with a scanning electronic microscope (SEM). Biotite is the main Fe-
bearing silicate phase observed, but, locally, Fe-bearing muscovite is also
present. Biotite is sometimes altered to chlorite. Because some opaque
minerals are also observed in many samples, their determination has been
made with SEM observations in a few samples. The main accessory phases
observed were pyrite and hematite. This latter phase is generally associated
with biotite crystals. The primary or secondary character of hematite has not
been established. SEM observations also show the presence of rutile and

tourmaline inclusions in some biotites.



Thermomagnetic experiments show different types of magnetic susceptibility
vs. temperature curves. In half of the samples, heating curves display a
progressive decrease of magnetic susceptibility with increasing temperatures
showing that only paramagnetic phases, such as biotite or muscovite, are
present (Fig. 7a). However, the other samples reveal a decrease of
susceptibility in general around 570°C, indicating the occurrence of
magnetite. Nevertheless, this decrease follows, in general, an increase of
susceptibility that begins around 500 °C (Fig. 7a). This may suggest that
magnetite could be formed during the heating by a mineralogical
tfransformation, perhaps from pyrite, but in some samples, magnetite is
undoubtedly primary. Other sharp decreases, sometimes observed for 200
and 630 °C, suggest that pyrrhotite and hematite are locally present.
Furthermore, cooling curves indicate that mineralogical transformations at
high temperature can sometimes produce some hematite and magnetite
crystals (Fig. 7a). On the contrary, the relation between the applied magnetic
field and the induced magnetic moment of a sample (hysteresis loops) shows
similar behaviour for most samples. Magnetic moment is linear for both
increasing and decreasing magnetic fields. This complies with a
predominance of paramagnetic Fe-bearing silicate phases (Fig. 7b). This last
point is also evidenced by the low values of the magnetic susceptibility, Km
(Table 1 in the supplementary data in the online version of this artficle). For the
porphyritic granite, Km ranges from 33.3 to 461.3 uSI with an average of
123.9 uSl. Such values are typical of granite whose magnetic signal mainly
comes from a paramagnetic source. Based on these data, we can conclude
that in the porphyritic granite, the magnetic fabric is most likely controlled by
a combined contribution of biotitetmuscovitethematitetpyritettraces of
magnetite. In spite of local alteration and probable formation of minor new
phases, the AMS fabric corresponds mostly to the rock primary fabric. In the
porphyritic facies, anomalous fabrics are rare, and, furthermore, due to its
high content relative to other magnetic carriers, biotite is the most important
contributor to the AMS.
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Fig. 7. Magnetic mineralogy experiments. (a) Thermomagnetism heating and cooling curves
of two samples of porphyritic granite, M02-11 (full line) and M18-105 (dashed line). In these
two examples, sharp modifications of magnetic susceptibilities are mainly interpreted as due
to mineralogical fransformations during the experiments and not to a primary feature of our
samples. (b) Hysteresis measurement of one sample of porphyritic granite, M45-257, showing
the linear relationship between the applied magnetic field and the magnetic moment

suggesting the predominance of the paramagnetic component.

The magnetic mineralogy for the Saint-Christophe-d'Allier two-mica granite is
roughly the same as the porphyritic granite. However, since this granite
contains more Fe-bearing muscovite, the contribution of this latter phase is

more significant. On the contrary, the magnetic mineralogy of leucogranites



is more complex since the biotite content may strongly vary from one sample
to another. Fe-bearing muscovite is always the most abundant Fe-bearing
silicate phase. As for the porphyritic facies, tfraces of hematite and magnetite
are encountered. Locally, occurrence of tourmaline leads to the
development of an anomalous fabric since tourmaline has an inverse
magnetic fabric. The long axis of tourmaline crystals corresponds to the
minimum axis of magnetic susceptibility ellipsoid. In tourmaline-rich samples,
AMS is a mix between a normal fabric due to muscovite, hematite, etc. and
an inverse fabric due to tourmaline. Thus, the fabric of such a sample will be
more or less ‘anomalous’ according to the relative abundance of the

different phases.

