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Magma transfer in the upper crust including emplacement at the surface of the Earth, have been regarded as
largely controlled by the regional tectonic activity. While this relationship is well highlighted for systems like
monogenetic, mostly basaltic, volcanic fields, the tectonic control on the transfer and emplacement of magmas in
complex, polygenetic, volcanic systems, remains poorly documented in evolving tectonic settings. The Mont-
Dore Plio-Quaternary volcanic complex (4.7 to 0.3 Ma) is one of such polygenetic volcanic fields as it is
formed of three successive eruptive cycles: The caldera unit (3.3 to 2.2 Ma); The Aiguiller complex (2.5 to 1.5
Ma) and the Sancy stratovolcano unit (1.5 to 0.3 Ma).

Analyzing fractures, fault kinematics and regional lineaments in the Variscan basement, together with attitude
of dikes and volcanic centers alignments of the three volcanic units, we document the influence of the brittle
structuration of the underlying basement on the volcanism distribution over time while regional stress changed.
The late-Variscan NO2EO, and secondary N160, striking crustal faults were reactivated since the Oligocene and
channeled at depth the magma, while similarly oriented faults and fractures triggered the final storage in the
shallow crust and spatial distribution of the volcanic vents. This fault system continued to act from the Miocene
to the present-day uplift, associated with new NO20E striking, flat-lying, fractures. An exception arises during the
upper Miocene while NO60E and N135E striking faults enabled the development of the caldera unit in a NW-SE
extensional context.

The emplacement of the three units from the mid-Pliocene to the end of the Pleistocene while a change in
regional stress field conditions emerged at about 2.5 Ma exemplify the control of the brittle Variscan basement on
the magmatic activity of the Mont-Dore Plio-Quaternary volcanic complex.

2020; Acocella, 2021). In addition, stress concentration nearby magma
chambers at depth, and the load of composite volcanoes near the surface

1. Introduction

At shallow depth, the magmatic plumbing system is mainly
composed of magma-filled planar structures such as inclined sheets,
horizontal sills that may aggregate to form laccoliths and magma
chambers, and vertical dikes. Some of these can reach the surface,
triggering volcanic events (Rubin, 1995; Gudmundsson, 2006; Tibaldi,
2015; Breitkreuz and Rocchi, 2018; Kavanagh, 2018; Gudmundsson,
2020). If magma transport is often regarded as largely controlled by the
regional tectonic activity (Petford, 2000; Bursik, 2009; Cembrano and
Lara, 2009 and references therein), the local stress field can be changed
near crustal weak discontinuities, such as preexisting fractures, regional
scale fault zones, and mechanically contrasted lithologies (Pollard,
1987; Gudmundsson, 2011; Menand, 2011; Maccaferri et al., 2011;
Elshaafi and Gudmundsson, 2016; Kavanagh et al., 2018; Gudmundsson,
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may interfere to modify the local stress field and thus control, together
with the magmatic overpressure, the magma-filled sheets propagation or
arrest (Gudmundsson and Brenner, 2005; Gudmundsson, 2006; Burch-
ardt and Gudmundsson, 2009). In a pristine granitic basement, the stress
field yields magma pathways by reactivating properly oriented preex-
isting fault and fracture networks or by creating new sets of fractures. If
the regional tectonic exerts a control on magma ascent from the deep
sources, it has also a significant role on magma differentiation and the
associated volcanism activity by promoting, or not, the storage at
shallow depth of large volumes of magmas (Cembrano and Moreno,
1994).

In intraplate volcanism, this relationship is well highlighted for
monogenetic, mostly basaltic, volcanic fields (Connor, 1990; Connor
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etal., 1992; Cebria et al., 2011; Von Veh and Németh, 2009; Marti et al.,
2016; Elshaafi and Gudmundsson, 2016). It is also well documented for
polygenetic centered, differentiated, systems such as large-volume cal-
deras that often lies on crustal-scale faults (Bursik, 2009 and references
therein). However, the tectonic control on the transfer and emplacement
of magmas in complex, polygenetic volcanic systems emplaced in
evolving tectonic settings remains, from our knowledge, poorly
documented.

The Mont-Dore Plio-Quaternary Volcanic Field (MDVF herein, 4.3 to
0.3 Ma) is one of such polygenetic volcanic fields as it is formed of three
successive eruptive cycles: The caldera unit (3.3 to 2.2 Ma); the Aiguiller
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complex (2.5 to 1.5 Ma) and the Sancy stratovolcano unit (1.5 to 0.3
Ma). The MDVF lies in the French Massif Central (FMC), which was
essentially inherited from the Variscan orogen (450-280 Ma; Faure,
1995; Bles et al., 1989; Vanderhaeghe et al., 2020) and then experienced
from the Paleocene the establishment of the European Cenozoic Rift
System (ECRIS, Dezes et al., 2004, Michon and Merle, 2001; Merle and
Michon, 2001).

The link between the Plio-Quaternary tectonic activity and the
volcanism of the MDVF has long been established (Brousse, 1971; Vin-
cent, 1980; Varet et al., 1980; Mossand et al., 1982; Brousse et al., 1990)
but the precise influence of the tectonics by reactivation of preexisting
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Fig. 1. A - Simplified geological map of the Mont Dore Volcanic Field area based on available 1:50,000 scale geological maps (Brousse and Tempier, 1981; Brousse
et al., 1990). Caldera rim from Mossand et al. (1982). Inset map: location of the study area (box) in the French Massif Central (France). B — East-West cross section.
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faults has been debated (Mossand et al., 1982; Brousse et al., 1990).
Recent studies have demonstrated that during the period of the MDVF
activity, the regional stress field has evolved from extensive to
compressive conditions (Heidbach et al., 2016; Bellanger et al., 2019).
Hence, it provides an excellent study case to document the control of the
regional tectonics on volcanic activity. By combining measurements of
fractures and regional lineaments in the Variscan basement, with
directional analysis of dikes and volcanic vents alignments of the three
volcanic units, we document how the change in faults reactivation with
respect to the change in regional stress field conditions that emerged
around 2.5 Ma caused an evolution in magma storage and emplacement
of the Mont-Dore Volcanic Field.

2. Geological setting
2.1. he Mont-Dore Volcanic Field

The Mont-Dore Volcanic Field (MDVF) is one of some fifteen discrete
volcanic fields of Cenozoic to Quaternary ages that are scattered in the
French Massif Central (Fig. 1). This volcanism form part of an intraplate
alkaline volcanic province, the Cenozoic European Volcanic Province
(CEVP), that spreads from Spain to Poland and is spatially associated
with a large-scale rift system (ECRIS) surrounding the Alps orogen.
Rifting and volcanism globally formed due to local extension and mantle
upwelling in response to the Alpine orogeny (Lustrino and Wilson, 2007,
and references therein).

The MDVF displays a great complexity in volcano-structural and
petrological respects. It is dominated by differentiated magma compo-
sitions forming both silica-oversaturated and -undersaturated suites
(Brousse, 1961), erupted from a multitude of vents scattered over an
area of the order of 100 sq. km. Petrological and geochemical studies
have shown that the MDVF differentiation suites were mainly formed by
AFC processes (Briot et al., 1991), which implies large-volume crustal
reservoirs at the time, the size, geometry and depth of which are
currently poorly known. Defining the MDVF as linked to the differen-
tiation reservoir(s) (i.e. excluding basaltic vents scattered all over the
MCEF), its eruptive history spans a time interval of broadly 3 M.y., from
ca. 3.2 Ma to 0.25 Ma, while including a few distal trachytes would put
backwards the start of the MDVF activity around 4.3 Ma, based on
available radiometric data (Cantagrel and Baubron, 1983; Mossand
et al., 1982; Nomade et al., 2012) (Fig. 1).

Defining volcanic subunits within the MDVF has hitherto led to
various schemes, mostly from the radiometric record (e.g. Baubron and
Cantagrel, 1980; Cantagrel and Baubron, 1983; Cantagrel and Briot,
1990; Pastre and Cantagrel, 2001; Nomade et al., 2012). Based on
geochronological, spatial, compositional criteria and our own field
survey we here subdivide the Mont-Dore volcanic field into 4 units:

- The caldera unit

In the oldest period, MDVF products are mostly rhyolites, volumet-
rically followed by silica-oversaturated trachytes, then silica-
undersaturated trachytes and less differentiated lavas. Rhyolites occur
dominantly as relatively small-volume (< 10 km3 each) ignimbrites
(Brousse, 1963; Brousse and Lefevre, 1966; Cantagrel and Briot, 1990;
Nomade et al., 2012; Bourdier et al., 2016). These are widely exposed in
paleo-channels as far as 40 km from the central area, mainly to the North
and East. Proximally, they are ponded in a paleo-depression East and
South of the city of La Bourboule. The paleo-depression is geologically
evidenced mostly by ignimbrite thicknesses locally >100 m and by
intervening lacustrine sediments locally several tens of meters thick.
Stratigraphic and compositional data currently allow to distinguish at
least 5 ignimbrites and one discrete plinian airfall unit of rhyolitic
compositions, ranging in age between 3.1 and 2.7 Ma (Bourdier et al.,
2016 and references therein). A strong gravity anomaly broadly co-
incides with the paleo-depression defined geologically (Varet et al.,
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1980). The overall evidence has hitherto led to an interpretation of this
structural depression as a collapse caldera, with conflicting proposals for
its precise size, structural limits, and influence of pre-existing fault
structures on its shape. Brousse (1961) defined the concept of a volcano-
tectonic depression, the limit of which including the Aiguiller and the
Sancy units. More recently, Varet et al. (1980) and Mossand et al.
(1982), from geophysical and field evidence respectively, proposed a
smaller depression that includes La Bourboule et Mont-Dore cities areas
(Fig. 1).

