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ntroduction

Two large stratovolcanoes are known in the French
ssif Central: the Cantal and the Mont-Dore Massif
. 1). The youngest of these edifices (Mont-Dore) covers

an area of 500 km2 and rests on the Variscan basement
(Cantagrel and Baubron, 1983). The total volume erupted
from the Mont-Dore Massif has been estimated between
220 km3 and 70 km3 (Brousse, 1971; Cantagrel and
Baubron, 1983; Cantagrel and Briot, 1990; Vincent,
1980; Fig. 1). This massif is composed of two coalescent
stratovolcanoes: the Guéry and the Sancy (Cantagrel and
Baubron, 1983; Nomade et al., 2014a; Pastre and Cantagrel,
2001). The diversity and the wide dispersion of its
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A B S T R A C T

Since the 1960s, an early explosive activity in the Mont-Dore Massif is associated with a

major pyroclastic rhyolitic eruption (5–7 km3) known as the ‘‘Grande Nappe’’ (GN). This

event, linked to the formation of a 6-km-diameter cryptic caldera named ‘‘Haute

Dordogne’’, was before our investigation dated by 40Ar/39Ar at 3.07 � 0.04 Ma. Our new

single-crystal laser fusion 40Ar/39Ar dates obtained on two outcrops of the GN (Rochefort-

Montagne and Ludières) questioned several hypotheses made concerning this ‘‘landmark’’

event of the Mont-Dore Massif history. We demonstrate that: (1) the GN rhyolitic eruption has

occurred much later than previously estimated (i.e. 2.77 � 0.02–0.07 Ma full external

uncertainties); (2) the correlation made between the Vendeix rhyolitic complexes (intra-

caldera position) dated back to 2.74 � 0.04 Ma and the GN is proposed; (3) xenocryst

contamination could be very high (i.e. 70% for the Rochefort-Montagne GN outcrop) and

explains the noticeable older age obtained previously; (4) a link between the GN eruption and

the formation of a caldera is questionable; the hypothesis of a northward-oriented blast

channeled eastward toward the paleo-Allier River is thus proposed.
�C 2017 Académie des sciences. Published by Elsevier Masson SAS. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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pyroclastic products have been used for stratigraphic
correlation and dating of the Plio-Pleistocene formations in
the French Massif Central and elsewhere (Degeai et al.,
2013; Nomade et al., 2010; Pastre and Cantagrel, 2001;
Pastre et al., 2015). Several recent 40Ar/39Ar investigations
have allowed refining the history of the Mont-Dore Massif
explosive activity (Nomade et al., 2012, 2014a,b). These
new chronological constraints have highlighted that the
pyroclastic activity of the massif was more complex that
previously thought and comprised of eight cycles (3.1 Ma
to 300 ka) lasting about 100 ka each (Nomade et al., 2014a).
Despite these recent efforts, several questions remain
open, in particular among the early explosive activity of
the Guéry stratovolcano (cycle G.I and G.II in Nomade et al.,
2014a). The accurate age, the volume and the origin of the
iconic rhyolitic eruption known as the ‘‘Grande Nappe’’
(GN hereafter; Vincent, 1979; 1980) remain elusive,
mainly because of the lack of single crystal 40Ar/39Ar
investigation.

2. The ‘‘Grande Nappe’’: geological background and
current age constraints

The term ‘‘Grande Nappe’’, created by Vincent (1979,
1980), designates the main pyroclastic formation of Mont-
Dore with a rhyolitic composition. This ‘‘eruption’’ is also
known under different names: ‘‘nappe supérieure’’
(Brousse, 1963), ‘‘nappe rhyolitique’’, ‘‘nappe de Rochefort’’
and ‘‘nappe of Sailles’’ (Besson, 1978), ‘‘nappe externe’’
(Brousse, 1984), or Mont-Dore ignimbrite (Pastre and

