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ABSTRACT

Located in the foreland domain of the Alpine and Pyrenean mountain belts, the French Massif Central presents enigmatic topographic
features—reaching elevations of ~1700 m above sea level and ~1000 m of relief—that did not originate from Alpine compressional nor
from extensional tectonics. Similar to other Variscan domains in Europe, such as the Bohemian, Rhenish, and Vosges/Black Forest Mas-
sifs, a Cenozoic uplift has been postulated, although its timing and quantification remain largely unconstrained. With respect to the other
Variscan Massifs, the French Massif Central is wider and higher and shows a more intense late Cenozoic volcanism, suggesting that
deep-seated processes have been more intense. In this study, apatite fission-track and (U-Th)/He thermochronometry were applied to
investigate the long-term topographic evolution of the Massif Central. Our new thermochronological data come from the eastern flank
of the massif, where sampling profiles ran from the high-elevation region down to the Rhéne River valley floor with a total elevation
profile of 1200 m. Age-elevation relationships, mean track-length distributions, and thermal modeling indicate a two-step cooling history:
(1) a first exhumation event, already detected through previously published thermochronology data, with an onset time during the Creta-
ceous, and (2) a more recent Cenozoic phase that is resolved from our data, with a likely post-Eocene onset. This second erosional event
is associated with relief formation and valley incision possibly induced by a long-wavelength domal uplift supported by mantle upwelling.
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INTRODUCTION

Many mountain belts on Earth are not asso-
ciated with convergent domains and crustal
shortening. These intraplate orogens are
characterized by low seismic activity, slow defor-
mation rates, and a typically long-wavelength
geomorphological pattern with slowly erod-
ing high-elevated plateaus and erosion mainly
focused along their margins (e.g., Stanley et al.,
2013; Scotti et al., 2014). The Massif Central
in France is a striking example of such a non-
convergent mountain; it is located outside of the
European-African plate boundary and was not
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involved in its Cenozoic convergence. It is at pres-
ent day a prominent topographic feature reaching

up to 1700 m above sea level (asl; Fig. 1) with a

low-relief and high-elevation landscape bordered

by incised fluvial valleys (up to 1000 m of relief;
Figs. 1B and 1C), but the processes responsible

for the creation and persistence of this relief have

not yet been clearly elucidated.

The French Massif Central is not unique, and
other portions of the Variscan belt in Central
Europe exhibit a present-day high topography
associated with a potential Cenozoic rejuvena-
tion. For these massifs, the common proposed
uplift phases are interpreted to have been
mainly controlled by the far-field effect of the
Europa-Africa convergence, such as a shorten-
ing event during the Late Cretaceous—Paleocene

https://doi.org/10.1130/L1142.1

and Eocene—Miocene intracontinental rifting
(Ziegler, 1994; Kley and Voigt, 2008). Moreover,
a Cenozoic uplift event has been recognized all
over Central Europe and is usually considered to
have been associated with volcanism and high-
temperature mantle anomalies (Ziegler and
Deézes, 2007). This event occurred with differ-
ent timing and amplitude, suggesting a complex
regional variability that reflects the complexity
of the European geodynamic setting.
Important insights on the Cenozoic geo-
dynamics of the Massif Central can be gained
from the reconstruction of the timing, rates, and
amount of relief growth. Different scenarios can
be proposed for the origin of this present-day
topography, spanning from (1) a long-lasting
persistence of a Variscan mountain range
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Figure 1. (A) Topographic setting and main Cenozoic tectonic features of the western Mediterranean Sea region. (B) Topography of the French Massif
Central. (C) Filtered topography of the French Massif Central at 50 km wavelength.The locations of two swath profiles are shown. (D) Maximum, mini-
mum, and mean elevation along the two topographic profiles, where the yellow lines correspond to the 50 km filtered topography. Bedrock lithologies

are also indicated along the two profiles.

characterized by slow, erosion-induced isostatic
uplift or (2) a recent topographic rejuvenation,
which is supported by many geomorphologi-
cal observations, such as recent river incision,
multiple levels of perched surfaces (Séranne
et al., 2002; Olivetti et al., 2016), and a com-
plex history of burial and exhumation phases
highlighted by thermochronology (Barbarand
etal., 2001; Peyaud et al., 2005; Gautheron et al.,
2009). In the framework of this rejuvenated
topography hypothesis, the ages and mecha-
nisms for a regional uplift are not explicitly
defined and could encompass different phases,
such as a post-Miocene uplift event induced by
the Messinian salinity crisis (Mocochain et al.,
2009; Tassy et al., 2013), a Miocene uplift phase
triggered by mantle upwelling and associated
with extensive intraplate volcanism, or an Oli-
gocene event associated with rifting and opening
of the Liguro-Provencal Basin (Fig. 1A; Séranne
et al., 2002; Faccenna et al., 2010).

The actual timing and mechanisms for the
formation of the topography of the Massif

Central remain unclear, but the general current
interpretation implies a contribution of mantle
upwelling leading in turn to volcanic activity
that deeply shaped the massif landscape since
the Miocene (i.e., Michon and Merle, 2001).
Numerous geophysical campaigns were carried
out in the 1990s and highlighted a seismic low-
velocity zone 150-300 km deep, high heat flux,
and negative Bouguer gravity anomaly (Granet
et al., 1995; Sobolev et al., 1997). All these
observations are consistent with the interpre-
tation of a shallow mantle and thus potential
mantle contribution to the late-stage topographic
evolution of the Massif Central.

Although several studies have reported
geomorphological evidence for river incision
throughout the massif (for a review, see Séranne
etal., 2002), an attempt to reconstruct the large-
scale and long-term topographic evolution
of the massif is still lacking. To address this
question, we performed a new thermochrono-
logical study based on apatite (U-Th)/He and
fission-track analysis and integrated the results

with published data (Barbarand et al., 2001;
Gautheron et al., 2009). Sampling was per-
formed along the eastern margin of the Massif
Central, from the high-elevation surfaces to the
bottom of the Rhone River valley, in order to
cover the entire margin profile (total elevation
transect of 1200 m; Fig. 1D). The eastern margin
should have recorded the erosion signal induced
by any potential uplift within the entire massif
because the long persistence of the Rhone River
formed a stable regional base level for erosion
processes.

GEOLOGICAL SETTING
Tectonic History

The French Massif Central is mainly com-
posed of rocks associated with the Variscan
orogeny (Devonian to late Carboniferous), dom-
inated by granites and high-grade metamorphic
rocks with minor mafic and ultramafic rocks
and late Paleozoic sedimentary cover (Fig. 2A;
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Figure 2. (A) Geological map of the French Massif Central. (B) Main tectonic events and corresponding vertical crustal movements. Pal—Paleocene;
Oli—Oligocene; Mio—Miocene; Qua—Quaternary. (C) Age-elevation relationships from literature data and apparent exhumation rates from linear regres-
sion (colored lines). Samples locations are shown on the map. AFT —apatite fission track; AHe —apatite (U-Th)/He.
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Chantraine et al., 2003). Paleozoic rocks are
overlain by thin Triassic continental sandstones
and by Triassic to Cretaceous mainly carbonate
sediments that characterized the sedimentation
of the entire northern margin of the Tethys basin.
During the Late Cretaceous, the Pyrenean orog-
eny involved mainly the southern portion of
the massif, and it reactivated Paleozoic struc-
tures with mainly strike-slip kinematics (Bles
et al., 1989).

The European Cenozoic rift system event
(i.e., Ziegler 1994), recognized throughout
Western and Central Europe, involved mainly
the northern and eastern parts of the Massif
Central, producing N-S—elongated basins filled
by several hundreds of meters, and locally up
to 1-2 km, of marine to lacustrine sediments
(Limagne, Roanne, Bresse, and Valence basins;
Figs. 2A and 2B). Along the southern margin
of the massif, the European Cenozoic rifting
event overlapped with the opening of the Gulf
of Lion, which induced extensional tectonics
along reactivated Paleozoic features such as the
Nimes and Cévennes faults (Figs. 2A and 2B).