Our stratigraphic and mapping survey (Bourdier et al., 2016) sug-
gests that all rhyolitic plinian eruptions vented from within the caldera
defined by previous authors. A few rhyolitic and trachytic lava bodies
are more or less well exposed in the same area, whose available radio-
metric ages range between 2.6 and 2.1 Ma (Mossand et al., 1982; Can-
tagrel and Baubron, 1983). As a whole, the evidence is that the rhyolitic
volcanism, accompanied by subordinate less differentiated magmas, (1)
occurred in a restricted time interval of 3.1-2.1 Ma according to the
available ages and as no rhyolitic products were emitted later in the
MDVF, and (2) was erupted in a restricted area broadly coinciding with
the reported Mont-Dore caldera. While the caldera remains poorly
defined and is not directly addressed in this paper, we refer to this MDVF
subunit as the caldera unit.

- The Aiguiller unit

In the northeastern part of the MDVF, the Aiguiller unit (Fig. 1a) is a
volcanic domain dominantly consisting of lava flows and domes, and
sparse proximal hyaloclastic products that are likely remnants of sub-
glacial or sub-lacustrine tuff rings or tuff cones (Morel, 1987). Most
Aiguiller magmas have differentiated silica-undersaturated composi-
tions, namely basaltic trachyandesites, trachytes (often termed trachy-
phonolites in the local literature), and phonolites, subordinate
oversaturated trachyandesites being also present. Available radiometric
ages range between 2.4 and 1.8 Ma (Mossand et al., 1982; Cantagrel and
Baubron, 1983; Morel, 1987), i.e. partially overlap the ages of the
caldera unit defined above. North of the caldera unit and west of the
Aiguiller unit, the Banne d’Ordanche massif (Fig. 1a) is a composite vent
system and lava flow field whose age and compositions are within the
Aiguiller ranges.

- The Sancy unit

In the southern part of the MDVF stands an eroded though
morphologically well identifiable volcano referred to as the Sancy vol-
cano (Cantagrel and Baubron, 1983; Lavina, 1985). This has some
volcanological characteristics in common with classic composite vol-
canoes (stratovolcanoes), being formed of lava flows, domes and related
proximal volcaniclastic deposits of mostly intermediate (trachyandesite
s.l.) magma compositions. The Sancy volcano is quite younger than the
above-mentioned volcanic units, radiometric ages for Sancy products
ranging from 1.1 to 0.2 Ma (Cantagrel and Baubron, 1983; Nomade
et al., 2012). While having volcanological features similar to composite
volcanoes, the Sancy volcano is far from being a simple, well-centered
structure as figured by iconic modern stratovolcanoes worldwide.
Instead its central part consists of a dense network of variously trending
dikes and of numerous vents from which lava flows diverge outwards, or
on which lava domes are setting.

- The Massif Adventif unit

The Massif Adventif is a NO10E-trending group of trachyandesite
domes and adjacent volcaniclastic products that spatially connect the
Sancy volcano and the Aiguiller units over a distance of about 4.5 km.
With respect to magma compositions and ages, the Massif Adventif
could be considered as part of the Sancy volcano. However, its specific
spatial position and structural trending have led to recognize it as a



C. Daffos et al.

specific volcanic group since the very early studies of the MDVF (Lavina,
1985 and reference therein), and in the present work.

As a whole, the MDVF is thus a long-lived (~3 Ma) and quite
dispersed volcanic complex that cannot be described as a single volcano.
Most of the MDVF volcanics can be grouped into the 4 subunits defined
above, which are distinct by their spatial position, age and dominant
magma compositions. From field mapping, it is obvious that the prod-
ucts of those 4 volcanic units partly overlap, as the youngest tend to
cover the older ones. However, the volcanic vents of the 4 units form
discrete clusters, which allows in this study to investigate vents distri-
bution and alignments both within the MDVF as a whole, and in each of
the subunits separately. This will permit to discuss possible variations of
the structural control on the vents’ distribution, depending on the age
and/or the spatial position in the MDVF.

2.2. The Variscan and tertiary basement

Based on differences in lithology, structures such as mineral foliation
and large scales folding, and spatial relationships with crustal scale
structures, namely the Sillon Houiller Fault (SHF), Saint Sauves Fault
(SSF) and Limagne fault zone) (Fig. 1), seven geological domains have
been identified in the Variscan basement and the Tertiary grabens
around the MDVF. From the west to the east:

- The Eygurande metamorphic unit

In the study area, the Eygurande metamorphic unit (called Chavanon
metamorphic sequence by Thiery et al., 2009; Fig. 1) is composed of
alternating micashist, more or less leptynic, gneiss and migmatites.
Large-scale NO140E to N160E trending fractures are morphologically
clearly highlighted by the hydrographic network (I'Eau du Bourg and
tributaries of Chavanon river; Brousse and Tempier, 1981).

- The Bourg-Lastic metamorphic unit

This unit is usually related to the Artense unit described hereafter
(Thiery et al., 2009). We separated this domain as it forms a specific
tectonic block bordered by the SHF to the West and the SSF to the East
(Fig. 1). The metamorphic sequence is mainly composed of orthog-
neisses to the south and biotite-rich micaschists to the North. In the
latter, the foliation is well developed. Because of the large-scale folding,
with an axial plane trending NO30E to NO45E, this foliation strongly
varies in orientation in the northeastern part of the unit. Approaching
the SSF to the west, it progressively becomes parallel to this accident.
N13O0E striking brittle faults are common in this unit and are associated
to a second population mostly parallel to either the SHF or the SSF.

- The Artense metamorphic domain

The Artense metamorphic domain is composed of two gneiss units,
which are separated by a major thrust (Brousse et al., 1990; Fig. 1). The
two units exhibit a N110E to N140E striking foliation dipping 20° to 60°
to the North. Locally foliation bents from NO10E to NO20E. A major late
deformation yielded to kilometer-scale, N140E trending open folds of
the foliation. Particularly developed are two major faults systems
striking ~N140E and ~ NO3O0E in the upper gneissic unit (Brousse et al.,
1990).

- The granites of the Mont-Dore horst

Granitic plutons of various petrographical facies form most of the
substratum beneath the Mont-Dore volcanics (Fig. 1). The most common
facies are represented by biotite granites (La Tour d’Auvergne granite,
Cournols-Saint-Nectaire granite) and two micas-bearing granites (La
Bourboule granite). Due to the volcanic cover, only few major faults are
observed in these granites. To the North, near the city of Rochefort-
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Montagne, NO60E to NO9OE trending faults put in contact the granite
with the lacustrine series of the caldera unit (Bourdier et al., 2016)
pointing out that these faults were actives with a significant normal
component during the upper Pliocene, or later. To the Northwest, the
granite of Cournols-Saint Nectaire is affected by mostly N160E and
NO20E striking fractures, in particular along its contact with the
Limagne basin to the west. Lastly, to the Southeast, a dense N140E to
N160E faults network put in contact the two micas-bearing granite of
Chambon with the lacustrine sediments of the Caldera unit (Brousse and
Tempier, 1981).

- The Saint Alyre orthogneiss

The Saint Alyre orthogneiss is a large metamorphic formation, which
extends from St Alyre and Mazoire to the North to the Bartonnet valley
to the south (Fig. 1). Its western extension is sealed by the volcanic
deposits of the Cezallier stratovolcano and it is limited to the East by the
Limagne tertiary basin. This orthogneiss is affected by N135E and North-
South major fractures. A secondary population is represented by NO40E
to NO5O0E striking faults.

- The Limagne Basin

This ~North-South graben was filled by as much as 2000 m thick
lacustrine sedimentation perturbed by frequent marine incursions dur-
ing the Eocene and Oligocene (Michon and Merle, 2001 and reference
therein, Dezes et al., 2004; Fig. 1). ~N160E and ~NO20E striking faults
affect the sedimentary deposits mainly along the western border of the
graben (the so-called Limagne Fault). This network is also well devel-
oped within the granitic horsts of Champeix and Saint Yvoine.