4.2. Fabric results

The magnetic fabrics were mapped throughout the Margeride pluton and for
all the facies. However, this study concerns more particularly the porphyritic
facies since this is the most represented one in the pluton. Furthermore, the
eastern part of the massif was more explored due to better outcrop
conditions. For the porphyritic facies, AMS was measured in 213 sampling sites
by following the classical sampling and measurement methods described in

Tarling and Hrouda (1993). The data processing was carried out according to

the statistics described in Jelinek, 1978 and Jelinek, 1981. The results are given

in Table 1 in the online version of this article.

In the porphyritic facies, the magnetic lineation pattern is quite well organised
(Fig. 8). Magnetic lineations generally trend N120-160° with a shallow plunge
(<30°) (Fig. 2a). This tfrend is particularly clear in the SE part of the pluton, but is
also present in the central and western parts. In these latter areas, the
lineation pattern is more scattered both in frend and plunge. For example, in

the western part, two lineation trends are observed, namely NW-SE and E-W.
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The NE area, around the Saint-Christophe-d'Allier two-mica granite, also
presents a complex structure. Indeed, the AMS lineation forms an arcuate
pattern with a change from N-S in the north to E-W in the south. In the Saint-
Christophe-d'Allier two-mica granite, the lineation pattern is subparallel with
that of the porphyritic granite host. Lineations tfrend NW-SE in the southern
part of the Saint-Christophe-d'Allier granite, whereas they trend E-W in the
central part (Fig. 8). The plunges are always shallow ranging from 0 to 25° (Fig.
2a).

The analysis of magnetic lineation results from leucogranites shows a great
scattering. However, NW-SE and NE-SW are the two dominant directions (Fig.
9a). Only to the southeast of the Saint-Christophe-d'Allier granite, lineations of
leucogranites present a constant E-W trend. However, at the pluton scale, no
preferred orientation can be clearly established for the leucogranite facies.
This can be the result of several processes. In some leucogranite samples, the
potential carriers of the AMS signal (muscovite, traces of ferromagnetic
minerals) are so rare that the AMS measurement may either be influenced by
diamagnetic phases such as quartz and feldspars or may not be
representative of a petrofabric from a statistical point of view. Furthermore, as
stated above, in samples where tourmaline is present, an anomalous AMS

fabric develops.

The main feature of the magnetic foliation, in the porphyritic facies, is its
conspicuous subhorizontal dip (Fig. 8 and Fig. 9). This flat attitude is the cause
for the scattering of foliation strike. Near the pluton borders, the foliation is
often parallel to the contact with host rock, but dips are variable, either
inward or outward of the pluton. Nevertheless, it is worth noting that
sometimes the foliation is oblique to the pluton borders. In the inner part of the
massif, the foliation trends are more variable although, in some areas,

foliations regularly strike NW-SE with a SW- or NE-ward dip.

In the Saint-Christophe-d'Allier two-mica granite, only foliations located in the

central part of the pluton show a clear pattern (Eig. 8). There, foliations strike



E-W with a moderate to strong southward dip. In the leucogranites, the
magnetic foliations do not have a clear attitude. For example, dips are highly

variable (Fig. 92b).

To summarise, the main structural feature of the Margeride pluton inferred
from our AMS analysis is clearly the conspicuous NW-SE trend and
subhorizontal attitude of the magnetic lineation (Fig. 9a). Such a pattern
complies with those already described in other plutons of the Cévennes area
(Talbot, 2003 and Talbot et al., 2004).

5. Gravity study

The Margeride granitic complex has already been the topic of several gravity
studies (Aghshahi, 1979, Pétrequin, 1979 and Van de Meulebrouck, 1983).
From the 1:1,000,000 gravity map of France, Aghshahi (1979) observed that

the Margeride pluton corresponds to a large negative gravity anomaly and
proposed a laccolithic-like shape for it. A more detailed analysis carried out

by Pétrequin (1979) with numerous measurements in the western and central

parts of the pluton led this author to assume an emplacement of the
prophyritic granite through three NE-SW-trending feeding zones, deduced
from the first vertical derivative of the anomaly and located in western,

