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Abstract

Intramountain late Carboniferous—Permian basins of western Europe developed during the latest
orogenic stages of the Variscan Mountain Belt in eastern Pangaea, at equatorial palaeolatitudes. Their
stratigraphic framework is mainly based on continental subdivisions (e.g. Stephanian and Autunian
continental stages), which can be contentious due to biostratigraphic biases, resulting in long-distance
diachronous subdivisions. To provide precise inter-basinal and global correlations to the internationally
recognized chronostratigraphic marine stages, this study reports new U—Pb geochronology from the

Aumance and Decize—La Machine basins, located in the northern French Massif Central. Zircon grains
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extracted from three volcanic ash-fall layers give weighted mean 2°6Ph/?®U ages of 299.11 £ 0.35 Ma;
298.73+£0.36 Ma and 298.59 £ 0.35 Ma (20 total propagated uncertainty) by the chemical abrasion—
isotope dilution—thermal ionization mass spectrometry (CA-ID-TIMS) method, coinciding with the
Carboniferous—Permian transition (Gzhelian and Asselian stages). These ages imply that the northem
Massif Central basins developed synchronously in relatively short periods of time (<10 Myr), reflecting
substantial sedimentation rates. Finally, the new chronology of infilling of these basins confirms that
they were connected duringthe late Carboniferousand early Permian periods, improving the knowledge

on the late-orogenic Variscan geodynamic setting in this area.

Supplementary material: U-Pb analytical results are available at
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The late Carboniferous to early Permian sedimentary record is of major importance in documenting one
of the most prominent climatic upheavals of the Phanerozoic Eon, i.e. the Late Paleozoic Ice Age
(LPIA). The acme of this glaciation (ca. 298-295 Ma; e.qg. Isbell et al. 2012; Soreghan et al. 2019) was
followed by the transition from an icehouse to a greenhouse climate mode, culminating in hothouse
conditions by the beginning of the Mesozoic (e.g. Chumakov and Zharkov 2002; Foster et al. 2017).
The late Carboniferous to early Permian period also corresponded to major tectonic movements in
Europe, markingthe final stages of the VVariscan Orogeny, and witnessed extensive explosive volcanism,
especially in European basins (McCann 2008; Timmerman et al. 2009), that could have enhanced the
glaciation (Soreghan et al. 2019). In eastern equatorial Pangaea and specifically in present-day Europe,
numerous continental sedimentary basins (Fig. 1a) were initiated by the tectonic processes associated
with the collapse of the Variscan Belt (e.g. Ménard and Molnar 1988; Wilson et al. 2004; Stampfli and
Kozur 2006; Pellenard et al. 2017). Ongoing efforts to document the basin evolution, palaeogeography,
depositional environments, and local to regional climate signals have been hampered by a lack of high-
precision radioisotopicages, preventing the constructionof a robust chronostratigraphic framework, and
hence precise regional and global correlations (e.g. Miiller et al. 2006; Izart et al. 2012; Garel et al.
2017; Lutzner etal. 2021; Mercuzot et al. 2021b). Many correlations across the late Carboniferous to
Permian (C—P) European basins still rely on the use of regional stages based on continental
biostratigraphy. These stages are mostly based on floral and faunal biozonations, such as macrofloras,
pollens, spores and insects, which are environment-dependent, hence resulting in low temporal
resolution, diachronism (e.g. Broutin et al. 1999) and contentious correlations. High-precision
radioisotope geochronology has so far been available from a limited number of C—P basins of eastem
Pangaea and some have produced ages differing to those previously inferred from biostratigraphic data,
especially in the Permian Period (e.g. Oplustil etal. 2016a; Pellenard etal. 2017; Jirasek et al. 2018;
Lutzner etal. 2021). Consequently, accurate inter-basinal correlations across the Variscan continental
realm and to the marine-based Standard Global Chronostratigraphic Scale will rely on systematic, high-

precision geochronological efforts (e.g. Lucas and Shen 2018; Shen et al. 2019; Schneider et al. 2020).
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Only then accurate constraints can be placed on the timing, drivers and dynamics of the
contemporaneous LPIA climate and Variscan geodynamic events at the required resolution.