The volcanic history of the Massif Central
starts back in the early Cenozoic, and it evolved
in three main stages (Michon and Merle, 2001,
and references therein): (1) a prerift Paleocene
phase, with limited magmatic production, (2) a
rift-related phase found in the northern part of
the massif only, and (3) the main phase from
ca. 27 Ma to the Quaternary. During this last
phase, the main magmatic activity occurred
from the middle Miocene (ca. 15 Ma) to the
Quaternary with a climax between 9 and 6 Ma,
when the volume of erupted magma was much
larger than during any other magmatic event in
this area. The erupted magmas are subalkaline
to alkaline intraplate-type lavas (Lustrino and
Wilson, 2007).

The Alpine orogeny only marginally affected
the Massif Central, and although the Alpine
frontal thrusts are currently only a few tens
of kilometers to the east, no clear evidence of
Alpine deformation is reported within the crys-
talline basement of the massif (Blés et al., 1989).

Long-Term History of Vertical Movements
in the Massif Central

The Early Triassic topography of the Mas-
sif Central, at the end of the Variscan orogenic
cycle, is interpreted to have been characterized
by low elevations, limited relief, and marginal
plains (Le Griel, 1988) bordered by marine
basins that hosted carbonate sedimentation
(Curnelle and Dubois, 1986). The Variscan base-
ment should have been close to the base level
during the whole Jurassic, without evidence of
prominent topography capable of producing

large fluvial systems and clastic sediments (Le
Griel, 1988). In contrast, an important phase
of surface uplift and consequent crustal exhu-
mation occurred during the Cretaceous, based
on low-temperature thermochronological data
(Barbarand et al., 2001; Peyaud et al., 2005;
Gautheron et al., 2009) and stratigraphic con-
straints (Curnelle and Dubois, 1986). This
Cretaceous exhumation was coeval with the
opening of the Bay of Biscay and slightly pre-
dated the emersion of the “Ithsme Durancien,”
an aerially exposed E-W—elongated area that
emerged during the Cenomanian and led to the
formation of large bauxite deposits. The emer-
sion of the “Ithsme Durancien” was associated
with a NE-SW-—directed extensional tectonic
regime that formed the Vocontian Basin to the
north and South Provence Basin to the south
(Tavani et al., 2018, and references therein).
During the Early Cretaceous, topography of
the southern Massif Central should have been
characterized by long wavelengths of ~500 km
with a moderate amplitude of 300-500 m (Wyns
and Guillocheau, 1999) produced by a far-field
response to the Pyrenean orogeny. Cretaceous
low topography is also suggested by the lim-
ited clastic sedimentation within the subsiding
marine basins, such as the Grand Causse,
coeval with the exhumation of the Cévennes
and Ardeche regions (Barbarand et al., 2001;
Gautheron et al., 2009).

During the Paleocene, large portions of
the southeastern massif, located south of the
Cévennes fault, were emerged, as a consequence
of the Pyrenean compression. Farther north,
where there is not significant evidence of any
Pyrenean activity, the topography was probably
limited to a few hundred meters (Séranne et al.,
2002, and references therein).

Stratigraphic evidence suggests that during
the early Eocene, a large portion of the Mas-
sif Central was close to sea level. Marine clays
and evaporitic deposits are described in the
Velay region, in the central part of the massif
(Girod et al., 1979; Rey, 1971; Turland, et al.,
1994), while the sedimentation in the Bresse
basin recorded marine communication with the
Valence basin and the Mediterranean Sea (Siss-
ingh, 1998). In the southern part of the massif,
marine deposits are described in the Ales basin
(Alabouvette and Cavelier, 1984).

European Cenozoic rifting produced deep
grabens, mainly in the northern massif (e.g.,
Limagne basin), with the deposition of up to
2-3 km of sediments characterized by lacus-
trine-continental facies with regular marine
incursions. Rifting induced medium to high
crustal thinning (between 5% and 25%) but was
not associated with a large emission of volcanic
products (Michon and Merle, 2001). The lack of

synchronous thermochronological cooling ages
also suggests that there was no significant exhu-
mation event (Fig. 2C; Barbarand et al., 2001;
Peyaud et al., 2005; Gautheron et al., 2009).

In the center of the massif (Margeride and
Velay regions), geometric relationships between
river incision and volcanic flows enabled mul-
tiple river incision events to be constrained
between 10 Ma and 7 Ma, which were attrib-
uted to an uplift phase of around 200-300 m
(Michon, 2000, and references therein; Goér de
Herve and Etienne, 1991; Defive and Cantagrel,
1998), while in the Causse region (southern mas-
sif), the incision of the Tarn River was active
already at 13 Ma (Ambert, 1994). In general,
the Miocene to present incision history of most
of the Massif Central area developed first with
a minor phase from 13 to 5 Ma, followed by
a major phase of river incision, evaluated at
around 400 m, suggesting an important and
coeval uplift event (Etienne, 1970; Defive
and Cantagrel, 1998; Michon, 2000; Séranne
et al., 2002). This second uplift phase has been
recently detected by river profile analysis and
cosmogenic nuclide—derived denudation rates
along the eastern margin of the massif, and it
has been consistently evaluated to be of the order
of 300400 m (Olivetti et al., 2016).

Thermochronological Data

Previous thermochronological studies have
focused along the south and southeastern por-
tions of the Massif Central (Fig. 2C). The
Ardeéche and Cévennes areas, where the relief
is greater, were investigated using apatite fis-
sion-track (AFT; Barbarand et al., 2001) and
(U-Th)/He (AHe; Gautheron et al., 2009) dating
on the same set of samples. AFT and AHe ages
were between ca. 130 Ma and 45 Ma, and ther-
mal modeling suggested an exhumation event
with onset at ca. 130 = 10 Ma (Barbarand et al.,
2001). The positive correlation between age
and elevation for the AHe and AFT data was
interpreted to be a consequence of prolonged
exhumation since 130 Ma (apparent exhumation
rate between 0.01 and 0.02 km/m.y.), leading to
slow cooling through the apatite partial anneal-
ing zone (PAZ) and the He partial retention
zone (PRZ).

A very similar thermal history has been
proposed by Peyaud et al. (2005) using AFT
ages (spanning between 147 Ma and 77 Ma)
and vitrinite reflectance data for the region of
the Rouergue and Montagne Noire (Fig. 2C). In
addition to this pre-Cenozoic thermal history,
Barbarand et al. (2001) observed a character-
istic shape of the mean track length (MTL)
versus AFT age relationship in the Cévennes
mountains, where the youngest and oldest ages
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display relatively long mean track lengths, while
the intermediate ages are associated with shorter
track lengths. Such a relationship (“boomerang”
shape) is likely the consequence of a period of
thermal annealing, affecting a set of samples
to various degrees, followed by a discrete cool-
ing event (Green, 1986; Omar et al., 1989). The
oldest ages represent shallower and thus cooler
rocks, preserving most of their tracks and previ-
ous thermal histories, while intermediate ages
(the middle “concave-up” section) represent
rocks that resided a long time within the PAZ
and that are characterized by more severely
shortened tracks. The timing of the cooling
event is recorded by “deepest” youngest sam-
ples, provided that they have MTLs of the order
of 14 pm (i.e., they were at paleotemperatures
>~110-125 °C prior to the last phase of cool-
ing); otherwise, they provide just an upper limit
to this timing. In the data set of Barbarand et al.
(2001), the younger part of the “boomerang”
pattern is less well defined, and the youngest
sample displayed an age of 45 + 2 Ma accom-
panied by a MTL of 12.9 + 0.2 um. Additional
data are required to further elucidate the recent
exhumation history of the Massif Central and
its relationship with geodynamic events and
potential topographic rejuvenation mechanisms.

METHODS

In the context of ancient, slowly eroding oro-
gens, thermochronological methods with low
closure temperatures offer the best opportunity
to detect any recent topographic rejuvenation.
For that purpose, we mainly used apatite (U-Th)/
He dating for its low closure temperature (40—
120 °C; Gautheron et al., 2009; Flowers et al.,
2009; Djimbi et al., 2015), complemented by
some AFT data (closure temperature of 110°
+ 10 °C; Green et al., 1989) for a subset of sam-
ples to expand the time window of investigation.
Samples were collected along pseudo-elevation
profiles, tens of kilometers long, across the east-
ern flank of the massif, encompassing the largest
elevation gradient possible in the area, from the
low-relief, high-elevation surface down to the
bottom of the Rhone River valley, following
the classical sampling strategy used for pla-
teau margin studies (i.e., Persano et al., 2002).
Analytical protocols for apatite AHe and AFT
analysis adopted in this study followed Mahéo
etal. (2013) and Balestrieri et al. (2011), respec-
tively, and the corresponding procedures are
presented in the Appendix.