centfral and eastern parts of the pluton. Aghshahi, 1979 and Pétrequin, 1979

have also modelled some 2D cross-sections along the southern border of the
pluton, oriented in the N-S-direction only. The eastern border was less
explored and the deep structural relationships between the porphyritfic
granite and the Saint-Christophe-d'Allier two-mica granite are still unknown.
Furthermore, none of the previous studies have built E-W-trending models in
order to visualise the shape of the pluton along its largest dimension, cross-

cutting the possible feeder zones proposed by Pétrequin (1979). Therefore,

520 new gravity stations have been surveyed along the eastern border of the

pluton to complete the existing gravity data (Fig. 10a).
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The resulting gravity coverage allowed us to improve the gravity anomaly all
over the pluton and to build up gravity models. Joint interpretation of the
gravity map and cross-sections gives insights into the 3D shape of the pluton,

which is a prerequisite to propose an emplacement model.

5.1. Residual Bouguer anomaly

Previous and new gravity data have been tied to the Carte Gravimétrique de
la France 1965 (CGFé5) gravity reference network and reduced to the
Hayford 1930 ellipsoid. Usual free air and plateau corrections have been
made. A Bouguer reduction density of 2.60 g/cm3, close to the granite
density, was used. The terrain corrections were computed out to 167 km in
order to obtain the complete Bouguer anomaly. Therefore, a good
integration of the new dataset within the French gravity database is
achieved. In order to highlight the granite related anomalies, the long
wavelengths of the complete Bouguer anomaly were removed from the
signal. This was achieved using a low-pass filter of Gaussian-type with a cutoff
wavelength of 250 km over the entire Massif Central. The resulting residual
Bouguer anomaly represents the effect of density heterogeneities located
below the topography, down to a few kilometres (Fig. 10a). To the first order,
negative anomalies can be correlated to the granitic pluton. To the south,

the pluton—host rock boundary generally coincides with a strong gradient that

suggests a steep contact between the two units (Aghshahi, 1979 and

Pétrequin, 1979). On the contrary, to the north, despite the very weak

measurement coverage on this border, the negative anomaly extends over
the metamorphic units, suggesting that the pluton plunges gently below the
host rock (Aghshahi, 1979 and Van de Meulebrouck, 1983). The negative

anomaly is in continuity with the other negative anomalies observed to the
west and fo the SE, upon the Veinazes and the Mont-Lozere plutons,

respectively (Talbot et al., 2004). However, more detailed gravity studies and

structural constraints in the host rocks preclude any link at depth between



those plutons (Faure, 1995, Faure et al., 1999, Faure et al.,, 2001 and QOlivier

and Améglio, 2002). The eastern border displays the highest gravity values

that suggest a thinning of the granite eastward. More negative anomalies on
the rest of the pluton correspond to thicker parts or lower density facies. The
most negative values are observed in the west of the pluton, but the central
part of the pluton and the Aubrac area (dense basalts) exhibit very negative
anomalies as well. This latter anomaly is surprising: in our modelling, we
assumed a large amount of granite beneath the Aubrac volcanics in order to
balance the high density of basalts. However, this solution is certainly not the
only way to explain the anomaly and would certainly require more detailed

study.

5.2. Constraints prior to modelling

To build 2D models, some constraints, such as pluton structure and densities of
lithological units, are needed. Geological information, such as geological
contacts and structural data, are the main constraints that can be used in the
Margeride area. This information is deduced from geological maps and field
observations. For example, in host rock, several lithological units have been
distinguished: micaschists, paragneisses and orthogneisses. Densities of these

units were taken from previous studies (Pétrequin, 1979) and new

measurements (Talbot, 2003). General density values, particularly for the

basalts, were extracted from the literature. Previous and new density
measurements are in good agreement and are also concordant with those

known for other similar plutons around the study area (Martelet et al., 1999).

The density values used in our model are given in the lower part of Fig. 10b.
Furthermore, one E-W-trending seismic profile crossing the central part of the
pluton yields a maximum thickness ranging from 7.5 to 8.85 km in this area
(Bayer et al., 1982).