The structural and palaeoenvironmental settings of C—P basins of the northern Massif Central (France,
Fig. 1b) have been re-evaluated and documented in a number of recent studies (Beccaletto et al. 2015;
Ducassou etal. 2019; Garel etal. 2017; Mercuzot et al. 2021a, 2021b, 2022; Luccisano et al., 2022).
Two of these basins, referred to as the Aumance and Decize-La Machine basins, exhibit significant
thickness of late Carboniferous to Permian sedimentary successions (e.g. Marteau 1983; Donsimoni
1990). Inthe Decize-La Machine Basin, geochronological investigations using zircon and apatite U-Pb
analyses by Laser Ablation—Inductively Coupled Plasma—Mass Spectrometry (LA-ICP-MS) have
shown late Gzhelian to late Sakmarian depositional ages (i.e. 299 +2 Mato 295 £ 5 Ma, Ducassou et
al. 2019). These geochronological results have shown that C—P basins of the northern Massif Central
are characterized by short time-span of deposition and high sediment accumulation rates (e.g. Pellenard
etal. 2017; Ducassou et al. 2019), but a higher temporal resolution is still required for inter-basinal and
regional correlations with other C—P basins of the Variscan Belt (Lutzner et al. 2021).

In order to provide accurate depositional age constraints for the Aumance and Decize—La Machine
siliciclastic sedimentary successions, this study presents new U—Pb geochronology by the high-precision
Chemical Abrasion—Isotope Dilution—Thermal lonization Mass Spectrometry (CA—ID-TIMS) method,
used on zircon grains from interbedded volcanogenic deposits. The objectives are twofold: (i) refining
the chronostratigraphy of a reference borehole in the Decize—La Machine Basin, the LY—F well, drilled
in the Lucenay-les-Aix Area (Fig. 2a, Ducassou et al. 2019), and (ii) providing the first high-precision
age for the Aumance Basin (Fig. 2b). These results then allow direct correlation between the two basins,
as well as with other well-dated C—P basins of the Variscan Belt, including the Autun Basin located in
the direct vicinity (Fig. 1b), and to quantify sediment accumulation rates to better constraint the basin
dynamics. The results serve as a keystone for further high-resolution studies documenting the late
Paleozoic palaeoenvironmental, palaeoclimatic, and geodynamic evolution throughout Europe and

beyond.
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Geological setting

Late Carboniferous-Permian geodynamic and climate evolution in western Europe

The intramountain C—P basins of western Europe (Fig. 1a) formed during the syn- to post-tectonic stages
of the Variscan Orogeny (Malavieille et al. 1990; Faure et al. 2009), during the late Gzhelian to middle
Artinskian stages, from ca. 304 to 284 Ma (Schneider et al. 2006). This period corresponded to the
culmination and subsequent demise of the penultimate global icehouse period, the LPIA (Fluteau et al.
2001; Chumakov and Zharkov 2002; Roscher and Schneider 2006; Fielding et al. 2008; Bishop et al.
2010; Isbell et al. 2012; Montafiez and Poulsen 2013; Kent and Muttoni 2020). Most of the C—P basins
exposed in the present-day Czech Republic, Poland, Germany, Switzerland, France, Italy, Spain and
Portugal, developed along major Variscan faults (e.g. Schneider and Scholze 2018) at near-equatorial
latitudes and exhibit strike-slip or hemi-graben geometries (e.g. Malavieille et al. 1990; Mascle 1990;
Van Den Driessche and Brun1992; Faure 1995; Stollhofen1998; Lloretetal. 2018). Multiproxy studies
of climate evolutionin these low-latitude basins have mostly documented humid/arid cycles, punctuated
by warmer episodes (e.g. Roscher and Schneider 2006; Schneider et al. 2006; Pochat and Van Den
Driessche 2011; lzartetal. 2012; Cecil et al. 2014; Michel etal. 2015; Garel etal. 2017; Mujal et al.
2018; Trimper et al. 2020; Pfeifer et al. 2020, 2021; Mercuzot et al. 2021b).

The latest Carboniferous—early Permian collapse of the Variscan Belt was associated with a substantial
intraplate magmatism between 305 and 290 Ma (Neumann et al. 2004), with a peak in volcanic activity
around 290 Ma (Timmerman 2004; Timmerman et al. 2009), which tended to subside during the
Permian Period, yet remaining substantial until the Triassic/Jurassic periods. This magmatic activity
was due to the partial melting of the upper asthenosphere, likely resulting from the reorganization of the
mantle convection (asthenosphere upwelling) because of a subducted slab detachment (Cloetingh et al.
2007). The mantle-derived magmatism was locally associated with substantial crustal assimilation
(Bonin 1990; Boninetal. 1993; Marx et al. 1995; Benek et al. 1996; Breitkreuz and Kennedy 1999;
Neumann et al. 2004). The magmatic products have geochemical affinities characteristic of orogenic to
anorogenicsettings, witha broad compositional trend frommafic in northern Europe, to felsic in westemn

and southern Europe (Timmerman 2004). Permian igneous rocks are predominantly alkaline in the
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external zones of the belt (i.e. north of the Variscan Front, Fig. 1a), and calk-alkaline to alkaline in the
inner zones (i.e. south of the Variscan Front; Spillmann and Blichi 1993; Bonin et al. 1998). Permian
mafic plutons with a tholeiitic affinity have also been reported from a range of crustal levels (Vielzeuf
and Pin 1989; Hermann 1997; Tribuzio et al. 1999, 2009; Monjoie et al. 2007).