Bedrock thermal histories were investigated
by inverse and forward numerical modeling
using QTQt and HeFTy software (Gallagher,
2012; Ketcham, 2005). QTQt software was
used for inverse modeling, where observed
AFT and AHe data such as spontaneous, induced,
and horizontal confined tracks, apatite crystal
dimension, amount of uranium and thorium, and
measured age are inverted to find the tempera-
ture-time (7-f) paths compatible with the data.
QTQt and HeFTy software was used in a for-
ward approach, where different thermal histories
are proposed following some specific erosional
scenarios, and predicted data are directly com-
pared to observed data.

The Ketcham et al. (2007) annealing model
and the radiation damage accumulation and
annealing model of Gautheron et al. (2009)
were applied to the AFT and AHe data, respec-
tively. In the case of a long stay in the He PRZ
zone, special attention was paid to the impact of
damage on He retention, as suggested by Ault
etal. (2019).

RESULTS
Thermochronological Data

Fourteen bedrock samples of granite and
high-grade metamorphic rocks were collected
along the eastern side of the Massif Central
(Fig. 3). Single-crystal apatite AHe dating was
performed on all samples, with three to five
replicates resulting in 58 single-grain AHe ages
(Table 1). Single-grain AHe variability within
individual samples reflects variable grain size,
damage content created during alpha decay,
chemical composition, and complex diffusion
processes (Shuster et al., 2006; Flowers et al.,
2009; Gautheron et al., 2009, 2013; Recanati
et al., 2017). AFT dating and track-length mea-
surements were performed on five samples
(Table 2; GSA Data Repository Fig. S1'). In
general, the AHe/AFT ages showed a posi-
tive correlation with elevation (Fig. 3), and
the regression of the AHe age-elevation pro-
file yielded an apparent exhumation rate of
0.04 km/m.y.

The northern profile was composed of four
bedrock samples collected from elevations
between 471 m and 1366 m asl, along the
southern flank of St. Etienne valley. The val-
ley is around 25 km wide, and the horizontal
distance along our sampling profile was 12 km
for a total elevation difference of 900 m (Fig. 3).

Single-grain AHe ages span from 58 + 5 to 131
+ 10 Ma. Five grains were dated for the lower
three samples, while the uppermost sample
yielded only one single-grain AHe age of 131
+ 11 Ma. Two AFT analyses from the highest
and lowest samples showed ages of 93 + 4 Ma
(vo-14, 1136 m asl) with a long MTL of 13.9
+ 0.1 pum (100 measured tracks) and 75 + 4 Ma
(vo-16, 471 m asl) with an MTL of value of
12.7 +0.2 um (51 measured tracks), respectively.

The southern profile was composed of seven
bedrock samples from elevations of 195 m to
922 m, along a horizontal distance of ~40 km,
starting from the low-relief upland surface to the
Rhone River, for a total difference in elevation
of ~700 m. Single-grain AHe ages span from
40 + 3 to 133 + 11 Ma. The three lowermost
samples (vo-1, vo-2, vo-3) showed similar sin-
gle-grain AHe ages with many young replicates
(i.e., between 94 and 40 Ma). Two samples at
350 m (vo-4) and 220 m (vo-3) had AFT ages of
80 +4 Ma with MTL of 12.9 £ 0.2 pm (100 mea-
sured tracks) and 64 + 4 Ma with MTL of 13.3
+ 0.2 um (100 measured tracks), respectively.
Sample vo-3, showing the youngest AFT age,
failed the y? test (P[] < 5%) and is significantly
dispersed (D = 19%; Table 2; Fig. S1). A sin-
gle-grain age distribution failing the y? test and
showing such a high dispersion may be indica-
tive of a complex thermal history (i.e., it resided
for some time at partial annealing temperatures
before ultimately cooling down during the final
exhumation event that brought it to the surface).
The young single-grain AFT ages corresponding
to the second curve of the abanico plot in the
radial plot (Fig. S1) indicate that, in the case of
sample vo-3, the final exhumation event would
have been in the Cenozoic.

Three bedrock samples were collected along
a transect in between the two other profiles (vo-
18, vo-19, vo-21), and they gave single-grain
AHe ages spanning between 55 + 4 and 129
+ 10 Ma. Sample vo-21 is the lowermost sample
collected in this study, and it showed a high
dispersion in single-grain AHe ages. The cor-
responding AFT age is 74 + 4 Ma with MTL of
13.3 £ 0.1 pm (100 measured tracks).

Thermal Modeling

The spread of single-grain AHe ages reflects
different influences on the effective uranium
content (eU, defined as U + 0.235 x Th), the
grain size (sphere equivalent radius, Rs), and
the thermal history (e.g., Gautheron et al., 2009).

'GSA Data Repository Item 2020109, Table S1: Samples coordinates, Lambert93 projection; Table S2: Single-grain age vs. equivalent uranium content; and Figure S1:
Radial plots with abanico curves of apatite fission-track data drawn with Radial Plotter program (Vermeesch, 2009), where each dot represents a crystal; the age can be
read on the intersection between a line linking the origin with a dot and the arc; the precision in age is reported on the x axis; and bars on the axis indicate the standard
error of each measurement, is available at http://www.geosociety.org/datarepository/2020, or on request from editing@geosociety.org.
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The apatite eU content was found to be highly
variable between the different crystals (Table 1),
but within individual samples, it was often posi-
tively correlated with the AHe ages, suggesting
an important radiation damage control on AHe
age dispersion (Fig. S1). This eU-AHe age trend
is similar to the one obtained by Gautheron et al.
(2009) for samples collected some tens of kilo-
meters southward, where the AFT-AHe age
overlap has been proposed to reflect both the
level of radiation damage and the thermal his-
tory. In case of reheating or a long stay in the He
PRZ, a high level of o.-recoil damage can move
the He PRZ to temperatures as high as 120 °C,

4°40°

resulting in a similar closure temperature for
both the AHe and AFT systems (Gautheron
et al., 2009).

To evaluate the thermal evolution of indi-
vidual samples, taking into account both the
influence of the o-recoil damage and grain
size for the AHe system as well as AFT data,
we performed one-dimensional thermal model-
ing using the QTQt software (Gallagher, 2012).
Figure 4 shows the results of the modeling for
the five samples from which AFT data and AHe
ages were available. For inverse QTQt model-
ing, we used the radiation damage model for
He diffusion (Gautheron et al., 2009) with the

45°10°

| 45°

timing of the deposition of Triassic and Juras-
sic limestones as the only external stratigraphic
constraint.

The thermal history of vo-14 (the uppermost
sample) was modeled in two different ways,
with and without the stratigraphic constraint
(red lines in Fig. 4B). We note that the Meso-
zoic stratigraphic constraint does not modity
the post—100 Ma thermal histories, suggesting
that Mesozoic burial under Triassic and Jurassic
sediments is not constrained by the thermochro-
nological data for the uppermost sample.