5.3. 2D modelling

In order to image the deep structure of the Margeride pluton, the residual
gravity anomaly has been modelled along a WSW-ENE-trending profile across
the whole pluton (see location on Fig. 10a). Although not strictly
perpendicular to the major gravity anomalies, this profile has been chosen in
order to provide an overall image of the pluton at depth. Other more
detailed gravity models located on the eastern border of the pluton can be

found in Talbot (2003). As seen below, because the nature (and therefore the

density) of the host rocks vary around the Margeride batholith, we thought
that performing directly the 3D inversion of the gravity anomaly in terms of an
interface between the granite and its basement would not have been
correct. Rather, we preferred a 2D direct modelling approach, which would

let us better explain the assumptions of the model.

The western host rock consists of micaschists, whereas the eastern one is
dominated by orthogneisses (Fig. 10b). As indicated by the geological maps,
some paragneissic lenses are located between the pluton and the host rock
orthogneisses, but also info the granitic pluton. In the central part of our
model, where the real petrological nature of the host rock is unknown,
micaschist is the most likely lithology and consequently a density of
2.72g/cm3 was assumed for a so-called ‘undifferentiated host rock’
metamorphic unit. The profile cross-cuts several thin units, the Aubrac basaltic
plateau and the Grandrieu leucogranite massif. Their influence is almost
negligible due to their minor thickness. The thickness of these units was
determined using the geological maps and field observations. For the Aubrac
basalts, a maximum thickness of 200 m, consistent with the geological map

(De Goér de Herve et al., 1994), was used.

The main feature of the model is the variation in thickness of the porphyritic
granite (Fig. 10b). Four zones are characterised by a thickness of 5-7 km of
granite and are located (i) on the western border, (i) beneath the Aubrac

basalts, (i) in the central part, and, finally, (iv) fo the east of the pluton.



Between these areas, the granite is thinner, ranging between several hundred
metres and 3 km. The progressive thinning observed on the eastern border

complies with the decrease of the gravity anomaly.

Three of the thickened zones, namely in the Entraygues appendix, the central
and the eastern parts, correspond to the NE-SW-trending minimum gravity

axes identified by Pétrequin (1979). On the residual gravity anomaly map (Fig.

10qa), the negative gravity anomalies corresponding to these thickened zones
tfrend also NE-SW. Conversely, the fourth thickened zone, beneath the

Aubrac basalts, complies with a negative anomaly tfrending NW-SE.

6. Discussion

6.1. Interpretation of the gravity results and shape of the pluton

From the geological contacts, the gravity map and modelling, it is possible to
establish the likely overall 3D shape of the pluton in order to build a reliable
emplacement model. The Margeride complex presents some peculiar
features on the geological map. Indeed, the eastern part is much larger (~
55 km) than the Entraygues appendix (~.15 km), resulting in a rough triangular
shape of the massif. Furthermore, the southern margin exhibits a peculiar
shape with two important offsets (Fig. 2). The western one separates the
Entraygues appendix from the central part, presently it corresponds to the
Aubrac plateau. The second one, to the north of Mende, separates the
central and eastern parts of the pluton. It is worth noting that these two offsets

are in the same sense.

The WSW-ENE-tfrending gravity profile allows us to identify four deepening
zones of the pluton (Eig. 11). Three of them, trending NE-SW, are located in
the centre of each of the three parts of the massif, that is the Entraygues
appendix, the central and the eastern parts. These negative anomalies

correspond to the three minimum gravity axes identified by Pétrequin (1979).

The fourth negative gravity anomaly, frending NW-SE, corresponds to the



Aubrac plateau and also to an offset zone. Such negative anomalies and
deepening zones in granites are often interpreted as feeder zones

(Vigneresse, 1990 and Améglio et al., 1997). Furthermore, Pétrequin (1979)

have already proposed that the three NE-SW-trending negative anomalies
could be three pluton feeder zones. In agreement with this interpretation, we
consider that the Margeride pluton emplaced through four feeder zones,
three trending NE-SW and the fourth NW-SE. From these structural and
geophysical features, a 3D diagram of the Margeride pluton can be

schematically sketched out (Fig. 12).
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Fig. 11.Synthesis of the AMS and gravity data with location of the most negative gravity
anomalies (thick dashed lines) that are considered as feeder zones of the porphyritic facies.
In the pluton, the summarised patftern of the magnetic fabric of the porphyritic facies is
interpreted in the regional tectonic framework. SCA, Saint-Christophe-d'Allier two-mica

granite.