In northern and eastern Europe, the Early Permian intrusive and extrusive magmatic activity was
particularly pronounced in the basins located to the north of the Variscan Front (\Variscan Foredeep and
area of the future Northern and Southern Permian Basins; Copestake et al. 2003; Doornenbal and
Stevenson 2010). Southwards of the Variscan Front, the European continental C—P basins related to
major Variscan structures also witnessed numerous volcanic episodes intercalated in the Permian
sedimentary successions, especially during in the lower Permian (Bixel 1988; Zheng et al. 1992;
Cortesogno et al. 1998; Timmerman 2004; Pereiraet al. 2014; Rodriguez-Méndez et al. 2014). The C-
P magmatism also included explosive volcanism producing tuffs and tuffaceous deposits (e.g. Schneider
and Scholze 2018). In this continental sedimentary record, the volcanic ash-fall deposits that have been
preserved as tuffs and tonsteins layers. Throughout the European C—P basins, such levels have been
commonly used as marker beds owing to their instantaneous deposition (e.g. Bouroz et al. 1972;
Paquette 1980). The common occurrence of zircon grains in tonsteins suitable for U-Pb radioisotopic
dating has allowed calibration of biostratigraphy, as well as intra- and inter-basinal correlations
(Bruguier et al. 2003; Michel et al. 2015; Laurentetal. 2017; Pellenard etal. 2017; Ducassou et al.

2019).

Chronostratigraphy of Carboniferous-Permian continental basins of intertropical

eastern Pangaea

C—P sedimentary successions of the western European basins are divided into regional stages, referred
to in chronological order as Westphalian, Stephanian, Autunian, Saxonian, Thuringian or Rotliegend,
and Zechstein (e.g. Menning et al. 2006; McCann 2008; Aretz et al. 2020; Henderson et al. 2020). The
chronostratigraphic framework of these C—P basins has long been based on lithostratigraphy and/or

faunal and floral biozones, including macrofloras and palynomorphs (e.g. Doubinger 1974; Clayton et
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al. 1977). However, the phyto-biogeography is also controlled by climate conditions and depositional
environments. This has been documented, for instance, in the case of hygrophile and mesoxerophile
floras, whichhave been usedto definethe Stephanian and Autunianstages, butare more likely to reflect
the geographical distribution of the taxa driven by the water availability rather than an evolutionary
trend (Becg-Giraudon et al. 1995). It is therefore possible to find ‘persistent’ Stephanian florasin the
Autunian facies, or even to see incursions of Autunian floras into strata attributed to the Stephanian, as
shown in the French Decazeville, Decize—La Machine and Blanzy—Le Creusot basins (Langiaux 1984;
Broutin 1986; Broutin et al. 1990, 1999). In the Aumance Basin, specifically, the acknowledged
Stephanian—Autunian boundary is based on sedimentological and stratigraphic (discontinuity) criteria,
preventing any correlation with other basins (Becq-Giraudon et al. 1995). The only case of a precise
definition of the Carboniferous—Permian boundary in the western Europe C—P basins in correspondence
with the macroflora biozonation and the Stephanian—Autunian boundary is in the Autun Basin, as
determined by precise CA-ID-TIMS U—Pb geochronology of tonsteins (Pellenard et al. 2017; Aretz et
al.2020). The caseof the Saxoniancontinental stage iseven more controversial, as ithas been described
as aphytic and azoic, which would reflect taphonomic preservation biases rather than an actual
disappearance of taxa. Therefore, these historical continental subdivisions may have diachronous
boundaries, preventing reliable correlation to the Standard Global Chronostratigraphic Chart (SGCS)
and therefore are rarely suitable for absolute geochronology and correlation purposes (Becg-Giraudon
etal. 1995; Broutin etal. 1999; Mercuzotetal. 2021a), hencerequiring numerical ages obtained through

independent isotopic chronometers.

The French Massif Central Carboniferous to Permian basins

The French C-P basins crop out in the vicinity of the VVariscan magmatic and metamorphic massifs (e.g.
Armorican and Vosges massifs, Alps and Massif Central, Fig. 1) and are attributed to the syn- to late-
orogenic extension and concomitant exhumation of high-grade metamorphic domes (e.g. Faure et al.
2009; Cochelin et al. 2021). The C-P basin strata occur in scattered outcrops with limited areal

distribution (several tens of km?), but they also underlie the sedimentary cover of the main Meso-
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Cenozoicbasins (i.e. Paris, Aquitanian and SE basins), where they can reach several hundred of km?
(Beccaletto et al. 2015). Recently, Mercuzot et al. (2021a, 2022) suggested that the original extent of
the present-day basins was significantly larger, raising the idea that (i) these basins could have been
connected together at the time of their infilling, and (ii) that the subsurface basins represent the lateral
extension of the exposed basinal strata (Beccaletto et al. 2015). Consequently, the present disparate
exposures may represent preserved depocenters of the larger basins.