For the low-elevation samples, the general
thermal history showed a similar trend, with

10 A_FTIages_
single-grain | 5. ]
AHe ages 1400 °
+~8 % 1200 @ ooo
1000 1
. o®
'|@ 103 AFT ages € 8001
(Barbarand = e
et al., 2001) LS 600 ee® °
[
5 400 P
45°20° °
200 | [Yccorcoles)
o0 @

02040 6080 100120 140
Time (Ma)

0 AFT age (this study)
@ single-grain AHe age (this study)
® AFT age (Barbarand et al., 2001)

Figure 3. (A) Topographic map showing the sampling location and thermochronological ages. (B) Age-elevation relationship of the
apatite fission-track (AFT) and single-grain (U-Th)/He (AHe) corrected ages from this study and from Barbarand et al. (2001, two
samples). AFT standard deviations on mean ages and analytical uncertainties on single-grain AHe ages (8%) are within the symbols.
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@ TABLE 1. APATITE (U-Th-Sm)/He DATA
% Sample Elevation Length Width Thickness Weight Rs FT 4He U Th Sm U Th Sm eU Th/U Uncorrected  Corrected Uncertainty
< (masl) (mm) (mm) (mm) (mg)  (mg) (nce/g) (ng) (ng) (ng)  (ppm) (ppm) (ppm) (ppm) (pPPM/ppm) age age
=3 (Ma) (Ma)
<g/> VO-1A 203 158 111 88 3.0 52.8 0.76 1.90E+05 0.1449 0.0184 0.4871 48 6 160 49 0.1 30.7 404 = 3
@ VO-1B 203 164 115 109 3.8 570 0.78 6.11E+05 0.3896 0.0608 0.6328 103 16 168 107 0.2 470 60.2 = 5
=3 VO-1C 203 184 105 80 3.3 52.2 0.73 3.64E+05 0.2197 0.0448 0.5287 68 14 163 71 0.2 42.2 578 = 5
S VO-1D 203 283 175 135 1.2 76.5  0.81 2.75E+05 0.5424 0.0592 0.9372 48 5 84 50 0.1 451 55.7 = 4
5 VO-1E 203 287 164 138 13.1 84.0 0.83 6.01E+05 0.7814 0.1644 0.8537 59 13 65 62 0.2 78.6 94.7 = 8
@ VO-2A 217 193 119 89 4.2 577  0.75 5.02E+05 0.3290 0.1131 0.4954 78 27 17 84 0.3 48.5 64.6 = 5
g VO-2B 217 199 124 112 5.3 632 0.77 1.10E+06 0.6824 0.0524 0.6282 128 10 18 130 0.1 68.7 89.2 = 7
_ VO-2D 217 195 101 98.7 3.8 54.7 0.77 1.02E+06 0.5078 0.0380 0.5302 135 10 141 137 0.1 61.3 79.6 = 6
— VO-2E 217 187 102 95.1 3.6 54.1 0.76 1.04E+06 0.4932 0.1161 0.5212 139 33 147 147 0.2 59.3 78.0 = 6
i VO-3A 213 156 137 117 6.0 64.2 0.81 1.40E+05 0.1280 0.0451 0.8863 21 7 147 23 0.4 474 585 = 5
=) VO-3B 213 103 131 99 3.3 53.0 0.78 1.45E+05 0.0675 0.0466 0.6280 20 14 189 24 0.7 473 60.6 = 5
‘.@ VO-3C 213 161 125 123 5.7 62.4 0.80 2.07E+05 0.1704 0.0514 0.9439 30 9 167 32 0.3 514 642 = 5
= VO-3D 213 156 95 88 3.1 496 0.74 1.87E+05 0.0936 0.1205 0.5276 31 40 173 40 1.3 37.9 512 = 4
= VO-3E 213 162 121 108 5.0 59.7  0.79 2.90E+05 0.1791 0.0820 0.6574 36 16 131 40 0.5 58.9 745 = 6
— VO-4A 323 147 84 71 2.1 435 0.71 6.76E+05 0.0578 0.0165 0.4836 27 8 228 29 0.3 117.8 166.0 = 13
< VO-4B 323 122 75 70 15 39.2 0.68 7.13E+05 0.0552 0.0363 0.4268 37 24 285 43 0.7 86.2 126.8 = 10
% VO-4C 323 185 91 89 2.9 499 0.72 5.45E+05 0.1194 0.0408 0.6976 41 14 239 44 0.3 63.6 88.3 = 7
3 VO-4D 323 99 78 68 1.3 37.8 0.80 4.85E+05 0.0544 0.0389 0.3905 44 31 312 51 0.7 513 642 = 5
e VO-4E 323 133 76 67 1.6 39.8 0.68 1.66E+06 0.0868 0.0458 0.4778 54 28 295 60 0.5 1417 2085 = 17
b VO-4F 323 17 103 66 1.6 425 0.72 5.68E+05 0.0737 0.0120 0.5477 47 8 347 48 0.2 60.9 846 = 7
- VO-6D 725 299 112 104 8.2 63.8 0.79 1.04E+04 0.0061 0.0126 0.0044 1 2 1 1 2.1 773 979 = 8
g VO-7A 463 188 115 99 4.2 582 0.76 7.43E+05 0.3318 0.0293 0.6625 78 7 156 80 0.1 74.9 98.6 = 8
3 VO-7B 463 146 125 103 3.5 56.2  0.75 7.60E+05 0.2379 0.0580 0.6312 69 17 182 73 0.2 85.7 142 = 9
@ VO-7C 463 229.5 156 153 10.0 78.7 0.82 1.05E+06 0.7732 0.0548 1.0563 77 5 106 79 0.1 108.7 1326 = 1
- VO-7D 463 170 113 105 3.8 56.8 0.75 7.13E+05 0.3033 0.0324 0.6915 80 9 182 82 0.1 70.9 945 = 8
- VO-7E 463 225 132 117 8.3 68.8  0.81 6.93E+05 0.5608 0.0299 0.8527 68 4 103 69 0.1 82.8 102.2 = 8
VO-8A 928 178.5 99 87 3.7 520 0.73 1.37E+06 0.5384 0.0331 0.5148 147 9 140 149 0.1 76.1 104.2 = 8
VO-8B 928 129.5 97 78 2.4 46.6  0.70 9.63E+05 0.2490 0.2053 0.4758 103 85 197 124 0.8 63.4 90.6 = 7
a VO-8C 928 90.5 105 97 2.2 46.0 0.75 1.43E+06 0.2961 0.7912 0.3463 137 366 160 225 2.7 52.6 759 = 6
) V0-8D 928 131 110 78 2.2 47.8 0.71 1.83E+06 0.4559 0.0263 0.4391 206 12 199 209 0.1 714 100.6 = 8
= VO-8E 928 168.5 119 81 3.4 539 0.74 1.07E+06 0.3492 0.1198 0.5245 103 35 155 12 0.3 78.6 106.2 = 8
g VO-12A 556 137 134 17 5.1 613 0.80 1.76E+04 0.0118 0.0152 0.0665 2 3 13 3 1.3 46.6 58.2 = 5
a VO-12B 556 139.5 112 99 3.7 542  0.77 2.16E+05 0.0951 0.0501 0.5543 26 14 150 29 0.5 59.2 769 = 6
VO-12C 556 198 92 75 3.3 489  0.71 3.24E+05 0.1327 0.1178 0.5158 40 35 154 48 0.9 53.9 759 = 6
VO-12D 556 2215 105 97 5.3 575  0.77 2.25E+05 0.1307 0.1351 0.5916 25 26 112 31 1.0 58.5 76.0 = 6
VO-12E 556 296.5 220 202 242 1065 0.88 3.74E+04 0.1174 0.0123 0.4020 5 1 17 5 0.1 60.5 68.8 = 6
VO-14A 1123 164.5 114 100 3.6 55.9 0.75 4.64E+05 0.1645 0.1425 0.6241 46 40 174 56 0.9 67.8 904 = 7
VO-14B 1123 138 119 114 4.3 575 0.76 2.29E+05 0.105 0.052 0.566 24 12 131 27 0.5 67.3 885 = 7
VO-14C 1123 151 17 75 35 517  0.73 4.94E+05 0.1387 0.0234 0.6221 40 7 180 42 0.2 95.6 1309 = 10
VO-14D 1123 132 126 89 3.8 546 0.74 3.24E+05 0.1101 0.0325 0.5949 29 9 158 31 0.3 83.0 121 = 9
VO-14E 1123 137 108 76 2.9 491 0.75 4.93E+05 0.1227 0.0216 0.5170 43 8 180 45 0.2 89.5 193 = 10
VO-15D 1358 102 77 62 0.9 36.0 0.62 4.19E+05 0.0300 0.0263 0.2553 32 28 272 39 0.9 814 1313 = 1
VO-16A 461 1295 1M1 103 3.5 534 0.74 1.97E+05 0.0955 0.0415 0.4857 28 12 140 30 0.4 52.1 704 = 6
VO-16B 461 2155 154 108 9.2 716 0.80 2.09E+05 0.2279 0.0222 0.7986 25 2 87 25 0.1 66.1 826 = 7
VO-16C 461 132 116 82 3.2 515  0.73 2.13E+05 0.0872 0.0273 0.4266 27 9 133 29 0.3 57.9 793 = 6
VO-16D 461 339 145 110 13.5 76.2 0.82 2.71E+05 0.4718 0.0087 0.9091 35 1 67 35 0.0 62.9 76.7 = 6
VO-16E 461 1315 106 98 3.2 518  0.73 1.75E+05 0.0780 0.0164 0.4362 24 5 136 26 0.2 54.3 744 = 6
VO-18A 392 1145 106 94 2.7 49.4 0.72 7.93E+05 0.2031 0.0331 0.5100 75 12 188 78 0.2 82.2 141 = 9
VO-18C 392 1915 129 98 6.1 624  0.79 4.95E+05 0.3280 0.0593 0.6557 54 10 108 57 0.2 718 90.9 = 7
VO-18D 392 163 141 98 5.8 62.4  0.77 7.28E+05 0.4390 0.0596 0.5943 76 10 103 79 0.1 76.2 98.9 = 8
VO-18E 392 171 141 115 6.8 66.4  0.81 8.85E+05 0.5434 0.0595 0.7449 80 9 110 82 0.1 88.3 109.0 = 9
VO-19A 366 1075 109 83 2.4 476  0.75 3.66E+05 0.0694 0.0089 0.4405 29 4 181 29 0.1 96.8 129.1 = 10
VO-19D 366 122.5 95 80 2.3 459 0.73 6.35E+05 0.1474 0.0064 0.5270 66 3 234 66 0.0 78.7 107.8 = 9
VO-19E 366 1315 118 73 3.0 496 0.75 5.53E+05 0.1786 0.0548 0.6085 60 18 204 64 0.3 70.0 93.3 = 7
VO-21A 120 164.5 116 106 4.8 58.5 0.78 2.02E+05 0.1475 0.1407 0.6161 31 30 129 38 1.0 43.1 55.3 = 4
VO-21C 120 145 125 115 4.9 59.9 0.79 3.18E+05 0.1541 0.0491 0.6263 31 10 128 34 0.3 75.3 95.3 = 8
VO-21D 120 1235 116 89 3.2 519 0.76 4.53E+05 0.1428 0.0466 0.5776 45 15 182 48 0.3 75.6 99.5 = 8
VO-21E 120 1345 116 96 3.7 542  0.77 6.38E+04 0.1243 0.0518 0.5491 34 14 150 37 0.4 75.2 976 = 8
Note: Crystal weight was determined using the Ca content. Rs—equivalent spherical radius. FT—o-ejection correction after Ketcham et al. (2011). eU—effective uranium.
—
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TABLE 2. APATITE FISSION-TRACK DATA FOR MASSIF CENTRAL