feeder zones !

h normal fault

<—____"Aubrac" offset

Entraygues appendix
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6.2. Interpretation of the magnetic fabrics in the regional tectonic framework

The microstructures observed in the porphyritic facies are typical of
magmatic-state and high temperature solid-state deformation (Paterson et

al., 1989 and Vernon, 2000). This suggests that the magnetic fabric of the

prophyritic facies developed during, or just after, the complete crystallisation
of the magma. However, the lack of significant subsolidus deformation at the
microstructural scale does not preclude that late tectonic deformation
occurred. To interpret the magnetic fabrics, it is necessary to compare the
internal fabrics of the plutons and the coeval host rock structures (Paterson et
al., 1998, Benn et al., 1999 and Benn et al., 2001).

During the emplacement and crystallisation of the Margeride complex, in
Namurian—Westphalian times, the French Massif Central experienced a
general NW-SE extension that is also inferred from the internal structures of

several plutons (Faure et al., 1992, Faure, 1995, Talbot et al., 2000 and Talbot




et al., 2004) and the stretching lineation in the metamorphic aureole. This
maximum stretching direction is concordant with the general trend of the
magnetic lineation of the porphyritic facies of the Margeride complex,
suggesting that the internal structure of the pluton recorded some increments
of the regional strain (Fig. 11). The NW-SE-frending lineation is observed in
areas where microstructures indicate a solid-state flow (e.g. the southeastern
part of the pluton), but also in some areas where magmatic flow is dominant
(e.g. the central part of the pluton). This suggests a confinuum of deformation
during the emplacement, the crystallisation and the cooling of the porphyritic
granite. Conversely, magnetic lineations (except those near the northeastern
border), which are not concordant with the regional deformation, are
observed only in areas of magmatic flow (e.g. the western part of the pluton),
suggesting that they are likely related to internal dynamics of the magma
chamber. In the northeastern border of the pluton, the arcuate shape of the
lineation is likely a consequence of late deformations associated with the

emplacement of the Velay dome (Couturié, 1977 and Ledru et al., 2001).

Although it is quite difficult to interpret the complex pattern of the magnetic
foliation, the general low dip of the foliation throughout the pluton s,
however, in agreement with an extensional deformation that is characterised

by a vertical maximum shortening axis (Z-axis) of the finite strain ellipsoid.

The magnetic fabrics of leucogranites are scattered and different from one
leucogranitic body to another. However, the general NW-SE direction is also
represented suggesting that leucogranites probably record some increments
of the regional deformation. As shown in Section 3.2, the structural and
kinematic pattern of the leucogranite dykes is consistent with the extensional
setting proposed for the porphyritic monzogranite. Since the leucogranites
are younger than the porphyritic granite, the occurrence of NW-SE-trending
lineatfions in both lithologies would indicate that the regional extension
occurred during the emplacement and crystallisation of every facies of the

Margeride complex.



6.3. Feeding and emplacement model

Based on the gravity and AMS results presented above, an emplacement
model can be proposed. Although a full 3D modelling has not been
performed, the combination of an E-W cross-section and the gravity map
gives an overall visualisation of the shape of the pluton. From east to west, it is
a 1-3-km-thick laccolith-like pluton, with four 5-7-km-thick axes that are
interpreted as probable feeder zones. The geometric features and the
organisation of these feeder zones are integrated in the regional tectonic
framework. Furthermore, the microstructures indicate that the internal fabric
was acquired during, or just after, the crystallisation of the magma. Moreover,
as already discussed, this fabric is mainly related to the extensional regional
deformation. Consequently, the regional stretching direction is the same
during the emplacement, the crystallisation and the cooling of the Margeride
complex. Finally, geochronological data allow us to rebuild the history of the
pluton and the successive episodes of emplacement and cooling

experienced by the different facies (Monié et al., 2000 and Talbot, 2003).