The Autun, Aumance, Decize-LaMachine and Blanzy—Le Creusot basins of the NE Massif Central
(Fig. 1) are mostly filled with fine- to coarse-grained siliciclastic sediments, which have been attributed
to four main depositional environments: fluvial, palustrine, deltaic and lacustrine (e.g. Paquette 1980;
Marteau 1983; Mathis and Brulhet 1990; Donsimoni 1990; Ducassouetal. 2019; Mercuzot etal. 20214,
2021b, 2022). Recent chemostratigraphic analyses of the Autun Basin have revealed episodic wet
intervals of short duration (about 10° yr, Garel et al. 2017; Mercuzot et al. 2021b), hence difficult to
correlate across the neighbouring basins without any precise chronostratigraphic scheme. A substantial
amount of volcanogenic material is found interbedded with the basinal sedimentary successions, either
as volcanoclastic deposits or as volcanic flows and volcanic ash layers (i.e. tonsteins). Some tonsteins
have been the subject of CA-ID-TIMS U—Pb analyses in the Autun Basin, giving depositional ages
ranging from 299.91 + 0.38 Ma to 298.05 + 0.39 Ma (2-c uncertainties) in the lower half-part of the
sedimentary succession (Pellenardetal. 2017). In the Decize-La Machine Basin, zircongrains extracted
from tonsteins gave consistent, though less precise, ages through LA—-1CP-MS analyses, ranging from
299 +2 Ma to 295 +5 Ma (2-c uncertainties, Ducassou et al. 2019). No absolute age constraints are

presently available from the neighbouring Aumance Basin.

The Decize—La Machine Basin (Lucenay-les-Aix Area). The Decize—La Machine C—P Basin partially
crops out adjacent to the La Machine Village (La Machine Horst, Fig. 1b), while the main body of the
sedimentary succession (surrounding the horst) is buried underthe 60 to 370 m thick Meso-Cenozoic
sedimentary cover of the southern Paris Basin (Fig. 1a), with a minimal extension of 50 kmz2. The

southern subsurface part, referred to the Lucenay-lés-Aix Area, has been recently studied using drill-
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cores, well-logs and seismic profiles, in order to re-evaluate the chronostratigraphic framework and
depositional setting of the basin (Ducassou et al. 2019; Mercuzot et al. 2021a,2021b). The complete
C-P sedimentary succession in the Lucenay-lés-Aix Area (Fig. 2a) is about 1000 m thick and is divided
from base into four formations, namely the La Machine, Lucenay, Grey Autunian and Red Permian
formations (Fig. 2a), which were deposited between about 301 and 290 Ma, based on preliminary LA-
ICP—MS U—-Pb geochronology (Ducassou et al. 2019). The depositional setting was dominated by
deltaic and lacustrine environments and marginal-lacustrine floodplains (swamps), where coal deposits
accumulated. Siliciclastic sediments with a significant volcanogenic component were deposited in
alluvial-fan deltas within lakes or swamps. Frequent tonstein and lahar levels intercalated in swamps
deposits were found in mines and boreholes (Donsimoni 1990; Ducassou et al. 2019; Mercuzot et al.
2021a). A 593 m long borehole named LY—F (46.71872301°N; 3.49736547°E) was drilled in the
Decize—La Machine Basin, 2 km north of the Lucenay-lés-Aix Village (Fig. 1b). The recovered core
comprises several centimetre to decimetre thick tonstein layers occasionally intermixed with reworked

clastic material (Ducassou et al. 2019).

The Aumance Basin. The Aumance Basin is located 30 km westwards of the Decize—La Machine
Basin, with a surface exposure of approximately 400 km? (Fig. 1b). Inits northern part, the sedimentary
successions are covered by the Meso-Cenozoic units of the Paris Basin. The subsurface depocenters are
known as the Contres, Brécy and Arpheuilles sub-basins and probably correspond to a wider C—P basin
(Beccaletto etal. 2015). The exposed succession is up to 1000 m thick and is made up of siliciclastic
and volcanoclastic deposits, representing floodplain, delta, lake and fluvial environments, similar to
those described in the Lucenay-lés-Aix Area (Paquette 1980; Bonnion 1983; Debriette 1985; Paquette
and Feys 1989; Mathisand Brulhet 1990). The succession is subdivided into four main lithostratigraphic
formations, namely the Inférieure, Mouillére, Buxiéres and Reniére formations, ranging from the
Stephanian to the upper Autunian continental stages and is overlain by a Saxonian Unit (Fig. 2b).
Inthe upper partof the Buxieres Formation, a plurimetriccoal seam, referred to as the “Couche du Toit”