of Vincent (1979), the GN includes under this general name
all rhyolitic products found under ‘‘the intermediate
complex’’ defined by this author and the ‘‘upper pumice
stones’’ found in the external flanks of the Mont-Dore. The
formation of this GN is suggested to be linked to the
formation of a cryptic caldera named C1 or ‘‘Haute-
Dordogne’’ (Vincent, 1979, 1980). The limit of this caldera
remains unclear as traces of this depression are probably
buried below more recent products. From a chronological
point of view, we now know that in the internal part of the
Guéry stratovolcano the ‘‘upper pumice stones’’ corre-
spond in reality to several trachytic pyroclastic units
emplaced in two phases (G.II: 2.73–2.60 Ma and G.III:
2.40–1.95 Ma) as well as to the younger Sancy stratovol-
cano starting to erupt much later, at about 1.1 Ma (C.I.)
(Nomade et al., 2012, 2014a). Therefore, the GN is by
definition older than 2.73 � 0.02 Ma, which is the age of the
oldest trachytic pyroclastic rock located above the GN (La
Bourboule Haut, Nomade et al., 2014a). The current age of the
GN (i.e. 3.07 � 0.04 Ma (2s uncertainty), Féraud et al., 1990;
Fig. 1) corresponds to the weighted mean of three indepen-
dent ages (i.e. sanidine populations including 5–7 crystals)
coming from a single outcrop (i.e. Sailles). Because of the
ubiquist xenocrystic contamination of the Guéry pyroclastic
products shown in Nomade et al. (2014a), the accuracy of this
age could legitimately be questioned.

Historically, the GN outcrops were divided into two
groups: proximal/internal or distal/external deposits
corresponding to outcrops found inside (e.g., Brousse,
1963; Brousse and Lefèvre, 1966; Ménard, 1979; Pastre,

Fig. 1. Mont-Dore Massif synthetic geological map and sampling location (modified from Cantagrel and Baubron, 1983). The Mont-Dore Massif is

constituted by the Sancy and Guéry stratovolcanoes (Pastre and Cantagrel, 2001). The lower and upper extension limits of the GN caldera are from Mossand

et al. (1982) and Varet et al. (1980), respectively.
1987; Pastre and Cantagrel, 2001; Vincent, 1979, 1980)
Cantagrel, 2001). According to the original suggestion
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 outside (Besson, 1978; Ménard et al., 1980; Ly, 1982;
tre, 1987; Pastre and Cantagrel, 2001) of the limit of
at is considered to be the Haute Dordogne caldera
its. The GN volume was estimated between 7 km3

ousse and Lefèvre, 1966) and 5 km3 (Vincent, 1980),
king it the largest eruptive formation of the Mont-Dore
ssif (Equiv. 5 < VEI < 6; Newhall and Self, 1982).

ever, the GN eruption remains small compared to
 major on-land ignimbrites, which can range between

 and 3000 km3 (Cas and Wright, 1988).
In the internal zone (i.e. intra-caldera), the GN includes

 zeolithized facies found in la ‘‘Bugette’’ and the
olitic pyroclastite pumiceous flow of Fenestre–Bour-
le (‘‘nappe inférieure’’ of Brousse (1963), Brousse and

èvre (1966), Ménard (1979) (Fig. 1) as well as according
Pastre (1987) and Pastre and Cantagrel (2001) all

iceous surges and flows visible between 1000 and
0 m a.s.l. in the Vendeix small valley along road D.88
termediate complex’’ of Vincent, 1979). These pyro-
tic rocks are also found throughout the periphery of the
ourboule city and exposed along the Eau salée ravine

 the Vendeix stream (i.e. the Vendeix-Siège formation
omade et al., 2014a). Between La Bourboule and the

thern part of the Vendeix valley, these formations were
pped by 120 m due to the activity of a normal fault
ible north of the city of La Bourboule (Fig. 1). In the
er zone, the GN lies on top of the volcano-sedimentary
uence made of tuffites, which followed the trachytic
oclastic flow of La Bourboule (Pastre, 1987; Pastre

 Cantagrel, 2001) or ‘‘infrabasale’’ for Ménard
79). However, the presence of the GN inside the
rboule depression, interpreted as the northern edge
he Haute Dordogne caldera, was questioned by the
r/39Ar ages obtained by Nomade et al., 2014a (see
ow), which suggest an age of 2.74 � 0.02 Ma for the
ndeix-Siège’’ formation, which is much younger than

 suggested age for the GN (c.a. 3.07 � 0.04 Ma; Féraud et al.,
0).
In the external zone (i.e. extra-caldera), the GN outcrops
the northern and eastern borders of the Mont-Dore
ssif (Fig. 1), where it has the characteristic facies of a
erent rhyolitic tuff included various amounts of fibrous
ice stones (12–15 m thick in the Rochefort-Montagne

 quarry, for example) (Fig. 2) as well as lithic fragments
 older volcanic events and Hercynian basements rocks