- The undifferentiated volcanic rocks

This ensemble is constituted of the quaternary volcanic deposits of
the Chaine des Puys to the north and of the Cezallier volcano to the south
(Fig. 1). These volcanic formations were not included in this study as
they are not affected by oldest brittle deformation.

2.3. Tectonic settings

Since the Visean, the Variscan basement has suffered different brittle
tectonic events, which have deeply affected its structure (Faure, 1995;
Bles et al., 1989; Lustrino and Wilson, 2007; Vanderhaeghe et al., 2020).
The tectonic history of this basement is synthesized in Fig. 2 based on a
thorough review of the literature.

During the late Variscan period (330-280 Ma), the FMC experienced
one major NW-SE extension related to the syn-collisional evolution of
the range that is only observable as ductile deformation in the lower
crust units (Faure, 1995, Fig. 2). Then, a N-S horizontal shortening
(combined with E-W horizontal stretching) that progressively rotated E-
W during the Stephanian (Bles et al., 1989; Bellanger et al., 2019). This
setting generated a conjugate system formed of N140E-N170E dextral
and NO10E to NO5O0E sinistral strike-slip faults. This event is responsible
for the establishment of the NNE-SSW crustal fault zone named « Sillon
Houiller » Fault (Thiery et al., 2009; SHF therein; Fig. 1). At the end of
the Paleozoic, the Variscan range was peneplaned.

During the Mesozoic, the Ligurian-Provencal ocean then the Atlantic
Ocean opened, with limited effect on the brittle deformation in the FMC
(Bles et al., 1989). Two successive extensional regimes occurred, a first
E-W extension from early to middle Jurassic followed by a N-S extension
from late Jurassic to Cretaceous (Bles et al., 1989, Fig. 2). Deformation
and topographic relief formation are rather negligible during that period
and the peneplain character was thus accentuated.

The tectonic activity during the Cenozoic was much more important.
In the late Cretaceous and Paleocene, an intraplate compression phase
with N-S horizontal principal shortening occurred, involving a buckling
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of the lithosphere and re-activation of pre-existing crustal discontinu-
ities (Ziegler and Dezes, 2007). During the Eocene, this episode is fol-
lowed by the establishment of the European Cenozoic Rift System
(ECRIS). It is a system of about 1100 km long, composed of a fault set
transect to all the Variscan massif in the Alpine foreland (Dezes et al.,

2004; Michon and Merle, 2001; Michon and Merle, 2001). The origin of
the ECRIS remains debated. While Michon and Merle (2001) invoke a
tectonic origin with a slab-pull model, Dezes et al. (2004) suggested that
the ECRIS is more likely related to a compression-related stress, in front
of the Adriatic plate. In all cases, a mantle thermal anomaly started
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during the Paleocene and caused thinning of the lithosphere beneath the
FMC. The region experienced a major E-W extensive phase with the
implementation of a N-S oriented graben system all around the Alpine
arc (Michon and Merle, 2001). This event had a strong impact on the
structuration of the region, which, until the Cenozoic, had been mostly
affected by the Variscan tectonics. In the meantime, the first volcanic
activities took place in the region, with rare and scattered volcanism in
the North of the FMC, followed by a syn-rift volcanism mainly in the
Limagne sedimentary basin (Fig. 2). During the Miocene, the post-rift
volcanic phase appears at first diachronic between the south and the
North of the FMC (Merle and Michon, 2001). Since the late Miocene,
volcanism spreads throughout the FMC, forming the MDVF among other
volcanic fields.

Two major Variscan crustal fault systems affected the basement in
the study area: the Sillon Houiller Fault and the Saint Sauves Fault. The
Sillon Houiller Fault (SHF) is a major lithospheric vertical, NO20E
trending discontinuity developed during the Variscan orogeny (Joly
et al., 2007; Thiery et al., 2009). In our study area, the SHF is composed
of a 250-400 m wide mylonitic shear zone formed within the Eygurande
sequence and is bounded by a narrow NO20E granitic sheet of 100 to
700 m wide (the Messeix monzogranite; 326 + 4 Ma; Thiery et al.,
2009).

The Saint-Sauves Fault (SSF, etheir named the Tauves-Aigueperse
fault zone by Babuska et al., 2002) consists of a major Variscan crustal
fault branching to the SHF, to the south, and propagating to the North-
East of the FMC with a mean NO45E strike. It is also recorded as a
sinistral strike slip fault along its northern extension in the Morvan
(Babuska et al., 2002).

3. Methodologies
3.1. Brittle structures analysis

We combined three strategies to analyze the brittle structures
developed in the Variscan basement and in the Mont-Dore volcanic
formations, at different scales. Small scale field measurements were
combined with large scale analysis on both 1:50,000 geological maps
and Digital Elevation Model (DEM) grid maps of the study area. Linea-
ment analysis on DEMs is used to highlight potential structures that are
not observable in the field and that are not shown in the geological
maps. Microstructural measurements of brittle structures (fractures and
faults) at selected stations yield quantitative information on local paleo-
stresses and crosscut relationships between fractures populations.

3.1.1. Fault analysis from the geological maps

The analysis was performed on an assemblage of four sheets of the
1:50,000 scale geological map of France covering the studied area,
namely n°716- Bourg-Lastic (Brousse and Tempier, 1981), n°717- Veyre-
Monton (unpublished), n°740- La Tour-d’Auvergne (Brousse et al.,
1990) and n°741- Besse-en-Chandesse (unpublished). Vector digital data
retrieval from the digitized map files allow to create a polylines set
corresponding to all of the mapped faults in the study area and to
measure a weighted mean strike of each one based on the direction of
their constituting segments.

3.1.2. Digital Elevation Model lineament analysis

Regional lineaments detection has been performed based on Digital
Elevation Model (DEM) analysis. Indeed, lineaments can be shown as
alignments of topographic highs or lows or even of slope breaks. If
considering only the ones with a minimum length, such linear shapes
defined as regional lineaments represent topographical features that can
have various geological meanings: fracture, ductile shear zone, cleavage
trajectory, contact between two lithologies or dike, depending on the
spatial resolution of the DEM. The data used in this study is supplied by
the French National Geographic Institute (IGN, 2011) and cover the
overall study area. Data is of raster grid format as a DEM with pixel
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resolution of 25 m and with maximum 2.5 m vertical accuracy (IGN,
2011).

Lineaments have been manually digitized based on some filters
applied to the DEM raster data and using the QGIS GIS software (QGIS.
org, 2024). They include (i) artificial illumination computed for
different directions of artificial light (N, NE, E, SE) to reveal lineaments,
regardless of their orientation, based on the contrast of the shades of the
image obtained and (ii) slope value image to highlight the most prom-
inent effects geological structures could have on the localization of the
relief incision.

It is noteworthy that the digitizing process has been performed in a
range between two scale zooms in the GIS software (that was corre-
sponding from 1:25,000 to 1:80,000 scales on the computer display) in
order to detect topographic lineaments to a scale compatible with the
one of the available 1:50,000 geological maps. Besides, because such
manual analysis could be user dependent, a benchmarking analysis was
made by comparing lineaments detection performed by different oper-
ators and only the resulting common or similar lineaments (both in
location and trend of the corresponding segments) were considered for
further analyses and interpretation. Finally, the strike distribution of
both lineaments and of faults extracted from the geological map have
been analyzed (Fig. 5). In the statistical analysis, direction of each
feature is weighted to its length by computing direction of the sub-
segments constituting the original polylines.

3.1.3. outcrop-scale structural measurements

We conducted joints and shear fractures analysis in 12 stations
distributed around the MDVF and representative of the 7 geological
units defined in the basement (Fig. 3).

6 other sites were measured along two E-W cross sections. For each
site, 50 to 114 fractures were measured. When observed, and in
particular along the SHF, striae kinematics on meter-scale fault planes
were measured. Low dipping joints, i.e. dipping less than about 15°,
were not measured as they can generally relate to either exfoliation or
unloading joints.

3.2. MDVF structural analysis

3.2.1. Directional analysis of volcanic dikes

The dikes network analyzed in this study is a combination of data
from the regular geological maps, the available regional literature, and
our own field measurements.

3.2.2. Spatial analysis of eruptive vents

Features identified here as volcanic vents are lava bodies of limited
areal extent, whose internal structure or original shape allow to identify
them as lava domes. The data set also includes a few scoria cones. For
each of them, an area of uncertainty was estimated considering the
uncertainty on the original extension because of erosion or partial
covering by youngest volcanic products. Uncertainty varies from one
feature to the other and vents can thus be represented as disks of di-
ameters ranging from 106 to 255 m and centered on the eruption
barycenter. The spatial distribution of the volcanic vents was then
analyzed within each of the four volcanic units as defined above.