(Fig. 2b), is overlain by a plurimetre thick oil-shale bed containing several tonstein layers. Two of these
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tonsteins with centimetre-scale thicknesses referred to as “Lien Blanc” (white) and “Lien VVert” (green),
form remarkably continuous marker beds across the basin. However, no published ages exist for these
two tonstein layers, preventing inter-basinal correlations. The occurrence of these tonsteins also
coincideswith the deposition of the “Meiller Quartzites”, corresponding to thick hydrothermal siliceous
sinter (chalcedony), interbedded with the dominantly clastic sediments and interpreted as resulting from

high volcanic activity in this area (Marcoux et al. 2004; Debriette and Legrand 2021).

Samples and methods

Samples. In the studied sedimentary successions, tonsteinsoccur as centimetre to decimetre thick clay-
rich levels, often distinguished with sharp boundaries and paler colours (whitish, greenish or beige)
relative to their enclosing sediments; they exhibit soapy texture in drill cores. Three tonstein samples
were selected from the Decize-La Machine and Aumance basins for U-Pb analyses by CA-ID-TIMS
at the Massachusetts Institute of Technology (MIT) Isotope Laboratory. Two samples were collected
from the LY-F drill-core in the Decize—La Machine Basin (LYF-567.7 sample in the Lucenay
Formation, and LYF-416.5 sample in the Grey Autunian Formation, Fig. 2a), and one sample from the
Aumance Basin, in the Buxieres Formation, corresponding to the “Lien Vert” tonstein (LV sample, Fig.
2b).

Methods. To reliably identify tonsteins containing autocrystic (unreworked) zircon grains, a series of
investigations wasundertakenprior to the U-Pbanalyses. Mineralogical and geochemical analyseswere
first performed to verify the primary magmatic (ash fall) origin of the selected tonsteins, respectively at
the Biogeosciences Laboratory (Université de Bourgogne—Franche-Comté, France) and at the SARM
(CRPG-CNRS, Nancy, France). As volcanic rocksfrom the C—P basins commonly comprise xenocrystic
zircon grainsthatcan be significantly older thanthe age of volcanic eruption (e.g. Hoffmannetal. 2013;
Michel et al. 2015; Ducassou et al. 2019; Lutzner et al. 2021), we performed preliminary
geochronological analyses by the LA-ICP—MS method on the LV sample at the Géosciences Rennes

Laboratory (Université de Rennes 1, France), and used the published LA-ICP-MS age results of the
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LYF-416.5 and LYF-567.7 samples of Ducassou et al. (2019) in order to guide zircon grain selection

from the LY—F drill-core samples.

Mineralogical investigations

Mineralogical analyses by X-Ray Diffractometry (XRD) were performed to assess the volcanogenic
nature of the collected samples, by ensuring the dominance of neoformed, well-crystallized kaolinite,
or mixture with random or regular illite-smectite mixed-layers (i.e. ISR1, Bohor and Triplehorn 1993;
Spears 2012; Pellenard et al. 2017), consistent with local burial diagenesis (low to moderate vitrinite
reflectance, up to 0.59%, Donsimoni 1990). Epiclastic deposits (i.e. contaminated by detrital particles)
were suspected in case of detection of illite, chlorite, or other mixed-layer clays such as chlorite-
vermiculite. The mineralogical analyses of samples from the Lucenay-lés-Aix Area were performed by
Ducassouetal. (2019), while the LV samplefrom the Aumance Basinwas analyzedin the present study.
The whole-rock samples were manually powdered in an agate mortar and analyzed ona D4 Endeavor
diffractometer (Bruker AXS), with CuK a radiation and equipped with a LynxEye detector anda Ni filter
under a 40 kV-25mA current, at the Biogeosciences Laboratory (GISMO analytical platform,
Université de Bourgogne, France). Then, the clay fraction (<2 pum) was isolatedand analyzed following
the Holtzapfel (1985) and Moore and Reynolds (1997) protocols: chemical treatment with a 0.2 M
hydrochloric acid (HCI) solution to dissolve potential carbonates, followed by successive rinses until
reaching a neutral pH allowing the clay minerals to defloculate. After complete agitation and rinsing for
1.5 hours,the clayfractionin suspensionin the upper two centimetresof the supernatant waswithdrawn,
then concentrated by centrifuging (2500 rpm for 40 minutes) and spreading on glass slides. Three
separate runs on the diffractometer were carried out to identify the clay mineralogy: 1) after air-drying,
2) after dissolution in ethylene-glycol, and 3) after heating at 490°C for 2 hours. Semi-quantitative
mineralogical compositions were obtained from diffractograms, based on the measured areas of the
peaks corresponding to the principal reflections of the 001 crystal planes, which were calculated using

the MacDiff 4.2.5 software (Petschick 2001).
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Whole rock geochemistry