raud et al., 1990). The fibrous pumice stones have an
aline rhyolite composition (SiO2 = 73–74% and 33–36%
normative quartz) similar to that of the rhyolite of
clade found in the Cantal stratovolcano (Besson, 1978).
y represent the ultimate product of the differentiation
cess by fractional crystallization (Ménard et al., 1980;
emant et al., 1980). The paragenesis of these subaphyric

ice stones includes alkali feldspars (sanidine), green
phibole (edenite) and magnetite. Quartz, brown am-
bole, biotite and titanite are only found in the matrix.
rtz and sanidine crystals are present in the matrix with

rce pyroxene, biotite and titanite (Pastre and Cantagrel,
1). The GN is suggested to reach the Allier River on the
t (Fig. 1) (Ly, 1982; Pastre, 1987). Between the Perrier
teau and Rochefort-Montagne, several outcrops are
orted north of Saint-Nectaire – i.e. Ludières; Sailles

(3.07 � 0.04 Ma; Féraud et al., 1990); Farges and Les Arnats
(Fig. 1). The eastern extension of the GN was interpreted as
the channeling of this eruption in a north- and east–west-
oriented system of paleo-valleys (Pastre and Cantagrel,
2001). The same eastward channeling process was proposed
for the four debris avalanches due to westward collapses of
the Guéry stratovolcano dated back to between 2.61 and
2.58 Ma (Nomade et al., 2014a). These events fossilized the
paleo-Allier river and are now exposed in the Perrier plateau
sequence (Bernard et al., 2009; Nomade et al., 2014b; Pastre,
2004).

The current volume and the extent of the GN are based
on the assumption that virtually all rhyolitic products
found north and east of the Mont-Dore belong to this
event. As a matter of fact, the ‘‘Vendeix-Siege’’ rhyolitic
surges and flows found in the left bank of Vendeix stream
in intra-caldera position, considered as an internal
equivalent of the GN (Pastre, 1987; Pastre and Cantagrel,
2001), were dated at 2.74 � 0.02 Ma by Nomade et al.
(2014a) (Fig. 1) suggesting that despite their chemical,
lithological and mineralogical similarities these two events
cannot be correlated anymore. Finally, Nomade et al. (2014b)
also dated a rhyolitic pumice fall stratigraphically below the
GN in the Perrier Plateau (i.e. PER 128 at 3.09 � 0.01 Ma),
suggesting that at least one older event pre-dates the
proposed caldera formation and GN eruption (Fig. 1).

In order to start unravel some of the questions raised by
the recent geochronological investigations and to improve
the precision and accuracy of the GN eruption, we decided
to conduct a detailed 40Ar/39Ar investigation using single
sanidine crystal laser dating on two well-known outcrops
both located north and east of the Mont-Dore Massif (i.e.

Rochefort-Montagne and Ludières). The studied outcrops
are presented in detail below.

3. Detail sampling

Two outcrops were chosen for our 40Ar/39Ar investiga-
tion. They represent two different facies of the GN
according to previous works (Pastre and Cantagrel,
2001; Vincent, 1979). One of the samples is located north
of the proposed caldera limit (i.e. Rochefort-Montagne).
The last one (i.e. Ludières) belongs to the numerous
outcrops known north of Saint-Nectaire and belonging to
the eastern extension of the GN (Fig. 1).

3.1. Rochefort-Montagne

We sampled in an old quarry northeast of the -
Montagne town (entrance along D2089 road,
4584103000N; 284803000E) (Fig. 2a). The GN outcrop is
comprised 12–15-m-high white cliffs visible from the
road (Fig. 2b). The facies found in this quarry consist of a
white coherent rhyolite with only small (mainly <1 cm)
and dispersed fibrous pumice stones. We collected the
samples (i.e. 1 kg of homogeneous fine rhyolite with few
pumice visible) on the cliff located east of the quarry,
about 1 m above the current ground. Only centimetric
darker rock xenoliths were visible to the naked eye.
Because of the lack of large fibrous pumice stones and of
the presence of surge deposits of similar composition
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below the Rochefort-Montagne, this outcrop is inter-
preted as representing the early phase of the GN (Pastre
and Cantagrel, 2001).