Sample Elevation  p, x10° ng psx10°  ng  p;x10° n; ny P(x?) D Age u Lm s.d. n  Mean Dpar np,,,
(m) (cm=?) (cm=?) (cm=) (%) (%) (Mazio) (ug/lg) (umz1c) (um) (um + 10)
Vo-3_P89-5 221 355 2086 147 1498 138 1400 20 1.6 19 639+38° 461 133+02 18 100 25+03 80
Vo4_P89-6 318 353 2074 164 1154 13.0 914 20 19.9 8 794=x41 434 129+02 18 100 24x03 80
Vo14_P89-3 1136 359 2112 200 1505 13.7 1033 20 80.2 0 932=x44 45.0 13.9+0.1 15 100 25+03 80
Vo_16_P89-7 471 3.50 2061 12.07 855 10.1 855 20 711 0 75.0x4.0 337 127=x02 18 51 22+04 82
Vo_21_P89_4 120 357 2099 165 1072 14.2 923 20 8.3 13 74.0x338 476 13.3x0.1 15 100 23+03 84

Note: Ages were determined by external detector method using a zeta value for dosimeter CN5 = 360 + 11 (referred to Fish Canyon Tuff and Durango apatite standards,
Hurford, 1990). Pooled ages are reported for samples passing the P(x?) test. Elev (m)—sample elevations in meters; p,, p—standard and induced track densities measured
on mica external detectors; p,—spontaneous track densities on internal mineral surfaces, where track densities are given in 10° tracks cm; n, n, and n,—number of tracks
on external detectors and on mineral surfaces; n,—number of counted mineral grains; P(x?)—y? probability (Galbraith, 1981); D—single-grain age dispersion; Age—central
age calculated using TRACKKEY program (Dunkl, 2002); Lm—mean length of confined track length distribution + standard error; s.d. —standard deviation; Dpar—mean
etch pit diameter parallel to the c-axis for age grains; Mean Dpar—mean etch pit diameter parallel to the c-axis + standard error; and n,,,—number of total measured Dpar
for sample. Samples were irradiated in the Lazy Susan facility of the Triga Mark Il reactor of the LENA (Laboratorio Energia Nucleare Applicata), University of Pavia (ltaly).

*Central age.
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Figure 4.Time-temperature history outcomes obtained from QTQt inverse thermal modeling of the apatite fission-track (AFT), mean track length
(MTL), and (U-Th)/He (AHe) data. For each model, the comparison of the modeled vs. obtained data is also shown (note: elevation onset between
single-grain AHe replicates is only for visual clarity). For details of the different statistical models, see Gallagher (2012).
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faster cooling phases from 120 to 100 Ma and
from 70 to 50 Ma, followed by a less well-
defined evolution suggesting a long permanence
around 50—40 °C and then a final cooling phase
until present day. It is noteworthy that the AHe
data for the lowermost samples (vo-3 and vo-21;
Figs. 4C and 4D) allow the thermal history to
be substantially constrained, resulting in very
similar outcomes between the two samples. In
the case of no reliable AHe data, as for sample
vo-4 (too much dispersion in the single-grain
He ages), the Cenozoic thermal history cannot
be precisely defined (Fig. 4E).

DISCUSSION

Regional Distribution of the
Thermochronological Ages

The geodynamic episodes and mechanisms
that shaped the topography of the Massif Cen-
tral are unclear because of the limited available
time constraints for tectonic deformation events
and geomorphological markers. The margin of
the massif records a long morphogenesis his-
tory (see Séranne et al., 2002, and references
therein), evolving under predominantly slow
erosion rates. This is also supported by our new
thermochronological data, which preserve the
record of the Cretaceous exhumation but also
reveal possible evidence for a second Cenozoic
pulse. Cenozoic uplift and consequent ero-
sion (and landscape rejuvenation) have been
postulated by many authors (Barbarand et al.,
2001), although quantification and timing have
remained unconstrained. In the next section, we
will trace the possible Cenozoic uplift signal in
our thermochronological data and in published
studies (Gautheron et al., 2009), and we will try
to quantify the Cenozoic erosion from this data
set. We remark that the slow erosion rates and
limited amount of erosion prevent a straightfor-
ward interpretation of the thermochronological
data, which are not univocal.

Comparing our new data set with the pub-
lished data set of Barbarand et al. (2001) and
Gautheron et al. (2009), we found some com-
mon features that we consider essential for the
interpretation of the eastern margin evolution:
(1) Uppermost samples show Cretaceous AFT
and AHe ages and long MTLs (>13 um); (2) a
complex Cenozoic thermal history is suggested
by the inverse modeling for the lowermost sam-
ples (in particular, for our samples vo-16 and
vo-21; Figs. 4B and 4C); (3) MTL-elevation
relationships show a complex and nonlinear
trend (i.e., a general decrease of MTL from high
elevation/old age toward intermediate elevations
and then a slight increase for the lowermost
and youngest samples; Fig. 5); and (4) large
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Figure 5.The figure shows the thermal histories (forward modeling) of the three lower-
most samples to test three possible scenarios. Line colors and symbols correspond to
the three samples: yellow for vo-3, purple for vo-16, and green for vo-21. (A) Scenario
corresponds to constant cooling since the Cretaceous: lines represent the proposed
thermal histories for the three samples. (B) Comparison of predicted/observed apatite
fission-track (AFT), mean track length (MTL), and single-grain (U-Th)/He (AHe) ages for
scenario shown in A. (C)This scenario corresponds to a single Cretaceous cooling phase:
lines represent the proposed thermal histories. (D) Comparison of predicted/observed
AFT, MTL, and single-grain AHe ages for scenario shown in C. (E) This scenario corre-
sponds to a complex history with a Cretaceous cooling followed by a minor Cenozoic
cooling: lines represent the proposed thermal histories. (F) Comparison of predicted/
observed AFT, MTL and single-grain AHe ages for scenario shown in E.
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differences in AFT and AHe ages (~40 m.y.)
occur between the uppermost and lowermost
samples despite the limited difference in eleva-
tion (~1000 m).