The spatial distribution of volcanic vents can be characterized by a
degree of randomness, so that the distribution can be classified as
dispersed, clustered or random. In this study, the Poisson nearest
neighbour analysis is used to quantify the degree of randomness in the
distribution of points by comparing their mean nearest neighbour dis-
tance of observed population (ro) with the mean nearest neighbour
distance calculated from an idealized Poisson distribution (re) (Le Cor-
vec et al., 2013). A statistical test proposed by Clark and Evans (1954)
uses an R-index to measure an observed population’s departure from the
Poisson distribution and the c-statistical test to quantify the quality of
the fit with the Poisson distribution. A population with a Poisson dis-
tribution ideally has an R values of 1 and a ¢ value of 0. An R value >1
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means that the distribution is dispersed and an R value <1 means that
the distribution is clustered (Beggan and Hamilton, 2010).

3.2.3. Hough transform method

The Hough transform method allows to locate and automatically
trace points alignments. The Hough transform identifies alignments
between points on a two-dimensional (x-y) plane, by first re-projecting
the replotting points onto a plane defined by parameters (p; 6) (Wadge
and Cross, 1988). For each point (x-y) in a cartesian map plane, an
infinite number of lines with various strikes pass through and rotate on
the point. Each of these lines is characterized by two parameters: the
length (p) of the normal line drawn at a right angle between the align-
ment and the origin point, and the angle (6) between the normal line and
the x axis running through the origin point (Wadge and Cross, 1988).
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The equation of a line is given by:
p = x cosO +y sin0

Then, each point (x-y) from the cartesian map projection is repre-
sented as a continuous sinusoidal curve in the projected Hough plane
and n points aligned on a same line in the map will be represented by n
sinusoidal curves intersecting in (p1, 01). These (pl, 61) parameters
correspond to the localization and the direction of the line of alignment
(Fig. 4.).

This method has been automatized on MATLAB and applied to detect
vents alignments. From a technical point of view, the computational
process is performed through an image grid analysis mode and the map
points alignments are not detected along a line but along a band of width
corresponding to the cell resolution of the image (see black and red
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bands, Fig. 4a).

Thus, the larger is the band width used, the larger is the number of
possible detected aligned points (or dots in the image). The Hough
transform can therefore be considered as an exact estimator of the di-
rection and position of the lines passing through a given number n of
points in the cartesian plane (map) with the bandwidth value corre-
sponding to the uncertainty.

4. Results
4.1. Mapped fault distribution

2761 faults were extracted from the 1:50,000 digital geological maps
(Fig. 5a).
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4.1.1. Faults over the study area

The distribution of the fault orientations over the complete study
area shows a main population made of faults striking from NO20E to
NO45E (Fig. 5a and b). Within this population, the NO20E and NO45E
subpopulations clearly stand out. A secondary population is formed of
faults trending from N135E to NO10E and with no clear main average
direction or sub-population which could be determined. It is noteworthy
that the two ~NO20E and ~ N160E centered populations are homoge-
neously represented in all the geological units.

4.1.2. Variscan basement

Distribution of faults is broadly similar over the different units of the
basement and complies with the fault distribution shown over the entire
area (rose diagram, Fig. 5b).

In all units the NO20E direction clearly appears as a major fault

a 650000 660000 670000 680000 690000 l700000 l71oooo Fault analysis
8 l‘ \y, il ” ‘,///‘\/ /ﬂ' i 7 0 0 P
§ 0 N [ J—’J 4/ Y A N 45 45
3_\ , = -}io'c)eﬁn-ﬁlontagne ;!3' bis A &
N\ i 5o e
\\g //z Laque ___; - £ “' ) ‘
8 : *x 7§ ‘ o & %) bt k%) R 5
§ N 0 90; -SauvesﬁAuver%ne
L= - A
I/ W%\S {éLe Mont-Dor, ;
« Bl 2.
180 — ~ La Tour d'Auvergne, . *" .o
o n=47 2 SO 2%,
g4 >2\ /y T \ *?? 3
3 / ) ;
/ f ,,’X Picherande ;
L / -
o VN
8 &
Ly
7
AR
A

l670000 6801000 6901000

Lineament analysis
] 0 0

700000 710000
] 1

6510000

FANRY
N
1

6480000

Champeix

Monts-Dore Volcanic Field (MDVF)
and undifferenciated rocks

[ ]

Fig. 6. a - spatial (map, left) and directional (rose diagrams, right) distribution o
of lineaments for each domain in the Variscan and Cenozoic. The Mont-Dore vo.
represent the faults measured within the caldera unit. Note that the sum of the

/ Major faults /Lineamentsorfractures

Color legend as in figure 3

f faults and, b - spatial (map, left) and directional (rose diagrams, right) distribution
Icanic units are undifferentiated. Exception comes from the inset rose diagram that
faults (resp. lineaments) number in each domain is larger than the total number of

faults (resp. of lineaments) in the study area as a same fault’s trace (resp. lineament’s one) can intersect several geological domains. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web vers:

ion of this article.)



C. Daffos et al.

direction (Fig. 6a). It forms the primary fault population cross cutting
the Bourg-Lastic and Eygurande metamorphic sequences, the granite of
the Mont-Dore horst and the western limit of the Limagne basin. In
contrast, the NO20E direction appears subordinate in the Artense
metamorphic unit, as the main orientations comprise a NO40E striking
fault family. A secondary main direction comprises N160E faults in the
Eygurande metamorphic sequence, the granite of the Mont-Dore horst
and its MDVF cover, and the western limit of the Limagne basin. The
bimodal set of the N160E and NO20E trending fault populations is
particularly well expressed in the latter unit. In contrast, in the Bourg-
Lastic and Artense units, the secondary population comprises N130E
to N135E trending faults. A last, minor, population formed of N160E to
NOE trending faults is present in all basement units.

4.1.3. The MDVF volcanics

556 faults orientations have been plotted in the maps within the
MDVF. The distribution of the fault orientations is similar to that
observed in the underlying granitic basement of the Mont-Dore. The two
main directions are represented by the N160E and NO40E faults families
while the third, minor NOE population is also well represented (Fig. 6a).
In addition, 47 faults were measured in the La Bourboule volcanic
depression and the bordering granitic basement along its western side
(see red inset rectangle and rose diagram in Fig. 6a). In this restrained
zone, two main orientations are clearly identified; the NO50E to NO60E
and the N120E to N130E trending faults form the primary and secondary
populations, respectively. It should be noticed that the primary NO50E
to NO60E family is closely parallel to the SSF located three kilometers
North of La Bourboule city. Finally, only few NOE trending faults were
found (Fig. 6a).

4.2. Lineament analysis

1562 lineaments were recognized from the DEM analysis in the study
area, including the basement and the MDVF cover (Fig. 5c). This line-
ament population is arbitrary divided into 6 directional classes, every
30° (Fig. 5¢ and d) with each colour corresponding to one class in the
map and the rose diagram.

4.2.1. The lineament pattern over the study area

Unlike the faults pattern extracted from available geological maps
(Fig. 5a), topographic lineaments are recognized over all geological
units in the study area, including basement units and those of the vol-
canic cover. These also appear more evenly dispersed across the map,
although some clusters do exist (Fig. 5¢). Brittle structures must clearly
be developed more intensely within granitic and metamorphic basement
rock units that have undergone different superimposed tectonic events
since the Middle Carboniferous (see Fig. 2). It is therefore logical that
fewer faults may have been drawn within the MDFV units in the map and
lineaments within the MDFV could thus correspond to more diffuse
fracturing. Two main lineaments orientations are recognized (Fig. 5). A
primary lineaments population trends NO30E to NO40OE. This population
is well represented and spatially homogeneously distributed over the
basement and the MDFV cover, East of the SHF (Fig. 5d). The secondary
population is represented by lineaments trending from N120E to N135E
(Fig. 5d). They are well represented in all the zones of the basement. In
the MDVF, this population is better observed in the western and
northwestern areas (Mont-Dore, Laqueuille and La Bourboule, Fig. 5c).
By opposite, N120E to N135E lineaments are nearly absent in the
southern and eastern areas that cover the Sancy volcanics and the Massif
adventif units (Besse, Fig. 5¢). Two minor populations are also docu-
mented (Fig. 5¢). A first one trending NO70E to NO9OE as short linea-
ments well represented in the MDVF and in the nearby basement.
Second, a N170E to NO10E population is concentrated in the North of
the MDVF and in the vicinity of the city of Mont-Dore (Fig. 5c and d).
Finally, it should be noted that NO20E lineaments remain rare, in
particular along the Limagne fault where they appear as particularly
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short and scattered.

4.2.2. Eygurande metamorphic sequence

The number of lineaments recognized in the Eygurande meta-
morphic sequence, West of the SHF, is low and therefore not statistically
representative (N = 66, Fig. 6b). However, some significative differences
with the units East of the SHF can be noticed. Two main orientations are
found. A primary scattered population trending between N135E and
N160E is associated to a secondary NOE to NO20E trending population.
Very few NO3OE to NO40E lineaments are present.

4.2.3. The Bourg-Lastic and Artense metamorphic sequences

Although they are separated by the NO20E trending regional scale
SSF, these two metamorphic units show similar lineament trend pop-
ulations (Fig. 6b). The primary population is composed of NO20E to
NO35E trending lineaments, i.e. mostly parallel to either the SHF or the
SSF. The secondary population is composed of N130E to N140E linea-
ments. This latter is particularly developed in the Artense sequence
(Fig. 6b).