3.2. Ludières

The GN outcrops in two small quarries located 300 m
northeast of the hamlet of Ludières (town of Vernet-
Sainte-Marguerite) (4583701200N; 285703800E), 12 km out-
side of the proposed caldera limits (Fig. 1). A minimum
thickness of 8 m could be estimated for the GN in these
quarries. The facies of the GN is distinct from the previous
sample and consists mainly of large fibrous pumice stones
(i.e. 4–6 cm, Fig. 2d) within a white coherent cindy matrix.
This facies is interpreted as ‘‘the main eruptive phase’’ of
the GN (Pastre, 1987). A similar facies is recognized in the
nearby outcrop of Les Arnats (Fig. 1). We collected about
30 large fibrous pumice stones in several zones for our

investigation. Sanidine as well as edenite crystals were
visible to the naked eyes in several pumice stones.

4. 40Ar/39Ar method

Because of the lack of large sanidine in the fibrous
pumice stones in Rochefort-Montagne samples, we decid-
ed to separate sanidine from the coherent rhyolitic matrix,
whereas we worked exclusively on the large fibrous
pumice stones from Ludières. After crushing and sieving,
sanidines ranging from 400 to 500 mm in size were
handpicked under a binocular microscope and then
slightly leached for 5 min in 7% HF acid. For each sample,
about thirty crystals were handpicked and separately
loaded in aluminum disks and irradiated in three different
irradiations of 90 min (IRR 37 for Rochefort-Montagne) and
120 min (IRR 68 for Ludières). Irradiations were made in
the b1 tube of the OSIRIS reactor (French Atomic Energy

Fig. 2. Detailed maps of the two investigated GN outcrops with (a and b) Rochefort-Montagne quarry location and picture; (c and d) Ludières quarry

location and photographs of the large white rhyolitic pumice stones found in this locality.
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mission, Saclay, France). After irradiation, samples
re transferred into a copper sample holder and loaded
ividually into a differential vacuum Cleartran�C win-

. Crystals were individually fused using a Synrad CO2

r at 10–15% of nominal power (ca. 25 W). Ar isotopes
re analyzed using a VG5400 mass spectrometer
ipped with a single-ion counter (Balzers SEV

 SEN) following the procedure outlined in Nomade
l. (2010). Each Ar isotope measurement consisted of

cycles of peak switching of the argon isotopes. Neutron
nce (J) was monitored by co-irradiation of Alder Creek
idines (Nomade et al., 2005). These standards were
ced in the same pit as the samples during irradiation.

 J value for each sample was calculated from analyses of
 ACs-2 single crystal measurements with a nominal age
.193 Ma (� 0.5%) and using the total decay constant of

iger and Jäger (1977). Mass discrimination was assessed
analysis of air pipettes throughout the analytical period,

 was calculated relative to a 40Ar/36Ar ratio of 298.56 (Lee
l., 2006). Several proposed calibrations of the 40Ar/39Ar

onometer are currently in use, yielding ages that vary by
 (Kuiper et al., 2008; Renne et al., 2011). This implied a

erence in the calibrated age for our samples within the
orted total uncertainty. As a consequence, we used the
es of Nomade et al. (2005) and of Steiger and Jäger (1977)

all the ages reported hereafter. Procedural blanks were
asured every two or three unknowns. For a typical 10-min
ic blank, the backgrounds were generally about 3.0–
� 10�17 and 6.0–7.0 � 10�19 moles for 40Ar and 36Ar,
ectively. The nucleogenic production ratios used to

rect for reactor-produced Ar isotopes from K and Ca are
orted in the supplementary dataset (S1 and S2).
Because of the lack of large sanidine in the fibrous

ice stones in Rochefort-Montagne samples, we decid-
to separate sanidine from the coherent rhyolitic matrix,
ereas we worked exclusively on the large fibrous

ice stones from Ludières. After crushing and sieving,
idines ranging from 400 to 500 mm in size were
dpicked under a binocular microscope and then
htly leached for 5 min in 7% HF acid. For each sample,
ut thirty crystals were handpicked and separately

ded in aluminum disks and irradiated in three different
diations of 90 min (IRR 37 for Rochefort-Montagne) and

 min (IRR 68 for Ludières). Irradiations were made in
 b1 tube of the OSIRIS reactor (French Atomic Energy

mission, Saclay, France). After irradiation, samples
re transferred into a copper sample holder and loaded
ividually into a differential vacuum Cleartran�C win-

. Crystals were individually fused using a Synrad CO2

r at 10–15% of nominal power (ca. 25 W). Ar isotopes
re analyzed using a VG5400 mass spectrometer
ipped with a single-ion counter (Balzers SEV

 SEN) following the procedure outlined in Nomade
l. (2010). Each Ar isotope measurement consisted of

cycles of peak switching of the argon isotopes. Neutron
nce (J) was monitored by co-irradiation of Alder Creek
idines (Nomade et al., 2005). These standards were
ced in the same pit as the samples during irradiation.