Cretaceous Cooling

The AFT age and MTL of our uppermost
sample (vo-14; 93 + 8 Ma and MTL of 13.9
+ 0.1 um), located at 1136 m asl, are consis-
tent with sample no. 20 (105 = 6 Ma, MTL of
13.76 um at 1500 m) from the Cévennes and
with sample no. 8 (119 + 4 Ma, MTL of 13.71
um at 1185 m) from the Ardeche reported in
Barbarand et al. (2001). The single-grain AHe
ages of our sample vo-14 and sample no. 20
from Cévennes overlap too, being between 88
and 93 Ma, respectively. These new ages sup-
port the interpretation of Barbarand et al. (2001)
and Peyaud et al. (2005) for a relatively fast
and widely diffuse Cretaceous erosion phase,
possibly induced by regional uplift associated
with the Pyrenean rifting event. Initiation of this
phase could have been around 110 + 10 Ma, as
derived by the thermal modeling of our data,
which is consistent with Barbarand et al. (2001).
The observed regional variations could reflect
along-margin changes in tectonic evolution,
which will be discussed below.

Cenozoic Thermal History

The lowermost samples from our study area
show a complex Cenozoic thermal history, and
the inverse modeling did not allow a complete
fitting between observed and modeled data
(Fig. 4). We used the forward modeling approach
(QTQt with radiation damage diffusion model of
Gautheron et al., 2009) to explore the three data
sets (AFT, MTL, and AHe) and predictions in
response to three possible thermal histories cor-
responding to different scenarios (margin erosion
style and massif evolution): (1) constant cooling
from Cretaceous to present, representative of a
long-lasting topographic degradation (associated
with erosion-related isostatic uplift; Figs. SA and
5B); (2) a Cretaceous cooling phase ending in
the mid-Cenozoic and representative of a single
Cretaceous tectonic phase (Figs. 5C and 5D);
and (3) a Cretaceous cooling phase followed by
a phase of thermal stability around 40 °C and
renewed (lower amplitude) cooling during the
late Cenozoic, representative of two main tec-
tonic phases, the first in the Cretaceous and a
minor one in the late Cenozoic (Figs. SE and 5F).

The three lowermost samples of our new data
set have the highest probability of recording a
possible Cenozoic phase, and thus they were
modeled for the two AFT/AHe thermochronom-
eters. Figures SA and 5B show that for constant
cooling since the Cretaceous, the predicted AFT
age and MTL are similar to the observed ones,

while the predicted AHe ages are too young for
all three samples. The thermal history with a
single Cretaceous event (Figs. 5C and 5D; simi-
lar to that proposed for the uppermost samples)
tends to make the AHe ages older and similar to
the observed ones, but it also predicts MTLs that
are too long, making this scenario unlikely for
the lowermost samples. The cooling history with
both Cretaceous and Cenozoic cooling events
allows us to reproduce the AFT age and MTL
well, while it also tends to minimize the differ-
ence between the predicted and observed AHe
ages, at least for the vo-3 and vo-21 samples
(Figs. SE and 5F). In general, the third scenario
seems to best reproduce our overall data set.

MTL Regional Distribution

The relationship of MTL with elevation and
AFT ages is similar in all the three regions of
Cévennes, Ardeche, and our study area (called
the NE margin); the MTLs tend to decrease
from the highest elevation to ~600-400 m,
and then they slightly increase from 400 m to
the bottom of the profile (Fig. 6). This trend
is highlighted by the second-order polynomial
regression curves (calculated with age vs. ele-
vation and then vertically rotated). The same
trend is observed in the MTL versus AFT ages

(Fig. 6D), where the Cévennes (and partially
for the Ardeche and our data too) age patterns
show a typical concave-up “boomerang” shape,
which is commonly observed in passive con-
tinental margins (Green, 1986; Gallagher and
Brown, 1999). Although the overall geodynamic
evolution of the eastern Massif Central is very
different from a continental margin, we note the
similarity in terms of erosional style represented
by a progressive erosive wave from a base level
toward the interior that could produce compa-
rable tectonic and geomorphologic evolution.
In the classical interpretation of these
boomerang shapes for continental margins (Gal-
lagher and Brown, 1999; Wildman et al., 2019),
the upper samples preserve the erosional history
of the premodern margin formation, in our case,
the Cretaceous Pyrenean rifting (blue area in
Figs. 6A—6C), while the lower samples record
the evolution of the modern escarpment (green
area in Figs. 6A—6C). In our case, the ages of the
low-elevation samples do not precisely constrain
the onset of erosion, because exhumation was
not enough to expose samples from below the
PAZ, as confirmed by MTLs that do not exceed
14 um. From these ages, we can only propose a
minimum age for the late-stage erosional history,
which should be younger than 45 Ma, i.e., the
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youngest AFT age (45 + 2 Ma) accompanied by
an MTL of 12.91 um (Barbarand et al., 2001).

Age-Elevation Relationships

In the age-elevation relationships, the AFT
ages and the youngest AHe single-grain ages of
each sample show a positive correlation with
elevation (Fig. 3). In the case of Massif Cen-
tral topography formed in the Cretaceous, the
observed large difference in age for such a small
difference in elevation is not expected because
of the isotherm’s shape at depth: Isotherms are
influenced by topographic wavelength, relief
amplitude, and by isotherm depth (Stiiwe et al.,
1994; Braun, 2002; Foeken et al., 2007), so that
below wide valleys (wavelengths >20-40 km),
shallower isotherms tend to be parallel to the
surface. If the topography of the Massif Cen-
tral formed in Cretaceous to Eocene times, the
exhumation of the investigated bedrock samples
should have occurred under a topography similar
to the present-day topography. Therefore, a sam-
pling profile along a valley flank of more than
10-20 km long with less than 1 km difference
in elevation is expected to yield a poor correla-
tion between age and elevation (Braun, 2002).

The observed positive correlations in the AFT
and AHe age-elevation relationships from the
Massif Central suggest that relief was formed
after these samples cooled below their closure
temperature, providing further evidence in sup-
port of a Cenozoic exhumation event.

Cenozoic Uplift Signal in the Margin
Evolution

While in the previous section, we singularly
tested the thermal history of the three lowermost
samples, we also wanted to test if a Cenozoic
exhumation phase and progressive erosion
moving westward from the Rhone River to the
interior would be consistent with the regional
patterns of the thermochronological data. In this
forward modeling approach (using HeFTy; Ket-
cham, 2005), we iteratively defined 7-¢ histories
to reproduce the observed AFT and AHe ages
and MTL distributions along the NE margin
area E-W profile. Then, we did the same for the
published data along the Cévennes profile, but,
there, we did not include the AHe ages because
multigrain samples were used in the study by
Gautheron et al. (2009), and so the comparison
with single-grain predicted age is too uncertain.

In Figure 7A, we present a swath profile
running perpendicular to the NE margin. We
integrated the new AFT and AHe data with two
published samples (no. 1 and no. 2 of Barbarand
etal., 2001). We used the forward modeling to
find a 7-¢ path producing data as similar as pos-
sible to the obtained AFT data and AHe ages.

We report the forward modeling path with the
inversion modeling obtained using QTQt soft-
ware (Fig. 7B) for comparison.