To complement XRD mineralogical analyses and to provide insights into the nature and source of
volcanism, we analyzed the major and trace element geochemical composition of tonsteins. Samples
were hand-crushed in an agate mortar and major and trace elements were then analyzed after alkaline
fusion by Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES) and Inductively
Coupled Plasma—Mass Spectrometry (ICP—MS) at the SARM (CRPG-CNRS, Nancy, France),
following the procedure of Carignan et al. (2001). Analytical results of samples from the Decize-
La Machine Basin are already presentedin Ducassouetal. (2019); completeanalytical data are provided

in the Supplementary Material Table 1.

U-Pb zircon geochronology

The zircon grains were extracted through conventional heavy mineral separation procedures,
handpicked under a binocular microscope, embedded in epoxy resin mounts and polished, to expose the
equatorial cross-sections of the grains. The grains were imaged by cathodoluminescence (Reliotron CL
system equipped with a digital colour camera) to identify core-rim relationshipsand internal zoning
patterns. In order to screen samples for xenocrystic and/or reworked zircon grains prior to CA-ID-
TIMS analyses, preliminary U-Pb analyses were performed on all three samples by the LA—ICP-MS
method. Detailed analytical dataare listed in the Supplementary Material Table 2. Between 40 and 95
grains per sample were selected for in situ LA-ICP-MS analyses, using an Agilent 7700x quadrupole
ICP—MS linked to an ESI NWR193UC Excimer 193 nm wavelength laser source, at the GeOHeLiS
platform (Géosciences Rennes Laboratory, Université de Rennes1, France), following the methodology
described in Nosenzo et al. (2022). Analytical data are provided in the Supplementary Material Table
3.

Foreach sample,five concordantzircon grainsidentified by LA—ICP—MSwere dislodged from the grain
mounts and analyzed by the CA-ID-TIMS method at the Massachusetts Institute of Technology (MIT)

Isotope Laboratory, following the procedures outlined in Ramezani et al. (2022). Selected zircon grains
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were annealed at 900°C for 60 hours in a muffle fumace, followed by partial dissolution in purified
29 M HF at 210°C for 12 hours inside a high-pressure vessel, using methods modified after Mattinson
(2005). Chemically abraded grains were fluxed successivelyin 3.5 M HNO;and6 M HClon ahotplate
and in an ultrasonic bath and thoroughly rinsed after each step with purified water to remove the
leachates. Zircon grains were then loaded individually into PFA microcapsules, spiked with the
EARTHTIME ET535 mixed 2®Pb-23¥U-2*U tracer solution (Condon et al. 2015; McLean et al. 2015),
and completely dissolved in 29 M hydrofluoric acid (HF) at 210°C for 48 hours. Dissolved Pb and U
were purified by an HCIl-based anion exchange column chemistry procedure (Krogh 1973), loaded
together onto an outgassed Re filament in a silica gel/phosphoric acid mixture. Ratios of U and Pb
isotopes were measured on an IsotopX X62 multi-collector thermal ionization mass spectrometer
equipped with a Daly photomultiplier ion counting system at MIT. Pb isotopes were measured as mono-
atomic ions in a peak-hopping mode on the ion counter, and were corrected for mass-dependent isotope
fractionation by applying an independently determined fractionation correction of 0.18% + 0.05% per
atomic mass unit (20). U isotopes were measured as dioxide ions in a static mode using three Faraday
collectors, while subjected to a within-run mass fractionation correction using the 232U/2®*U ratio of the
tracer and a sample 22U/?°U ratio of 137.818 + 0.045 (Hiess et al. 2012), as well as an oxide correction
based on an *#0/*¢0 ratio of 0.00205 + 0.00005.

A total of 15 single zircon grains from three samples were analyzed; complete analytical data are
provided in the Supplementary Material Table 4. Data reduction, calculation of dates and propagation
of uncertainties used the Tripoli and ET_Redux applications and algorithms (Bowring et al. 2011;
McLean etal. 2011). The measured?°¢Ph/z8U dateswere corrected forinitial 22°Th disequilibriumbased
onamagma Th/Uratio of 2.8 + 1.0 (20). The age for each tonstein was calculated based on the weighted
mean of its 2°6Pb/2%8U dates, after excluding outliers identified as xenocrysts (only one instance: Zr 031
of the LYF-416.5 sample, Supplementary Material Table 4). Uncertainties on the weighted mean dates
are reported at 95%confidenceinterval andin the + X/Y/Z Ma format, where Xisthe internal error based
on analytical uncertainties only, Y includes the added tracer calibration uncertainty, and Z includes Y

plus the 238U decay constant uncertainty of Jaffey et al. (1971). Y should be considered when comparing
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dates with those derived from other U-Pb methods (e.g. LA-ICP-MS) or with those using a different

isotopic tracer.