 J value for each sample was calculated from analyses of
 ACs-2 single crystal measurements with a nominal age
.193 Ma (� 0.5%) and using the total decay constant of

Steiger and Jäger (1977). Mass discrimination was assessed
by analysis of air pipettes throughout the analytical period,
and was calculated relative to a 40Ar/36Ar ratio of 298.56 (Lee
et al., 2006). Several proposed calibrations of the 40Ar/39Ar
chronometer are currently in use, yielding ages that vary by
�1% (Kuiper et al., 2008; Renne et al., 2011). This implied a
difference in the calibrated age for our samples within the
reported total uncertainty. As a consequence, we used the
values of Nomade et al. (2005) and of Steiger and Jäger (1977)
for all the ages reported hereafter. Procedural blanks were
measured every two or three unknowns. For a typical 10-min
static blank, the backgrounds were generally about 3.0–
4.0 � 10�17 and 6.0–7.0 � 10�19 moles for 40Ar and 36Ar,
respectively. The nucleogenic production ratios used to
correct for reactor-produced Ar isotopes from K and Ca are
reported in the supplementary dataset (S1 and S2).

5. 40Ar/39Ar results

Analytical details for each measured crystal are
reported in the supplementary dataset (Tables S1 and
S2). Results are presented as probability diagrams (Deino
and Potts, 1990) and inverse isochrones in Fig. 3. Weighted
mean ages and uncertainties are calculated using IsoPlot
3.0 (Ludwig, 2001) and given at 95% of probability,
including the J flux uncertainty. We also added the total
uncertainty, therefore including the decay constant
between brackets for each sample. A homogeneous
juvenile population is considered relevant when the
weighted mean of these crystals has a probability fit
�0.1. The weighted average ages are calculated including
the J uncertainty throughout the text.

Analytical details for each measured crystal are
reported in the supplementary dataset (Tables S1 and
S2). Results are presented as probability diagrams (Deino
and Potts, 1990) and inverse isochrones in Fig. 3. Weighted
mean ages and uncertainties are calculated using IsoPlot
3.0 (Ludwig, 2001) and given at 95% of probability,
including the J flux uncertainty. We also added the total
uncertainty, therefore including the decay constant
between brackets for each sample. A homogeneous
juvenile population is considered relevant when the
weighted mean of these crystals has a probability fit
�0.1. The weighted average ages are calculated including
the J uncertainty throughout the text.

5.1. Rochefort-Montagne

A total of 14 sanidines were dated for this sample. The
probability diagram is multimodal with four modes
(Fig. 3a). The youngest population (juvenile population)
is comprised of only four crystals and gives a weighted
mean age of 2.76 � 0.03 Ma (0.07 Ma; MSWD = 0.7, P = 0.5),
which suggests the presence of mainly xenocrysts (70% of the
crystals). Because of the low spread (94.7–96.5% of 40Ar*) and
of the limited number of juvenile crystals, we were not able to
calculate a valid inverse isochrone (Fig. 3b and Table S1).

A total of 14 sanidines were dated for this sample. The
probability diagram is multimodal with four modes
(Fig. 3a). The youngest population (juvenile population)
is comprised of only four crystals and gives a weighted
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mean age of 2.76 � 0.03 Ma (0.07 Ma; MSWD = 0.7, P = 0.5),
which suggests the presence of mainly xenocrysts (70% of the
crystals). Because of the low spread (94.7–96.5% of 40Ar*) and
of the limited number of juvenile crystals, we were not able to
calculate a valid inverse isochrone (Fig. 3b and Table S1).

5.2. Ludières

We measured a total of 16 crystals. Excluding one
obviously older xenocryst and three crystals that created a
small tail on the probability diagram, all other crystals
(n = 12) belong to a juvenile population (Fig. 3c). These
crystals allow calculating a weighted mean age of
2.78 � 0.03 Ma (0.07 Ma; MSWD = 0.9, P = 0.5). The corres-
ponding inverse isochrone age calculated using this juvenile
population is self-coherent (i.e. 2.78 � 0.03 Ma; MSWD = 0.9).
The 40Ar/36Ar initial intercept (i.e. 295 � 10) is equivalent to
the atmospheric value (Fig. 3d and Table S2).