4.2.4. The MDVF and undifferenciated volcanics

The area composed of the MDVF and of the nearby undifferentiated
volcanics to the south (Picherande area), shows a large concentration of
1014 lineaments (Fig. 6b). The lineaments’ distribution is comparable to
the Bourg-Lastic and Artense metamorphic sequences. A well-defined
N130E direction is associated to a secondary population of lineaments
oriented NO45E on average. However, unlike the distribution found in
the metamorphic basement, the latter is much more scattered as it
ranges from NOE to NO8OE (Fig. 6b).

4.2.5. The granites of the Mont-Dore

Because of the volcanic cover, the number of lineaments measured in
the granitic basement of the Mont-Dore is low (N = 401, Fig. 6). The
orientations found are relatively scattered but three main orientations,
namely NO30E, NO40OE and NO8OE are identified. They are also present
along the contact between the granitic basement and the Limagne basin
(N = 44, Fig. 6b; the lineaments have not been measured within this
basin).

4.3. Basement microstructural analysis at reference sites

12 stations have been distributed (i) within all the geological units of
the study area and (ii) along an overall East-West transect (Fig. 7),
perpendicular to the N-S oriented Cenozoic graben system (Michon,
1999) and related regional-scale structures.

4.3.1. The Eygurande metamorphic sequence

In the orthogneisses of the Eygurande unit, the fracture network is
formed of three main fracture populations almost equivalent in per-
centage (WSH, Fig. 7). The first population (representing 23%), is
composed of N160E to N170E striking planes in which two conjugate
families are recognized, both dipping 50° either to the ENE or to the
WSW. The two other populations comprise N130E, and NO40E to NOSOE
striking, strongly dipping, fractures.

4.3.2. The Bourg-Lastic metamorphic sequence

Fracture measurements were performed on aluminous biotite and
muscovite bearing micaschists (station X, Fig. 7). The two steeply dip-
ping N130E and NO40E striking populations found on the other side of
the SHF, in the Eygurande unit, are also well represented as they form
the two main populations (32% and 28% respectively). North-South to
NO20E sticking, almost vertical fractures, representing 18% of the
measurements, form a third population (Fig. 7). This latter is parallel to
the NO20E trending SHF.
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4.3.3. The Artense metamorphic sequence

The station is located in a cordierite migmatite that composes the
northern part of this metamorphic sequence (station Ar, Fig. 7). As in the
two previous metamorphic sequences, two main associated populations
composed of highly dipping fractures are identified: NO40E to NO60E
and N160E to N170E fractures that compose 60% of the measurements
(Fig. 7).

The third minor population is represented by conjugate, moderately
dipping, NOE to NO20E striking planes that resemble the third popula-
tion found in the Bourg-Lastic sequence (station X, Fig. 7).

4.3.4. The Sillon Houiller Fault (SHF) zone

Measurements were performed in the NO20E trending, Messeix
granitic sheet (Thiery et al., 2009). On the basis of geometrical crosscut
relationships, two families of conjugate planes were identified among
the scattered planes (only 67 measurements).

The first family consists of ~NO70E striking, mainly south dipping
and predominantly dextral shear fractures that are associated with
~N160E striking, moderately dipping either to the East or the West,
predominantly sinistral shear fractures. Analysis of fault slip from the 34
measured shear planes was performed by using the FaultKin software
(http://www.geo.cornell.edu/geology/faculty/RWA/programs/fault
kin.html; Marrett and Allmendinger, 1990; Allmendinger et al., 2012).
The calculated stress tensor is compatible with a WNW-ESE directed,
closely horizontal, principal paleo-stress direction (Fig. 7, station SH).

Because it crosscuts the previous shear fractures family, the second
family appears as the youngest fractures developed in the Messeix
granite. It is composed of NO20E conjugate planes, gently dipping to the
West and the East respectively (Fig. 7, station SH and Fig. 8a). Orien-
tation and angular relationships point to fractures compatible with a
horizontal, E-W principal paleo stress. However, rare and discrete
slicken-lines (Fig. 7, station SH) together with crosscut relationships
between the two families (Fig. 8a) point to a normal faulting component.
This suggests that these shear fractures developed by a compressional
horizontal field stress were reactivated later on as normal, therefore
extensional, faults.
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4.3.5. The Mont-Dore granitic basement

Brittle deformation of the granitic basement underlying the MDVF
was measured at 8 stations. To the North, one station is located in the
Fontsalade valley, South of Rochefort-Montagne city (Fig. 7, Station
Gsw). To the South, one station is located near La Tour d’Auvergne
(Fig. 7, Station Gsw). In addition, six other stations were selected mostly
along two East-West cross sections. Three fault data sets were acquired
along the Dordogne valley, along its East-west trending course, between
the SSF (Saint-Sauve city), to the West, and the western limit of the
Mont-Dore caldera, to the East (La Bourboule city, Fig. 9 with location in
Fig. 7, transect Tw). Finally, three stations are distributed mostly along
the Couze Chambon river (Fig. 10 with location in Fig. 7, transect Te).

Three families of brittle planes, also observed in the western meta-
morphic units, are common over the granitic basement. The two first
families correspond to the N130E and N160E striking, nearly vertical,
fractures. They represent the main families in the southern (Fig. 7 sta-
tion Gsw), all along the western transect (Fig. 9), and in two stations
along the eastern transect. These families were not observed in the
eastern station of this transect possibly because of the low number of
measurements on a weathered outcrop (30 measurements only, Fig. 10).
In addition, the N130E family is not observed in the North (Fig. 7, sta-
tion Gn). The third family comprises ~NO60E striking fractures. They
are generally strongly dipping excepted in the South (Fig. 7, station
Gsw) where they more gently dip, either to the NW or to the SE.

Conjugate shear fractures similar to those observed in the Messeix
granite (Fig. 8a) were also found in the granitic basement. NO20E
striking, gently dipping, conjugate shear fractures were identified as the
youngest brittle event representing 12% of the measurements in the
western end of the transect Te, close to the SSF (Fig. 9). Because of the
intense fracturing of the outcrop, shear sense and geometrical re-
lationships were hardly visible. Along the eastern Te transect, shear
fractures were also identified. The two-family planes dip as those
measured in the Messeix granite but strike NO40E. Their respective
orientation and their relative displacement argue also at this location for
compressional shear fractures reactivated later on as low angle normal
faults (Fig. 8b). Here again, these conjugate shear fractures that
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represent 12% of the whole measurements, are the youngest brittle
events.

With respect to the fracture populations measured in the western
metamorphic units, three additional populations were found in the
granitic basement. The most represented one (11% to 31% of the data
set), is formed of ~E-W striking fractures. They are present in all sta-
tions. They are composed of vertical planes in the North and in the South
of the granitic basement (Stations Gsw and Gn, respectively; Fig. 7).
Along the two E-W transects, these fracture populations evolve from
vertical to a gently dipping attitude. In particular, along the western
transect Tw (Fig. 9), NO9OE to N10OE planes are vertical in the vicinity
of the Mont-Dore caldera (station c, Fig. 9), while they progressively
tend to gently dip, and even become flat, approaching the SSF (station a,
Fig. 9). The second additional population is represented by N-S to NO10E
striking, vertical fractures. They are particularly developed in the
northern area of the granitic basement (25% of the population, station
Gn, Fig. 7) and are also present to a lesser degree at the western margin
of the Mont-Dore Caldera (Fig. 8c). Finally, the last new brittle popu-
lation observed in the granitic basement is made of NO20E striking fault
systems. They are composed of 4 to 8 parallel, eastward highly dipping,
normal faults (Fig. 8d). These normal fault systems were exclusively
found from place to place, along the eastern Transect Te between Saint
Nectaire and Champeix (Fig. 10). They are particularly well exposed in
the station b (Fig. 10) where field evidence shows that they represent the
youngest brittle event at the outcrop scale. Unfortunately, no field re-
lationships were found with the NO20E gently dipping conjugate shear
fractures in order to decipherer their relative ages.
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4.4. Dike orientation analysis

Directional data sets for the volcanic dikes were acquired for the
Mont-Dore caldera unit (66 measurements), the Aiguiller unit (9 mea-
surements) and the Sancy unit (50 measurements). All the dikes
observed in the field are mostly vertical, or highly dipping. Therefore,
only the strikes of the measured dikes are considered (see polar histo-
grams, Fig. 11).

In the Mont-Dore caldera unit, most dikes crosscut the ignimbrites
deposits and the interlayered lacustrine sediments. Two main orienta-
tions are found. First, NO4OE striking dikes are present throughout the
area but they are particularly concentrated along a corridor trending
from the South to the East of La Bourboule (Fig. 11). Second, NO8OE to
NO9OE striking dikes are mostly located North of La Bourboule. A minor
population constituted of N130E to N160E striking dikes was recognized
in our field work, in particular in the Vendeix Valley.