Bayesian age-depth modelling

A non-parametric probabilistic age-depth model was constructed for the middle interval of the LY-F
drill-core, based on the new CA-ID-TIMS ages and using the Bayesian interpolation algorithm of the
Bchron R software package (Haslett and Parnell 2008; Parnell et al. 2008). This model requires at least
two independently dated levels, assumes a normal distribution for the input weighted mean 2°6Pb/8U
dates, follows the principle of stratigraphic superposition,andis based on randomvariability in sediment
accumulation rates. The advantage of this age-depth model over conventional linear extrapolation or
spline-fit methods is that it takes into account possible changes in sediment accumulation rate as a

function of depositional gaps or lithological variability.

Results

Identification of ash-fall deposits

Mineralogy. Mineralogical results of the whole-rock and clay fraction are presented in Table 1. In the
three analyzed samples, the bulk-rock comprises clay minerals, quartz, carbonates (including dolomite
and siderite), apatite, feldspars, goethite, pyrite and gypsum.

The LV sample of the Aumance Basin isdominated by 37% quartz, followed by 28% carbonates (mainly
dolomite), 28% clay minerals, and 7% apatite, feldspars, goethite and pyrite (Fig. 3a, Table 1). In the
clay-size fraction, regular illite-smectite R1-type mixed-layer (i.e. rectorite) is the dominant clay mineral
(52%), followed by kaolinite (48%) (Fig. 3b, Table 1). Results for the Lucenay-lés-Aix Area in the
Decize-La-Machine Basin are detailed in Ducassou et al. (2019) and briefly summarized here: the
whole-rock semi-quantitative mineralogy for the LYF-567.7 and LYF-416.5 samples exhibits a
dominance of the clay minerals (54 and 56%, respectively), followed by quartz (37 and 12%,
respectively). The other mineralsare minor, yetwith anon-negligible proportion of goethiteand gypsum

in the LYF-416.5 sample (16 and 13%, respectively). In the clay fraction, kaolinite is the main mineral
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(75 and 88%), respectively), followed by 1S mixed-layers (17 and 12%, respectively). Quartz is also
present in the clay fraction in the LYF-567.7 sample (8%), while absent fromthe LYF-416.5 sample.
For each of these samples, the dominance of well-crystallized kaolinite and IS R1 mixed-layer clay
minerals confirm a volcanic origin (Spears 1970, 2012; Kdniger and Stollhofen 2001; Pellenard et al.
2017), while the absence of mica/illite suggests a low contamination of these levels by detrital material,
either through mixing with inherited particles (i.e. incorporation of minerals from soils or metamorphic
or magmatic basement during reworking or volcanic eruption), or reworking of the enclosing detrital
lithologies during or after the deposition, thus making these tonsteins good candidates for zircon

geochronology.

Geochemical composition. Geochemical data for the Decize—La Machine Basin samples LYF-567.7
and LYF-416.5 published in Ducassou et al. (2019) have been complemented with the LV sample from
the Aumance Basin, and can be found in the Supplementary Material Table 1. These data are presented
in chemical diagrams of immobiletrace and REE elements, adapted to the study of volcanic-ash samples
because of their good preservation (e.g. Bohor and Triplehom 1993; Wray 1999; Huff 2016). Although
single tonstein samples may not be fully representative of the magma composition, samples from both
the Aumance and Decize—LaMachine basins exhibit broad similarity to an intermediate
rhyodacitic/dacitic composition on the discrimination plot of Winchester and Floyd (1977) (Fig. 4a).
Shale-normalized REE profiles show a pronounced negative Eu anomaly, more marked in the LV
sample (Fig. 4b), which is characteristic of plagioclase fractionation in magma and is commonly
observedin the chemical composition of tonsteins derived from felsic volcanism (Bohor and Triplehom

1993; Spears 2012; Pellenard et al. 2013, 2017).

U-Pb geochronology
Zircon characterization. Characterization of the aAnalyzed zircons from the LY -F samples have been
described in Ducassou etal. (2019). From the LV sample, a total of 375 predominantly euhedral and

prismatic zircon grains have been extracted, ranging in length from 20 to 330 pm and with a bimodal
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distribution centred around 45 and 90 um. Ninety-five zircon grains with typical magmatic zoning and
free of xenocystic cores in their CL images were analyzed by LA-ICP-MS.