We measured a total of 16 crystals. Excluding one
obviously older xenocryst and three crystals that created a
small tail on the probability diagram, all other crystals
(n = 12) belong to a juvenile population (Fig. 3c). These
crystals allow calculating a weighted mean age of

2.78 � 0.03 Ma (0.07 Ma; MSWD = 0.9, P = 0.5). The corres-
ponding inverse isochrone age calculated using this juvenile
population is self-coherent (i.e. 2.78 � 0.03 Ma; MSWD = 0.9).
The 40Ar/36Ar initial intercept (i.e. 295 � 10) is equivalent to
the atmospheric value (Fig. 3d and Table S2).

6. Discussion

The new 40Ar/39Ar age constraints we present bring a
new and important contribution to the understanding of
the GN and questioned hypotheses concerning its age and
origin. First we will discuss the chronostratigraphic
position of this event within the Guéry stratovolcano
history of Nomade et al. (2014a). In a second phase, we will
discuss the genetic link between this eruption and the
cryptic ‘‘Haute Dordogne’’ caldera.

6.1. About the age of the GN

So far, the age of this major rhyolitic eruption relied on a
multi-crystals 40Ar/39Ar investigation, made more than
25 years ago (Féraud et al., 1990). Since this work, the age
of this eruption as well as that of the co-genetic caldera

Fig. 3. 40Ar/39Ar results presented as probability diagrams and inverse isochrones.
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s fixed at 3.07 � 0.04 Ma, early in the history of the Mont-
e Massif (Nomade et al., 2014a; Pastre and Cantagrel,
1). The ages of 2.78 � 0.03 Ma and 2.76 � 0.03 Ma that we
ained for the Rochefort-Montagne and Ludières outcrops,
ectively, are 300 ka younger than expected. We com-

ed in Fig. 4 both results and obtained a weighted age of
7 � 0.02 Ma (0.07 Ma, n = 16, MSWD = 1.1; P = 0.3). We
sidered this age to be the more accurate one for the GN
ption. The difference in age between our work and the age
ained by Féraud et al. (1990) is easily explained by the

presence of xenocrysts within the sanidine populations
analyzed at the time (Fig. 4). We found more contamination
in the Rochefort-Montagne sample (i.e. 70% of the crystals
analyzed), probably because we worked on the crystals from
the matrix rather than ones extracted from fibrous pumice
stones. A xenocrystic contamination was also found in the
‘‘juvenile’’ Ludières large fibrous pumice stones that we
investigated (Fig. 3). Such discrete xenocrystic populations
are likely to have been incorporated into the magma very
near or at the surface in a rapidly cooled pyroclastic flow;
otherwise, it would have resulted in a total resetting of the K/
Ar isotopic system (e.g., Spell et al., 2001). Our results explain
why previous attempts at accurately dating this event were
unsuccessful. The ages we obtained for Rochefort-Montagne
and Ludières are indeed identical within uncertainty limits
with that of the rhyolitic ‘‘Vendeix-Siège’’ formation (i.e.

2.74 � 0.02 Ma; Nomade et al., 2014a) (Fig. 4). Based on this
new geochronological data as well as on geochemical and
mineralogical similarities, this proves that these formations
belong to the same event as the one first suggested by Pastre
(1987). According to these new pieces of information, we
could with confidence say that the position of the GN within
the history of the Mont-Dore Massif should now be
reconsidered.

Following the tephro-stratigraphic history proposed by
Nomade et al. (2014a), the GN ignimbrite could now be
incorporated into the G.II phase of the Guéry and cannot be
considered anymore as part of the early activity of this
stratovolcano (G.I of Nomade et al., 2014a) (Fig. 5). We now
proposed that the Guéry stratovolcano explosive history
started with rather small rhyolitic eruptions scattered
between 3.10 and 3.00 Ma (G.I phase, Fig. 5). This early

4. Ludières and Rochefort-Montagne outcrops: combined 40Ar/39Ar

ability diagram compared to the age of the ‘‘Vendeix-Siege’’ rhyolitic

ice stones (Nomade et al., 2014a). The 40Ar/39Ar multi-crystal ages of

ud et al. (1990) are also reported in the figure. The blue boxes are for

nile crystals, the red ones for xenocrysts.