In the NE margin, the lowest samples vo-21
and vo-3 showed MTL longer than the low-
ermost samples of the Cévennes and Ardeche
regions. The 7-¢ path constrained for samples
vo-21 and vo-3 is a burial (~110 °C) during the
late Mesozoic followed by cooling to shallow
crustal levels corresponding to ~40 °C, where
the sample resided for ~20 m.y. before being
exhumed since 40-30 Ma. Interestingly, this
proposed exhumation history is consistent
with the thermal histories from QTQt model-
ing, which also relied also on single-grain AHe
ages (colored paths in Fig. 7). Sample vo-4
yielded a shorter MTL, consistent with a lon-
ger stay at temperatures ~50 °C and a younger
cooling event since ca. 30 Ma. Although the
two samples (vo-3 and vo-4) are quite close,
the distance of ~5 km is considered enough to
explain the observed difference in MTL as being
the result of progressive erosion propagation
that had reached the most internal sample a few
million years later. Considering the distance of
~5 km between the two samples, we can suggest
a first-order propagation rate of the erosion wave
between ~0.1 and 1 km/m.y., which is consis-
tent with the escarpment retreat rate found in
other continental margins (Braun, 2018; Wild-
man et al., 2019).

Sample vo-16 showed data similar to sam-
ple vo-4 and occupied almost the same location,
even if it was located further north, where the
margin is steeper, and its projection is reported
on our profile. Thus, the envisaged 7-r path
is composed of Cretaceous cooling to tem-
peratures of 30-40 °C and, after some million
years of stagnation, a renewed phase of cooling
starting at ca. 20 Ma. Sample vo-14 is aligned
with sample vo-16, but it is almost on top of
the massif at higher altitude, and its data are
well reproduced by a Cretaceous cooling phase
bringing it almost to surface temperatures.

Most internal samples (no. 2 and no. 1 of
Barbarand et al., 2001) were not completely
reset during the Cretaceous burial and preserve
the inheritance of the old exhumation histories.
Moreover, because sample no. 2 is a Triassic
sandstone, it further supports limited postsedi-
mentation erosion. In general, their short MTLs
are not consistent with a Cenozoic event sug-
gesting slow cooling. A very slight change in
cooling rate at ca. 30 Ma can be observed in the
modeling of sample no. 1 only (Fig. 7).

Next, we applied the forward modeling to
the Cévennes profile (Barbarand et al., 2001)
for comparison (Fig. 8). We chose seven sam-
ples from Barbarand et al. (2001) (no. 20, 21,
22, 25, 26, 27, and 28) showing the AFT and

track-length distributions considered as rep-
resentative of the thermal histories previously
discussed. Thermal histories of low-elevation
samples no. 27 and no. 21 (Fig. 8), which gave
AFT age of 51 +2 and 45 +2 Ma and MTLs of
12.30 and 12.91 um, respectively, are consistent
with a limited amount of burial during the Creta-
ceous (up to ~96 °C), stable or slow exhumation
since ca. 90 Ma, and an increase in cooling rate
starting at ca. 40 Ma from a temperature of
~80 °C. For these samples, the Cretaceous cool-
ing phase left only a weak signal, likely because,
at that time, they were buried at great depth, and
they did not record this erosion event. Samples
no. 22 and no. 26 of Barbarand et al. (2001)
were collected from further into the interior and
should have recorded the passage of the Ceno-
zoic erosional wave some million years later
due to the westward propagating erosion from
the base level to the margin top. Samples no. 22
and no. 26 seem very close in Figure 8 because
they are projected on the swath profile, but they
are ~10 km from each other. Shorter MTLs for
samples no. 22 and no. 26 are consistent with the
model of a westward propagating erosion wave,
a longer residence time in the PAZ, and thus a
more recent onset of exhumation. The onset of
exhumation and Cenozoic increase in cooling
rate started when samples no. 22 and no. 26
were at ~70 °C, and, consequently, they yielded
amixed age with some inheritance from the pre-
Cenozoic history. Samples no. 25 and no. 28
recorded old cooling periods (120-80 Ma) due
to the effects of the Cretaceous erosion event,
even though it was not of sufficient magnitude
to bring the samples to the surface, such as sug-
gested by short MTL (very short for no. 28).
Their last cooling phase (from ~60 °C to sur-
face temperatures) was induced by the Cenozoic
event. For these samples, the onset of this last
cooling phase was even younger due to the pro-
gression of the erosion wave.

The uppermost sample, no. 20 (Barbarand
etal., 2001), showed a fast cooling rate starting
ca. 120 Ma, while the pre-Cretaceous history
was totally reset and remains unconstrained
(dashed lines in the modeling of sample no. 20).
Sample no. 20 does not record any evidence for
Cenozoic erosion because, after the Cretaceous
phase, it was already near surface temperatures.

Cretaceous Pyrenean Rifting

The Cévennes, Ardeche, and NE margin (our
study) areas were part of the western margin
of the Southeast France Basin during the Cre-
taceous. This sedimentary basin developed on
European crust since the Triassic in response to
Alpine Tethys rifting. Barbarand et al. (2001)
interpreted the mid-Cretaceous AFT cooling age
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Figure 7. (A) E-W swath profiles of the NE margin (our study area). Values of mean track length are reported along the profile, together with
sample locations, to underline its regional pattern. In the boxes: gray lines are modeled (using HeFTy in forward modality) time-temperature
histories. For each sample, the histogram with the distribution of the measured track length data is shown.The red curve on the histogram
represents the track length probability distribution from forward modeling; the black curves are from the inverse modeling. The observed
(in black) and predicted (in red) apatite fission-track (AFT), mean track length (MTL), and single-grain (U-Th)/He (AHe) values are reported
too. (B) Where available, the inverse modeling (given in Fig. 4) is shown superimposed onto the modeled thermal histories for comparison.
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sample, the histogram shows the distribution of the measured mean track length (MTL) from published data (Barbarand et al.,
2001); red curve on the histogram represents the track length probability distribution from forward modeling; and observed (in
black) and predicted data (in red) are reported too.

pattern as a general erosional event produced by

an uplift commonly referred to as the “Durance

uplift” event, which involved the Southeast

France Basin and probably was associated with

the opening of the Bay of Biscay. Here, we pro-
pose that mid-Cretaceous thermochronological

ages not only recorded the “Durance uplift”
event, but they might also reflect the specific

evolution of the Southeast France Basin.

The Southeast France Basin was initially
NE-SW elongated in the Triassic to Middle
Jurassic, being parallel to the northern Tethyan
paleomargin; in the Late Jurassic, the structural

trend became E-W. The late Early Cretaceous

was a phase of deep reorganization in the South-
east France Basin geometry, associated with

general N-S—directed extensional tectonics that
led to the formation of the coeval “isthmus of
Durancien” and two separate basins, the Vocon-
tian basin in the north and the South Provence

basin in the south. It is possible that the erosional
event recorded in the thermochronological data
was induced by the margin uplift at the transition

between a subsiding and extending continental

domain in the east (the Vocontian Basin) and the
Massif Central domain to the west.

During the Barremian (129-125 Ma), the
westward portion of the Vocontian trough was
close to the Ardeche area, while during the
Albian (ca. 110-100 Ma), the Vocontian trough
expanded southward, toward the Cévennes, and
northward toward the NE margin (our study area;
Curnelle and Dubois, 1986). The younger AFT/
AHe ages found in the uppermost samples in the
Cévennes and in our study area (ca. 120-90 Ma)
with respect to the older Ardeche samples (ca.
130-110 Ma) might reflect the nonsynchronous
uplift of the margin that progressively followed
the basin subsidence.
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In such a scenario, the NE-SW-—oriented
margin of the Massif Central was oblique with
respect to the general N-S—directed sense of
extension, producing a possible transtensional
tectonic regime. The thickness of removed crust
(several kilometers) along the margin is indeed
compatible with a mechanism of erosion related
to a transtensional uplifted rift shoulder similar
to that observed in modern continental margins.
Such a geodynamic context is similar to propo-
sitions for oblique continental margins such as
the Transantarctic Mountains (Wilson, 1995).

The importance of the Cretaceous extensional
phase, associated with the Bay of Biscay—
Pyrenean rifting, is supported by a large body
of geological evidence in the Southeast France
Basin and also recently found in the western Alps
(Tavani et al., 2018, and references therein).