Because of the poor data set, a statistical analysis of the dike orien-
tations in the Aiguiller Unit cannot be performed. Most are NOE to
NO20E striking dikes (Fig. 11).

In the Sancy unit, the data set used comes from field measurements
by Lavina (1985). Although trending orientations of the basaltic to
trachy-andesitic dikes are relatively scattered, and particularly in the
central part of the edifice, two main orientations can be distinguished
(Fig. 11). N115E to N130E striking dikes are well distributed over the
Sancy Massif, while NOE to NO20E striking dikes are mostly localized in
its eastern area (Chaudefour Valley), and especially toward the Adventif
massif to the North-East (Fig. 11).
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Fig. 10. NO20E striking normal faults systems affecting the underlying basement of the MDVF. All views look to NO20E. A and B: conjugate low dipping reverse shear
fractures attributed to a NW-SE directed horizontal compression. White arrows point the subsequent, similarly directed, normal movement. A — a conjugate set of
shear fractures affecting the Messeix granite emplaced along the Sillon Houiller Fault (Station SH, Fig. 7); B — conjugate sets of shear fractures affecting the Saint
Nectaire granite East of the city of Champeix (grey stereogram of site b, Fig. 8). C — set of East dipping normal faults (red stereogram of site a, Fig. 8) at the edge of the
city of Saint Nectaire. D — dense network of vertical fault crosscutting the La Bourboule granite bordering the caldera unit (Fig. 9, location c, La Roche des Fées hill).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.5. Vents distribution and alignments

The eruptive vents identified in the MDVF comprise phonolitic to
trachy-phonolitic, trachy-andesitic to trachytic and rhyolitic lava domes
or lava flow vents. The mafic volcanism (Basaltic vents, either scoria
cone remnants or nec) is ubiquitous in the FMC and remains until now
mostly undated. Therefore, because the basaltic vents cannot be readily
linked to one of our 4 volcanic units, they were not included in the
lineament analysis, and the data set results in 74 “non basaltic” eruptive
vents as displayed in Fig. 12.

4.5.1. Vents map distribution

The DNN (randomness) ratio over the entire MDVF is R = 0.918,
which highlights a quasi-random (R = 1) dispersion with a very limited
clustering tendency throughout the area. Such random distribution is
well adapted to use the Hough transform method to automatically detect
potential points’ alignments; this approach is applied to the recognized
eruptive vents.

The uncertainty radius in the location of the eruptive centers
recognized in the study area ranges from 106 to 255 m (151.3 m on
average). Therefore, in order to get a representative number of vents’
alignments with no over-estimation and considering the minimization of
the noise due to this location uncertainty, bands have been restricted to
100 m width for the Hough transform analysis. This represents ~0.5%
only of the larger width of the map extension considered for this
computation.

4.5.2. Vent alignments
When considering the overall 74 vents of the MDVF, two major
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alignments of six vents each trend NO10E and NO20E (Fig. 13a). Asso-
ciated to these alignments are three secondary alignments composed of
5 vents and that trend NO15E, NO35E and N160E respectively. All are
almost centered on the Sancy and the Adventif units. In addition, several
alignments of either four and three vents were extracted and analyzed
separately for each volcanic unit, as follows.

Two alignments of 4 vents each and trending NO60E and N110E
respectively are found within the Aiguiller unit (Fig. 13c). Several sec-
ondary alignments of three vents are also evidenced. Trending orienta-
tions of most of them range from NO70E to N110E while three NO20E
trending alignments are identified in the eastern edge of the Aiguiller
unit, North of the Adventif unit (Fig. 13a and c). Three alignments of
either four and three vents among the fifth alignments clearly trend
NO20E in average (Fig. 13d). Two principal classes of orientations are
observed in the 22 vents of the Sancy unit. The two major alignments
composed of four vents trend NO20E and N130E respectively. In addi-
tion, alignments of three events compose two groups oriented NO20E to
NO50E and N100E to N135E respectively.

5. Discussion

This study presents results of a new structural analysis of the MDVF
and its surrounding basement, at different scales. It combines (i) direc-
tion statistics of faults mapped at 1:50,000 scale, (ii) regional-scale
lineament extraction and (iii) local-scale statistical analysis of frac-
tures orientations for some selected localities. For scale consistency, the
topographic lineaments extraction has been performed to scales ranging
from 1:25,000 to 1:80,000 which includes the 1: 50,000 scale of the
available digital geological maps and corresponding faults features. It is
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Fig. 11. Position and orientation of volcanic dikes over the MDVF (same colour codes as defined in Fig. 5). In the caldera unit (darker grey), 36 dikes measurements
come from the geological maps of Brousse and Tempier (1981), and Brousse et al. (1990) combined with 30 new field measurements (this work). 50 measurements in

the Sancy units from Lavina (1985).

noteworthy that lineaments extraction has not been performed at higher
scale than 1:25,000 and no lineament of <1 km long are thus considered
in this study. This allows to avoid highlighting local topographic effects
which could originate from anthropic activity and that only the regional-
scale topographic lineaments are considered which more certainly result
from geological/structural controls. Besides, the structural analysis of
the Variscan basement units, where both lineaments and faults have
been measured, clearly shows parallelism between the mapped faults
and the lineaments extracted from this analysis (see below). 3D fault
orientation analysis has been performed at outcrop-scale in order to
better constrain the tectonics associated to the brittle structures’ acti-
vation. The 12 stations have been selected (i) to sample all the geological
units of the study area and (ii) for their particularly good outcrop con-
ditions and representativeness of the overall respective units. Statistical
results show comparable orientations between these outcrop-scale
structural measurements and the directions obtained from the analysis
of map-scale faults within the corresponding geological unit (see Fig. 6).
Besides, brittle structures are compared to the distribution and orien-
tation of magmatic eruptive vents and dikes, respectively. The Hough
transform method allows to detect eruptive vents alignments throughout
the overall study area. Given a 100 m uncertainty (i.e. ~0.5% of the
study area width), based on the uncertainty of the eruptive vents loca-
tion (Fig. 12), this automatic approach highlights that vents aligned
along the main map-scale structures.
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As detailed below, this new structural multi-scale analysis allows us
discussing the influence of the brittle structuration of the Variscan
basement units on the MDVF volcanism distribution over time, while
regional stress changed.

5.1. The brittle heritage of the basement

5.1.1. The Variscan heritage

Our structural analyses at various scales of the brittle structures
affecting the Variscan basement highlights the existence of four main
orientations that can be related to the late-variscan brittle events. First,
the main couple of orientations consists of NO20E associated with
N160E faults, lineaments and fractures. They constitute major Variscan
orientations well known over the FMC (Faure, 1995). Indeed, an intense
network formed by NO20E/NO30E and N160E orientations affects the
Saint Alyre gneisses and the Monts Dore granitic basement (Fig. 6;
Michon, 1999). NO20E orientations are also well represented as linea-
ments and faults all along the major Variscan accidents that are the SHF
and the southwestern branch of the SSF (Figs. 5 and 6). A third direction
evidenced in our structural analysis is N130E. This constitutes the main
lineaments population, together with the NO20E direction, in the
Artense units (Fig. 6a). This over-representation of N130E lineaments in
this unit is certainly explicable by the control of gneissic foliation fabric
and the kilometric scale folding, all striking N110E to N140E (Brousse
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Fig. 12. Location and diameters of uncertainty of 74 volcanic vents identified over the MDVF based on Brousse and Tempier (1981), Brousse et al. (1990), Lavina
(1985) and our field work. Because of their limited number, vents related to the Caldera unit are not considered.

et al., 1990), on the hydrographic network. Surprisingly, while N130E
orientations constitute the second main population of lineaments
measured over the studied area (Fig. 5a and b) they are little represented
in the fault population measured on the geological maps (Fig. 5c and d).
Finally, the last main population that emerges from our analysis is
composed of the NO8SOE to NO9OE orientations. This mainly affects the
granitic basement underlying the MDVF as fractures and faults (Figs. 7, 8
and 9) and it stands out also in the lineament analysis (Fig. 6a).

5.1.2. The Oligo-Miocene and Pliocene brittle reactivation

The European Cenozoic Rift System (ECRIS) emerged during the late
Eocene by reactivation of these Variscan, Permo-Carboniferous and
Mesozoic crustal-scale faults in an E-W extensional tectonic setting
(Fig. 2, Fig. 14a). It caused the formation of the Limagne graben in the
region (Bles et al., 1989; Michon and Merle, 2001; Fig. 14a) in response
to a crustal thinning down to about 23 km below the Limagne-MDVF
area (Bergerat et al., 1990). This first stage of the ECRIS has reac-
tivated mainly as normal faults the preexisting N20 and N160 striking
Variscan faults (Merle et al., 2023; Fig. 14a).