5. Chronology of the pyroclastic units of the Guéry stratovolcano modified from Nomade et al. (2014a). The new 40Ar/39Ar single-crystal analyses (blue

uvenile crystals, red for xenocrysts) and the corresponding probability diagram are superposed on the previous results of Nomade et al. (2014a,b). GN

 PA correspond to the Grande Nappe and the Perrier debris avalanches (flank collapses of the Guéry), respectively. The PA marks the end of the main

osive activity of cycle ‘‘G. II’’ of the Guéry stratovolcano as defined by Nomade et al. (2014a). The blue strip corresponds to the new age for the GN,
reas the red one corresponds to the previously suggested age (Féraud et al., 1990).
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phase is now found at the base of the Perrier sequence
(Nomade et al., 2014b; Pastre, 2004). This initial explosive
phase was followed by a trachytic explosive activity at the
beginning of the G.II phase (Fig. 5). This activity is well
preserved in the Vendeix area, such as in the so-called
‘‘Bourboule bas’’ pyroclastic unit we previously dated back
to 2.86 � 0.02 Ma (see fig. 9 in Nomade et al., 2014a). The GN
eruption has occurred 2.77 � 0.02 Ma ago, in the middle of
the G.II phase (GN in Fig. 5). In this new tephrostratigraphic
history, the GN preceded by only 200 ka (ca. 2.60–2.58 Ma)
the four lateral flank collapses that affected the Guéry
stratovolcano (Bernard et al., 2009; Nomade et al., 2014a; PA
in Fig. 5). The new tephrostratigraphic history summaries
above involved that most of the pyroclastic products of the
Guéry were emplaced in a relatively short period of time (i.e.

2.86–2.58 Ma) during the G.II phase. This has to be linked
with high magma production rates during this phase of the
Guéry stratovolcano as well as with particular conditions in
the magmatic chamber(s) that would require further
investigations. The comparison between the new single-
crystal analyses from the GN outcrops and the previously
published ages suggest that a majority of the contamination
found within the GN belongs to the trachytic episode
occurring at the beginning of the G.II phase (Fig. 5).

6.2. About the link with the cryptic ‘‘Haute-Dordogne’’

caldera

As said above, Nomade et al. (2014b) also dated a
rhyolitic pumiceous fall below what is considered to be the
GN in the Perrier plateau, which is much older than the GN.
As a consequence, the proposed volume of 5–6 km3 should
be taken with great caution, as some rhyolitic outcrops are
not linked to the GN eruption. However, as we do not
systematically investigate all rhyolitic outcrops, it will
remain hazardous to propose a more precise volume
without a more widespread study. The existence of two
calderas (C.I for the Guéry and C.II for the Sancy) within the
Mont-Dore Massif was heavily debated, especially because
their existence is mainly based on geophysical investiga-
tion, therefore only on indirect evidences (e.g., Cantagrel
and Briot, 1990; Lavina, 1985; Ménard et al., 1980;
Mossand, 1983; Nercessian et al., 1984; Varet et al.,
1980; Vincent, 1980). The location and size of the C.I
‘‘Haute Dordogne’’ caldera is still an open question:
centered on the La Bourboule area for some authors
(Ménard et al., 1980; Varet et al., 1980; Vincent, 1980;
Fig. 1), it was also proposed to be closer to the Guéry Lake
area where some differentiated domes may mark the edge
of the caldera (Cantagrel and Briot, 1990). This last
hypothesis could be rejected as we know that some
domes are much younger than the GN (e.g.,
2.095 � 0.038 Ma (U–Pb age) for Sanadoire; Cocherie et al.,
2009) related to cycle G.III of the Guéry area (Nomade et al.,
2014a; Fig. 5). Some other domes were emplaced following
several eastern flank collapses of the Guéry stratovolcanoes
that mark the end of cycle G.II (Perrier Avalanche; PA in
Fig. 5), and therefore there is probably no link with a caldera
formation occurring 200–300 ka before. One of the argu-
ments put forward to prove the existence of the Haute–
Dordogne caldera is the widespread ignimbrite GN supposed

to be emplaced early in the Guéry stratovolcano history. The
position of the GN within the volcano-sedimentary infilling
of the supposed caldera does not support a genetic link
between the depression and/or low speed anomalies (i.e.