Mechanism of Cenozoic Uplift

The hypothesis of a Cenozoic age for the east-
ern Massif Central topography is supported by
the thermal and topographic evolution derived
from our data set and published data. These
data sets and associated modeling outcomes

are consistent with a regressive erosion wave
moving from the topographic margin to the mas-
sif interior following a Cenozoic uplift phase.
The massif margin may be considered as a
smaller-scale analogue to an elevated continen-
tal passive margin, with an erosional pattern due
to a regressive erosion wave propagating from
the base level to the top following a Cenozoic
uplift phase (see Wildman et al., 2019). The
base level is represented by the Rhone River,
which contributed to maintain the main valley
floor at the same elevation during the Ceno-
zoic. The limited amount of erosion, coupled
with the occurrence of Cretaceous deposits on
top of the massif and in the Rhone river valley
floor and no evidence for faulting, suggests long-
wavelength flexure of the lithosphere, which
produced a margin topography characterized
by a broad monocline with a very low gradient.
In the case of the Massif Central, no Cenozoic
extensional rifting domain is invoked to produce
the observed uplift, but such an erosional pattern
is consistent with long-wavelength topographic
growth induced by mantle upwelling, provid-
ing a remarkable consistency with the deep and
localized present-day high-temperature anomaly

imaged by seismic tomography (Granet et al.,
1995; Faccenna et al., 2014) and the long-term
surface evolution. Volcanism is further evidence
for mantle involvement during topographic
growth, with the first activity recorded ca. 30 Ma
and an effusive acme since 15 Ma (Michon and
Merle, 2001).

The onset time for uplift is not well con-
strained by our thermochronology data. The
Cenozoic event recognized in the MTL regional
distribution and supported by forward modeling
(Figs. 5 and 6) should have occurred after ca.
45 Ma (i.e., the AFT age of the youngest sample
in the Cévennes area; Barbarand et al., 2001),
although it remains difficult to precisely con-
strain because of limited erosion and dispersed
single-grain AHe ages. Lutetian (48—40 Ma)
marine deposits have been described in several
basins located in the middle of the massif, such
as the Puy Basin (Fig. 2; Séranne et al., 2002;
Michon, 2000, and references therein), suggest-
ing that margin uplift did not occur before ca.
40 Ma (Fig. 9A).

Between the late Eocene and Oligocene,
some portions of the Massif Central were
involved in two regional extensional events:
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European rifting and the opening of the Gulf
of Lion. The European rifting was associated
with localized crustal extension within indi-
vidual basins, such as the Bresse basin, while
a coeval uplift and erosional event at regional
scale has been never described. The amounts of
uplift and volcanic activity in the Massif Central
are much higher than in other analogue mas-
sifs (e.g., Vogelsberg mountains, Rhenish and
Bohemian Massifs), suggesting the contribution
of other processes. The opening of the Gulf of
Lion (30-16 Ma; Fig. 9C) corresponds to an
important tectonic phase that reactivated Paleo-
zoic structures such as the Nimes fault and in
general deeply reshaped the western Mediter-
ranean plate organization (Séranne et al., 1995).
The onset of margin uplift could have started at
the beginning of this reorganization event.

The Massif Central plume in the early
Miocene probably interacted with the Ionian
subduction system, which contributed to con-
tinuously nourish the mantle upwelling and flow.
The contribution of Ionian subduction to Massif
Central volcanism has been already proposed
(Barruol and Granet, 2002; Faccenna et al., 2010)
and also supported by seismic anisotropy (Fac-
cenna et al., 2014; Salimbeni et al., 2018), which
imaged the NW-SE—directed mantle counterflow
induced by Ionian slab retreat during the opening
of the Gulf of Lion (Fig. 8C). The interaction of
the Massif Central mantle plume with the slab
retreat—induced counterflow could have caused
the greater volcanism, the higher total elevation,
and the long-term slow surface uplift evolution
of the Massif Central.

The amounts of exhumation and margin uplift
remain uncertain. If we consider the thermal
modeling consistent with progressive westward
erosion of the margin (Figs. 7 and 8), we can
observe that samples cooled by ~40 °C during
the last 30—40 m.y., corresponding roughly to the
removal of ~1 km of crustal thickness (assum-
ing a mean annual surface temperature of 10 °C
and a geothermal gradient of 30°/km). This
results in an exhumation rate ranging from 0.02
to 0.03 mm/yr (Fig. 9C), which is comparable
with modern basin-averaged cosmogenic denu-
dation rates reported in the area (~0.04 mm/yr;
Olivetti et al., 2016), and which suggests that a
large portion of the slowly eroding landscape
underwent a constant process of erosion during
the last 40 m.y. Other portions of the landscape
(mainly in the lowermost portion of the catch-
ments) are eroding slightly faster (cosmogenic
denudation rate of 0.07 mm/yr), suggesting that
uplift rate might have further increased, and the
uplift is probably still active today. This possible
recent or ongoing uplift is responsible for the
elevation of Pliocene marine-continental tran-
sition deposits found along the Rhone valley, at

200 m asl (Peage de Roussillon village in Fig. 2;
Aguilar et al., 1989).

CONCLUSIONS

Our new thermochronological data from
the eastern margin of the French Massif Cen-
tral, combined with published data, enabled us
to reconstruct the long-term evolution of long-
wavelength topography. A two-step exhumation
history has been recorded in the regional data
trends: (1) a first mid-Cretaceous exhumation
phase, and (2) a second, newly recognized,
Cenozoic erosional phase affecting the newly
formed margin with onset time likely after the
Eocene. For this Cenozoic phase, we envisage
a domal uplift of the area at least partly due to
mantle upwelling, with the formation of a long-
wavelength flexure at the margin and subsequent
erosion of the scarp. The total amount of erosion
is limited, such that AHe and AFT ages exposed
by the erosional wave do not quantitatively con-
strain the onset of the phase but rather yield
mixed ages. On the contrary, forward and inverse
thermal modeling of AFT and AHe ages plus
track-length distribution permitted us to unravel the
signal of a post-50 Ma event of erosion induced
by a progressive westward regressive erosion
starting at the eastern margin of the massif.

APPENDIX

Apatite Thermochronology

The apatite grains were recovered from the collected bed-
rock samples following standard crushing, sieving, washing,
magnetic, and heavy liquid separation.

Apatite Uranium-Thorium/Helium
Thermochronology (AHe)

The AHe analyses were carried out at the Paris-Sud Uni-
versity. Euhedral apatites were picked using a cross-polarized
binocular microscope. Most grains had a minimum diam-
eter of 90 um and were inclusion free to avoid effects of
He-implanting from inclusions or excess loss of He during
decay due to a large surface/volume ratio (Farley, 2000).The
grain dimensions were measured for calculation of the alpha-
ejection (Ft) correction factor after Farley et al. (1996), and
single grains were packed in Nb tubes for U-Th/He measure-
ment. For each sample, up to five aliquots were prepared for
analysis in order to ensure sample age reproducibility. The
concentration of “He was determined by the *He isotope dilu-
tion and measurement of the “He/*He ratio with a quadrupole
mass spectrometer. Apatite samples were heated for 5 min
at 11 Amps with a 960 nm diode laser for degassing. Each
sample was reheated and measured to ensure that all gas
was extracted in the first run. U andTh concentrations were
obtained by isotope dilution using an inductively coupled
plasma-mass spectrometer.

Apatite Fission-Track Thermochronology (AFT)
Apatite grains were mounted in epoxy resin, ground, and
polished to expose internal mineral surfaces. Etching with 5
NHNO, at room temperature for 20 s revealed spontaneous
fission tracks intersecting the apatite surface. Samples were
covered with a uranium-free muscovite external detector and
irradiated with thermal neutrons at the LENA (Laboratorio
Energia Nucleare Applicata) Triga Mark Il reactor of Pavia
University, Italy. Induced fission tracks in the external detec-
tor were revealed by etching the mounts in 40% HF at room

temperature for 40 min.The fission tracks were counted by
the first author under a nominal magnification of 1250x on
a Zeiss Axioskop equipped with a Kinetek automatic stage at
I'Istituto di Geoscienze e Georisorse (/GG) fission-track labo-
ratory, an institute of the Consiglio Nazionale delle Ricerche
(CNR). The Trackkey 4.2 Program was used for all AFT age
calculations procedures (Dunkl, 2002). A chi-square (x?) test
was carried out on the AFT single-grain ages in order to test
the homogeneity of data (Galbraith, 1981). The probability
of (x?) was calculated for each sample; if P(x?) > 5%, then
the sample was assumed to be homogeneous (Galbraith
and Laslett, 1993).
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