During the early Pliocene, the regional differential stress evolves
progressively toward a NW-SE compression (Fig. 14). This post-rift
tectonic phase is characterized by a regional uplift in response to both
the isostatic equilibration of the thinned crust and the change of the
main stress direction (Michon, 1999; Merle and Michon, 2001; West-
away, 2004; Ziegler and Dezes, 2007; Merle et al., 2023). As a
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consequence, NO20E and N160E Variscan faults continued to be reac-
tivated with a normal relative movement while, newly formed set of
parallel, East dipping, NO20E normal faults may have significantly
participated in this vertical accommodation (Fig. 10c). In addition,
compressional NO20E to NO4OE striking and low dipping shear fractures
observed over the studied area as the youngest brittle structures, were
presumably formed during this tectonic event. However, because of the
low displacement recorded in these planes, their contribution to the
regional stress accommodation during the upper Miocene was probably
trivial.

During the upper Pliocene, the regional stress field led to a NW-SE
extension (Ziegler and Dezes, 2007; Fig. 2, Fig. 14). The regional up-
lift in response to the thermal doming became significant. NO20E and
N160E normal faults continued to accommodate the vertical movement
on the western and eastern side of the granitic horst (Fig. 14). Because of
this changing regional stress field, newly generated NOSOE to NO9OE
normal faults developed on the northern side of the granitic basement.
Despite the lack of evidence for the presence of equivalent south dipping
faults in the southern area close to Besse city, a pyramid-shaped horst,
probably centered beneath the present-day Adventif and Sancy units
positions, build-up. This is in this context that the differentiated prod-
ucts of the caldera unit were erupted.
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Fig. 13. Hough transform analysis highlighting vent alignments throughout the MDVF with a band width of 100 m applied (see text for further explanations). Circles
showing location of the center point of the eruptive vents considered (see Fig. 12) with no indication of location uncertainty given here. a — Hough transform
resulting map for all the 74 vents; only alignments of 4 (light blue), 5 (green) and 6 (red) points (vents) are plotted. b — Alignments obtained by the Hough transform
method applied separately on eruptive vents from the Adventif (blue), Aiguiller (yellow) and Sancy (purple) units. Colors of the alignment lines correspond to the one
of the vents’ points in the corresponding massif. ¢, d and e — Hough transform applied to the eruptive vents of the, respectively, Aiguiller, Adventif and Sancy units
taken apart. Light blue lines correspond to the alignment of 4 eruptive vents and the yellow ones to 3. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

5.2. Tectonic control on the MDVF activity

5.2.1. The caldera unit

The extension and shape of this depression remain both elusive as its
southeastern extension is actually largely covered by the younger lava
and pyroclastic flows of the Sancy sequence (Brun, 1975). It is likewise
debated that pre-existing fault structures affecting the granitic basement
could have had a potential influence on the shape of this depression (e.g.
Brousse, 1971; Vincent, 1980; Varet et al., 1980; Mossand et al., 1982).
Our detailed structural measurements in the granitic basement near La
Bourboule in the vicinity of the caldera rim, together with measured
orientations of faults and volcanic dikes crosscutting the volcano-
sedimentary sequence that filled the caldera, yield some constraints.
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The contact between the ignimbrites and the granite near La Bourboule
city is formed by NO10E to NO60E normal faults and N130E faults, their
association forming a dihedral-shaped rim at the decametric scale
(Fig. 9c and 10c). Along the Saint Sauve-La Bourboule cross-section
(Fig. 9), North of the caldera, three main orientations were observed:
NO40E, N130E to N160E, together with a minor N110E direction. All
show large dip variation close to the SSF, where they appear clearly
Variscan in age, while they all progressively become nearly vertical
approaching the caldera’s border. This suggests that all these orienta-
tions were reactivated as vertical faults during the formation of the
depression. West of the caldera, the orientations NO40E to NO60E, that
are absent to the West, develop substantially when approaching the
depression rim. Some of them that dip to the South-East acted as normal
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faults and could be related to the same family planes than the conspic-
uous normal fault mirror plane exposed behind the Choussy thermal
baths (Brousse, 1971). In addition, the northern area of La Gacherie
rhyolitic dome that emplaced within the depression is crosscut by a
dense network of NO8OE to NO9OE, and accessory NO60E, dikes (Vin-
cent, 1980; Brousse et al., 1990). This suggests that the northern side of
the depression in this area may be located beneath the northern side of
the La Gacherie dome and was structured by reactivation of the preex-
isting NOSOE to NO9OE accidents in the granitic basement.

Within the caldera, NO60E, N135E, and secondary N160E, syn-
sedimentary faults affect the lacustrine series emplaced during the
quiescent interplinian period. Meanwhile, most of the dikes crosscutting
the ignimbrites deposits and their interlayered lacustrine sediments
strike NO60E, with a secondary direction close to N160E. The major
N160E lineament recognized in this volcano-sedimentary sequence and
that correspond to the Vendeix valley axis is likely attributed to a
reactivated crustal fault (Varet et al., 1980). The Monneron dome, one
kilometer East of La Bourboule, is connected from its northeast side with
a NO60E striking dike (Brousse and Tempier, 1981) and it is also crosscut
by a similarly oriented fault.

All evidence thus suggests that the NW-SE extension that prevailed
during the caldera unit activity (3.1-2.1 Ma, Fig. 14) reactivated
Variscan NO60E to NOSOE and N135E orientations in the intensively
fractured granitic basement. NO60E to NO8OE orientations acted as
tensile fracture or normal faults and were the main drains for the
magmas near the surface in particular as newly formed brittle structures
within the volcano-sedimentary sequence filling the caldera, while
strike-slip movement along N135E faults accommodated predominantly
the NW-SE extension. The caldera unit is related to the largest differ-
entiation reservoir that was active during the MDVF volcanism. A
dihedral shape of the reservoir might have been controlled by these two
orientations. Briot et al. (1991) proposed a model in which basaltic
magmas issued from partial melting of the upper mantle migrated
through opened fractures in the granitic basement. Following the model
of Feybesse and Lespinasse (1987), they proposed that basaltic magmas
concentrated along N135E striking, East dipping faults along with they
formed a dense anastomosing network of melt-rich pockets that pro-
moted extensive assimilation of the granitic country rocks (12-15% of
assimilation, Briot et al., 1991). They further proposed that melt-rich
fractured zone was continuously filled by ascending primary basaltic
melts, leading to a large magmatic chamber at a shallow depth of 1 to 5
km (Ménard et al.,, 1980). Our study suggests that NO60E were also
major drains, at least at shallow depth. The intense thermal doming,
together with NW-SE extension, probably enhanced the formation of a
shallow magma chamber possibly by providing the creation of accom-
modating space as often invoked for rhyolitic volcanism emplaced in
extensional settings (Bursik, 2009). NO20E to NOS5OE striking, shear
fractures, recognized as the youngest brittle phase (Fig. 8b and 10b) that
acted during the Miocene, may have been reactivated during this late
Pliocene extensive phase as normal low dipping faults, as they are
actually observed (Fig. 10a and a). If so, they could represent a third
family plane that could have formed the root of the reservoir.

Finally, Carlino et al. (2014) suggested that ash-flow calderas
developed under an extensional regime may progressively collapse
without involving only any significant catastrophic collapse related to
the Plinian eruptions. In the caldera unit, this hypothesis is supported by
the abundance of syn-sedimentary faults developed during the quiescent
volcanic phases observed in the intra-plinian lacustrine deposits. This
tectonic effect might have added to the possible collapse of recurrent
syn-eruptive small calderas. Cumulating eruptive and tectonic processes
could might explain the apparent discrepancy between the relatively
large size of the gravity anomaly and of the caldera as previously pro-
posed (Brousse, 1963; Mossand et al., 1982) and the small cumulative
volume of the plinian ignimbrites (explain why the presumed size of the
depression of the caldera unit is generally greater than those that can be
estimated on the basis of the relatively small-volume (< 10 km3 each)
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ignimbrites (Brousse, 1963; Brousse and Lefevre, 1966; Mossand et al.,
1982; Bourdier et al., 2016).

5.2.2. The Aiguiller unit (2.4-1.8 Ma)

The granitic basement underlying the Aiguiller unit is mainly
affected by a series of NO60E to NO9OE faults and fractures (Fig. 7, Gn
station) that control the vent alignments in this area (Figs. 12 and 13).
Some of these faults that are broadly parallel to the Saint-Sauves Fault
(SSF) put in contact the granitic basement with extra-caldera ignimbrite
facies of the unit and are subsequently sealed by lavas flows issued from
the Banne d’Ordanche volcano (Brousse et al., 1990). This indicates a
minimum age of 2.4 Ma for the youngest normal movement that acted
on these faults. This is consistent with the second major phase of uplift
started 5 Ma ago that is responsible for the main phase of elevation of the
Mont-Dore Horst (Michon and Merle, 2001, Fig. 14).