A four-stage feeding and emplacement model is proposed (Fig. 13).
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Stages 1-2. Around 310 Ma, the magma chamber of the Margeride complex
was formed by three main feeder zones trending NE-SW to NNE-SSW, which
correspond to three minimum gravity axes (Fig. 13a). These zones can be
interpreted as ‘tension gashes’ or extensional fractures perpendicular to the
NW-SE maximum stretching direction. These feeder zones are linked by
sinistral transfer faults trending NW-SE, which are deduced from the peculiar
shape on the geological map of the Margeride pluton as described above
(Fig. 12). The fourth minimum gravity anomaly, located below the current
Aubrac plateau, is also interpreted as a feeder zone (Fig. 10b). In this case,
the NW-SE-trending Aubrac feeder zone worked as a sinistral transtensional
jog between the two other opening feeder zones of the central part and
Entraygues appendix (Fig. 13b). From these four injection zones, the magma
corresponding to the porphyritic granite expands laterally, mostly along the
NW and SE directions as emplacement is controlled by the NW-SE regional
maximum stretching. Here, the feeder zones widen and result in normal-fault
bounded graben-like valleys. During this stage 2, the inflation of the pluton

roof began above each feeder zone.

Stage 3. The continuing growth of the magma chamber of the porphyritic
granite resulted in a more significant inflation of the pluton roof and a lateral
expansion above the different feeder zones (Fig. 13c). The magma coming
from the different feeder zones gathered in a single large magma chamber.
On the eastern border of the granite complex, the Saint-Christophe-d'Allier
two-mica granite emplaced below the porphyritic granite, but still controlled
by the same tectonic setting. In agreement with the microstructural
observations, it is likely that at this stage, during the magma crystallisation, the
internal fabric of the porphyritic granite recorded some increments of the

NW-SE-trending regional extensional deformation.

Stage 4. Around 300-305 Ma, after the complete crystallisation and cooling of

the porphyritic granite, leucogranite stocks and dykes cross-cut this one (Fig.



13d). The emplacement mode of the leucogranites is not really constrained
by our study. However, leucogranite dykes generally trend NW-SE and NE-SW
and the stocks are often limited by contacts having the same, NW-SE and
NE-SW, directions suggesting that the extensional regional tectonic and the
previous structure of the porphyritic granite may have influenced the

emplacement of leucogranites.

The emplacement of the Velay dome around 290 Ma is responsible for late
deformations such as the westward filting of the eastern border of the pluton.
Presently, the ftilting is consistent with the westward dip of the magnetic
fabrics, the eastward thinning of the porphyritic granite and the exposure of

the lower level of the pluton (Couturié, 1977).

This emplacement model can explain the E-W difference in shape of the
Margeride complex. The eastern and central parts likely experienced a
greater NW-SE stretch during the emplacement period resulting in a larger
size of these areas relative to the narrower western part. The magma supply
was also more important in those larger parts. It is worth noting that
throughout the late Variscan times, the eastern part of the complex shows a
more important magmatic activity than the western one. Indeed, after the
emplacement of the Saint-Christophe-d'Allier two-mica granite, most of the
leucogranites are emplaced in this eastern part of the complex. Then, later,
around 290 Ma, the Velay dome was emplaced more eastwards. This

suggests a repetition of magmatic events in this area during at least 25 Ma.

Our feeding and emplacement model of the Margeride complex controlled
by the late-Variscan extensional regional strain is not in agreement with

previously proposed models (Couturié, 1977, Laboue, 1982 and Feybesse et

al., 1995). The NW-SE-trending magnetic lineation is consistent with the N140-
160°-tfrending ‘oblique’ fabric of the K-feldspar megacrysts, but unlike this one,
the NW-SE-trending magnetic lineation is well developed throughout the
pluton. Furthermore, new feeder zones are suggested by our gravity results.

Indeed, the interpretation of our data is made easier by a better knowledge



of the tectonic setting of this part of the French Massif Central during
Namurian—Westphalian times and by analogy with models emphasising the
compatibility of multiple feeder zones with an extensional setting (e.g.