Nercessian et al., 1984; Varet et al., 1980) observed around
the La Bourboule area and the GN eruption itself. The circular
structure within the basement highlighted by Nercessian
et al. (1984) argues in favor of the existence of a depression
interpreted as a ‘‘caldera’’ by the authors. We would like here
to notice that the age of such a structure is unknown and
cannot be directly linked to the GN at 2.77 Ma. Furthermore,
this circular depression is based on extremely low-resolution
3D seismic data compared to the current state of the art of
technology. Another observation which could be made is that
the caldera limits suggested by this circular structure include
the so-called C.2 caldera (Lavina, 1985), which is much
younger, dated back to 719 � 20 ka (full external uncertainty;
Nomade et al., 2012). This depression also includes geo-
graphically the younger (250-m-thick) pyroclastic rocks pile
outcropping in the Mont-Dore Valley dated back to between
640 and 390 ka (Nomade et al., 2012). This suggests that the
low-speed zone highlighted by Nercessian et al. (1984) is
mainly found below unconsolidated pyroclastic materials of
various ages, covering 3.0 Ma of volcanic history, two
superposed stratovolcanoes, and eight pyroclastic cycles
(Nomade et al., 2014a). In conclusion, it is impossible to link
this circular structure to any specific eruption cycle or period
of activity of the Mont-Dore Massif. Finally, according to the
proposed volumes and various sizes of the caldera, the GN
would have left a depression of about 200–250 m in depth
(Cantagrel and Briot, 1990), which is not compatible with the
geophysical and geological evidences put forward by Ménard
et al. (1980), Nercessian et al. (1984), Varet et al. (1980), and
Vincent (1980), who all suggested a much larger and deeper
caldera. It remains that we cannot reject the hypothesis that
the GN is link to a caldera formation but this hypothesis
currently lacks geological, geophysical, and geochronological
evidence. If the circular structure within the basement
known as ‘‘Haute Dordogne’’ caldera really exists, has this
structure been likely formed before the GN eruption? This is a
hypothesis that needs to be considered; however, the
question is: where are the co-eruptive deposits resulting
from its formation? One thing is certain: it is neither the
small-volume rhyolitic eruption found reworked at the base
of the Perrier plateau, nor the tuffites and trachytic flows
below the GN around La Bourboule, which could be linked to
the formation of a large caldera.

To finalize this discussion, we would like here to
explore another hypothesis: has the GN been generated by
a northward-trending lateral blast, or is it rather linked to
the formation of a caldera? With such mechanism, the co-
eruptive products are deposited northward first, following
the blast, and then along an east–west direction channeled
by the Paleo-Allier valley system. This hypothesis explai-
ned the position of the GN within the Vendeix–La
Bourboule volcano-sedimentary succession as well as
the current outcrops of the GN found along the northern
and southern edges of the Vernet stream (Fig. 1). The same
channeling processes have occurred after the four collap-
ses of the eastward part of the Guéry stratovolcano dated
back to between 2.60 and 2.58 Ma (Nomade et al., 2014a)
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 in Fig. 5). We currently cannot favor any hypothesis,
 our work clearly shows that many things are still
esolved and that works mainly done more than 30 years
 need to be reevaluated in the light of the state of the art
nalytical techniques. Despite the recent investigations
t improved our knowledge of the Mont-Dore Massif,
re geochronology, geochemistry and geophysics studies

 critically needed in the future to decipher the origin of
 GN, but also reconstruct the eruptive history and
chemical evolution of the second largest differentiated
canic massif of Europe.

onclusions

The new single crystals 40Ar/39Ar investigation led us to
 following conclusions:

the GN eruption is now precisely dated back to
2.77 � 0.02 Ma (0.07 Ma full external uncertainty) and
belongs to the G.II phase of the Guéry stratovolcano;
the previously proposed 40Ar/39Ar age was corrupted
by unrecognized xenocrystic contamination;
the correlation made between the Vendeix rhyolitic
complexes (intra-caldera position) dated back to
2.74 � 0.04 Ma and the GN is now firmly established;
we propose an alternate hypothesis for the formation
of the GN: a northward blast eruption channeled later
eastward toward the paleo-Allier River.
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moyen. Quaternaire 24, 443–449.

Deino, A., Potts, R., 1990. Single-crystal 40Ar/39Ar dating of the Olor-
gesailie Formation, Southern Kenya Rift. J. Geophys. Res. 95,
8453–8470.
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