Broadly E-W striking fractures are also well represented (Fig. 7, Gn
station). This direction was not observed in the nearby metamorphic
units. Only one site in the southeastern part of the granitic basement
show similar population of fractures (Fig. 7, station GSW). The NO60E to
NOS8OE faults, together with the secondary N110E orientations, appear
as the main brittle structures that controlled the emplacement of the
monogenetic vents (Fig. 13c). They possibly correspond to the reac-
tivation of preexisting faults inherited from the Stephanian N-S
compression (Bles et al., 1989; Bellanger et al., 2019). Therefore, E-W
orientations that are only found on the northern and southern side of the
Mont-Dore horst may correspond to normal faults that have controlled,
together with NO20E an N160E reactivated Variscan orientations, the
buildup of the pyramid-shaped horst.

N-S striking faults and joints are also present in the basement of the
Aiguiller unit (Fig. 7, Gn and X areas). North-South trending vertical
dikes are distributed from this area to the Sancy unit, to the South
(Fig. 11). This North-South distribution spatially corresponds to the N-S
axis of the Mont-Dore horst. A major North-South trending fault network
has been also recognized just North of the studied area (the Pontgibaud
Fault Zone — PFZ; Bellanger et al., 2019). This crustal scale PFZ, parallel
to the Holocene monogenetic field of the Chaine des Puys (Boivin et al.,
2017) was formed during the Visean then reactivated during the Jurassic
(Bellanger et al., 2019), its most recent reactivation acting during the
Oligocene-Pliocene period, contemporaneously with the uplift of the
Mont-Dore horst.

The migration of the volcanism from the caldera area, located on the
western side of the present-day granitic horst, to the Aiguiller massif
remains largely undiscussed in the previous studies. However, this
transition is contemporaneous with a change in the regional stress
conditions. The NW-SE extensive regime that favored the emplacement
at shallow level of a significant volume of differentiated magmas on the
side of the uplifting granitic horst, progressively disappeared around 2.5
Ma, while new regional stress conditions developed with the establish-
ment of a NW-SW compression, still active nowadays (Mazabraud et al.,
2005; Fig. 14). Therefore, the final ascent of small volumes of such
magmas certainly occurred under the compressional NW-SE stress field.
First, although they remain limited in number, our dike measurements
indicate that N-S Mesozoic fractures were the prime magma drains
(Fig. 11). Second, the general E-W faults network played an important
role on the location of the vents as shown by our statistical alignment
analysis (Fig. 13c). Consequently, it is very likely that the intersections
of these two sets of fractures were possibly the preferential locations for
the volcanic vents of the Aiguiller massif as they acted as a conjugate
fracture set with respect to the main NW-SE regional compressive stress.

5.2.3. The Sancy and Massif Adventif units

The Sancy unit is regarded as a centered volcanic complex emplaced
above a small and deep magmatic reservoir in which the magmatic
differentiation produced almost 75% of trachyandesites (Gourgaud,
2016; Briot et al., 1991).

Because of the lack of outcrops of the granito-gneissic basement in
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the close vicinity of the Sancy unit, the potential tectonic control on the
emplacement of the volcanic vents can be approached only by
combining the vent alignments, and the lineament and the dike orien-
tations analyses. All show the same primary orientations, namely
N110E, NO60OE and NO10E to NO20E trends as already recognized by
Lavina from dike orientations (Lavina, 1985 Fig. 11 and Fig. 13). A
peculiarity comes from the Adventif unit in which the monogenetic
vents, formed mainly of trachy-andesitic domes, form NO20E alignments
(Fig. 11).

Though the basement underlying the Sancy volcano is not exposed,
the evidence suggests its brittle structures exerted a strong control on
magma shallow transfer and emplacement, as the main orientations of
dikes and vent alignments coincide with the regional fault directions
observed in the neighborhood. In the partly eroded volcano core, the
dikes cross cut mostly loose volcaniclastics. Given their high structural
level and the mechanically weak properties of their surrounding de-
posits, it is remarkable that the Sancy dikes are well linear along their
observable length and take such consistent orientations. The same ob-
servations could be made for the dikes observed in the caldera.

Why the magmatism migrated around 1.1 Ma to the South relative to
the Aiguiller system, but still along the axis of the horst, remains unclear.
There is no evidence of a change in the regional stress regime after the
Aiguiller activity, in terms of either main stress direction or intensity.
Instead, similarities in the vent alignment and dikes orientation between
the Aiguiller and the Sancy units are consistent with a constant NW-SE
compression over this period (Ziegler and Dezes, 2007). In particular,
the NO20E and N160E Variscan fault network reactivated since the
Oligocene and during the subsequent uplift remained the main active
drains for the magmas, as further illustrated be the N-S trending Holo-
cene Chaine des Puys monogenetic field (Boivin et al., 2017).

5.3. Comparison with central volcanoes in other tectonic settings

The MDVF emplaced on an upwelling fractured granitic horst while
the regional stress field evolved from a NW-SE extension to a NW-SE
compression. In all units, dike orientations and vent alignments are
closely related to the reactivation of properly oriented fractures in the
granitic basement. This structuration can be compared to other studies
of central volcanoes emplaced either in extension or compression
regimes.

Considering extension settings, central volcanoes emplaced in rift
zones usually show two types of dike swarms and vents distributions.
Dike swarms composed mostly of inclined sheets are usually associated
with vertical dike swarms parallel to the rift zone direction and along
which vents align (e. g. Geitafell volcano, Burchardt and Gudmundsson,
2009; East African rift, van Wyk de Vries and van Wyk de Vries, 2018;
Ardnamurchan volcanic complex, Burchardt et al., 2013). The inclined
dikes forming either ring dikes or cone sheets developed in response to
deflation or inflation episodes of voluminous and long-lived magma
chambers (Tibaldi, 2015). In the MDVF, absence of such inclined dikes
can most likely be the result of the resistant granitic fractured basement
that prevented the formation of new inclined fractures. The limited
vertical subsidence in the Mont-Dore caldera unit, above magma
chambers of limited volume, is thus only accommodated by the reac-
tivation of the dense preexisting fracture network.

In compressional settings, magmas tend to be transported in local-
ized shear zones such as strike-slip or thrust faults (Gonzalez et al., 2009;
van Wyk de Vries and van Wyk de Vries, 2018). Northeast of our study
area only strike-slip crustal faults are recognized (SHF and SSF faults)
but are too far away to have played a role in the magma ascent and
storage of the MDFV. In strike slip systems, pull apart structures may
collect magmas and shelters central volcanoes and calderas (van Wyk de
Vries and Merle, 1998). No major strike-slip fault has been clearly
identified to date in the underlying granitic basement of the Sancy
volcano.

Finally, regardless of the tectonic setting, magma intrusion and the
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load of central volcanoes may change the local stress at shallow depth in
the basement and in the volcanic edifice itself. This may lead to in-
stabilities such as flank lateral collapses (e.g. Mt. Etna, Italy, Tibaldi and
Groppelli, 2002) and gravitational deformation (e.g. Meru volcano,
Tanzania, Delcamp et al., 2018). The limited size of the Sancy volcano
that emplaced in a granitic basement probably prevented such events.

6. Conclusion

The Mont-Dore volcanic complex is a polygenetic volcanic field that
emplaced from the mid Pliocene to the end of the Pleistocene (3.3 to 0.3
Ma) on an uplifting granito-gneissic basement. During this period the
regional stress field evolved around 2.5 Ma from a NW-SE extension to a
NW-SE compression, the later stress field being still active nowadays.

We analyzed faults kinematics, orientations of fractures and regional
lineaments in the Variscan basement and we measured strikes of dikes
and volcanic centers alignments. We evidenced the influence of the
brittle structuration of the underlying basement on the ascent at shallow
depth and final emplacement of magmas by reactivation of properly
oriented preexisting late Variscan and Mesozoic faults networks with
respect to the stress field. The late-Variscan NO20E, and secondary
N160E, crustal faults were reactivated since the Oligocene and mostly
channeled at depth the magmas. In addition, similarly oriented crustal
faults controlled both the final storage of differentiated magmas in the
shallow crust and the spatial distribution of the vents in the Aiguiller
unit and emplacement of the Sancy unit. Finally, we evidenced NO20E,
flat-lying, shear fractures relevant to the Miocene NW-SE compressional
regional stress field, but whose influence on magmas emplacement was
negligible. The main exception arises before 2.5 Ma when NO60E and
N135E faults controlled the emplacement of the caldera unit in an NW-
SE extensional context. This further possibly favored the storage at
shallow depth of a large volume of magma that led to the preeruptive
differentiation of the ignimbritic products (Briot et al., 1991) and the
collapse of a large depression.

This study highlights the close relationships between reactivated
Variscan to Mesozoic brittle structures of the underlying basement and
the transfer, the storage and the final emplacement of the Mont-dore
volcanics as also established for monogenetic, mostly basaltic, volca-
nic fields such as the Holocene Chaine des Puys to the North (Le Corvec
et al., 2013; Boivin et al., 2017).
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