Vigneresse, 1995).

Our model is also not compatible with the emplacement model proposed for

the Veinazes and Marcoles monzogranitic plutons (Olivier and Améglio, 2002)

located to the NW of the Entraygues appendix (Fig. 2). These two plutons are
coeval with the Margeride monzogranite. Based on gravity and AMS data,
the authors propose a model implying void opening along ENE-WSW-trending
sinistral wrench faults followed by a clockwise rotation of those plutons related
to a NNW-SSE-trending dextral wrench. Although the ‘en-échelon’ geometric
organisation of the feeder zones in our model could be consistent with ENE-
WSW-trending sinistral shear zones, this latter model fails to explain the AMS
paftern in the Margeride complex. Indeed, no general ‘S-shaped’ AMS
pattern is observed in the complex. Furthermore, a sinistral shear model would
imply a steep dip of AMS foliation. On the contrary, the widespread flat-lying
foliation and the NW-SE trend of the lineation throughout the Margeride
pluton do not comply with such an emplacement scheme. In the regional
extensional setting, local variations of the strain field can explain the peculiar
emplacement mode of Veinazes and Marcoles plutons. Moreover, it is worth
noting that a previous model interpreted the shape and internal fabric of the
Veinazes pluton as a kind of ‘tension gash’ opened by a NW-SE-trending
stretching, which is consistent with the regional tectonic framework (Faure,
1995).

Our model takes place in a larger scale setting taking into account the Late
Carboniferous emplacement of plutons and the regional tectonics in the SE
part of the French Massif Central. NW-SE-trending AMS and mineral lineations
are also observed in the two other plutons of the Cévennes area namely, the
Mont-Lozere—Borne and Aigoual—Saint-Guiral—Liron plutons (Talbot, 2003
and Talbot et al., 2004). The NW-SE-tfrending AMS lineation in the southeastern




part of the Margeride complex is parallel to the lineation measured in the
northwestern area of the Mont-Lozere-Borne complex located 10 km more
southward. However, in the two plutons of the Cévennes area, the magnetic
lineation turns E-W, parallel to the E-W-trending late-Variscan stretching and
mineral lineation observed in the host rock surrounding the two plutons. It
seems that a rotation of the extensional direction, from NW-SE to E-W, occurs
south of the Margeride complex up to the southeastern termination of the

Massif Central.

7. Conclusions

The AMS and microstructural study of the Margeride pluton indicates that the
NW-SE-trending late-Variscan extensional regional deformation was recorded
by the internal fabric of the pluton during its emplacement and crystallisation.
The residual gravity anomaly and the 2D model reveal that the magma
chamber of the Margeride porphyritic granite was fed through four zones
located throughout the granite massif. The proposed emplacement model
suggests that regional tectonics played a role in the emplacement
mechanisms since three feeder zones are considered as NE-SW-trending
extensional fractures opened perpendicularly to the maximum stretching
direction, whereas the fourth feeder zone corresponds to a NW-SE-tfrending
sinistral transtensional jog. Sinistral wrench faults act as relay or transfer faults
between the NE-SW-trending feeder zones. Inflation of the pluton roof and
lateral expansion are considered as main space providing mechanisms. As a
whole, the emplacement model corresponds to a kind of pull-apart
compatible with the general late-orogenic extensional setting of the French
Massif  Central. The same extensional regime also influenced the
emplacement of leucogranite dykes along NE-SW-tfrending tension-fractures
and NW-SE-striking faults. Since the early porphyritic granite and the late
leucogranites emplaced during the same regional strain field, the extensional
event lasted during the emplacement of every facies of the Margeride

granitic complex, from the porphyritic one to the late leucogranitic one, that



is at least 10 Ma from 315 to 305 Ma according to geochronological data

(Monié et al., 2000 and Talbot, 2003). This interpretation is consistent with

results obtained on contemporaneous and more southern plutons in the

Cévennes area (Talbot et al., 2004). This suggests that the late-orogenic

extension already acted in the central and the southern parts of the French
Massif Central around 315 Ma.
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