LA-ICP-MS method. Detailed analytical LA-ICP—MS resultsare summarized in Table 2; all ages are
reported with 95% confidence level internal uncertainties. On a Tera-Wasseburg diagram, the LV
analyses range from concordant to discordant without defining any simple trend (Fig. 5a). The
concordant data spread along the concordia curve between 267.1 + 2.5 Ma and 303.8 = 3.4 Ma (Fig.
5b); discordant analyses are consistent with common lead contamination and/or lead loss. Detailed
analytical results for samples LYF-567.7 and LYF-416.5, providing ages of 299.0+2 Ma and
298.0 £ 4 Ma, respectively, are presented in Ducassou et al. (2019) and Table 2. Complete LA-ICP—

MS Pb and U isotopic data for the LV sample is provided in Supplementary Materials Table 3.

CA-ID-TIMS method. A total of 15 zircon grains from the 3 tonstein samples were dislodged from
epoxy mounts for CA-ID-TIMS analyses, while preference was given to concordant zircon grains with
the youngest measured LA-ICP-MS ages. In cathodoluminescence, these grains show oscillatory
zoning typical of magmatic zircon grains (Fig. 6). The objective was to overcome the effects of Pb loss
through the chemical abrasion pre-treatment, in order to obtain the youngest population of accurate
analyses. The results are presented in Figure 7 and summarized in Table 2, and the complete U-Pb
isotopic data are provided in Supplementary Materials Table 4.

All analyses from the respective samples overlap within analytical uncertainty and define statistically
coherent clusters from which a weighted mean 2°6Pb/28U age can be calculated without excluding any
outliers. The only exception was an imprecise analysis associated with a small zircon grain (Zr 031)
from sample LYF-416.5, which yielded a slightly older date of 300.6 + 1.3 and was excluded from age
calculation. The threecalculatedagesare 298.592 + 0.075/0.15/0.35 Mafor the LV sample, with a mean
square weighted deviation (MSWD) of 0.32 (Fig. 7a), 298.73 £ 0.11/0.17/0.36 Ma (MSWD = 0.34) for
LYF-416.5 (Fig. 7b), and 299.111 +0.076/0.15/0.35 Ma (MSWD = 0.99) for LYF-567.7 (Fig. 7c). The

compositional purity of the tonsteins, as well as the consistency of their zircon dates, suggest that the
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calculated ages represent the timing of volcanic eruption and serve as a good approximation for the age

of sedimentary deposition.

Age-depth model. The Bayesian age-depth model for the lower LY—F well based on the two tonstein
U-Pb CA-ID-TIMS ages of this study yields an interpolated age of 298.80 +0.17/-0.12 Ma for the top
of the Lucenay Formation, which coincides with the Stephanian—Autunian boundary (95% confidence
interval, Fig. 8). The two ages obtained from the LY -F core delimit an interval of 151.10 m (compacted
sediments) between LYF-567.7 (basal Lucenay Formation) and LYF-416.5 samples (lower Grey
Autunian), allowing to calculate an average (compacted) sediment accumulation rate of 453

+ 159 m/Myr.

Discussion

Reassessment of the local-scale basinal chronostratigraphic framework

The new CA-ID-TIMS geochronology from the Decize-La Machine Basin is capable of resolving the
ages of the two analyzed tonsteins outside their respective uncertainties, which was not possible based
on the previously reported LA-ICP-MS data (Fig. 2). This allows significant enhancement to the age
framework of the Lucenay and Grey Autunian formations, as originally established by Ducassou et al.
(2019) (Fig. 9).

In the Aumance Basin, Marcoux et al. (2004) reported a U-Pb SHRIMP age of 300 £21 Ma from
hydrothermal zircon grains associated with gold-bearing siliceous sinter deposits within the Autunian
sedimentary succession (Fig. 2b). Together with biostratigraphic data, this age was used to attribute the
Buxieres Formation (Aumance Basin) to the early Artinskian Stage (Fig. 9, Schneider and Wemeburg
2006; Schneider et al. 2020). However, the new and precise age for the “Lien Vert” tonstein (i.e. LV
sample, 298.592 +0.075/0.15/0.35 Ma), while broadly consistent with the “Meiller Quartzites” age
considering the large uncertainty of the latter, is substantially more precise and now places the Buxiéres
Formation close to the Carboniferous-Permian boundary, with an overall deposition either in the latest

Gzhelian Stage (latest Carboniferous Period) or the earliest Asselian Stage (earliest Permian Period)
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considering analytical uncertainty (Fig. 2b). The new CA-ID-TIMS results therefore shifts by about
10 Ma the age of the Buxieres Formation. In the absence of any other radioisotopic age data from the
Aumance Basin, the lower and upper limits of the Buxiéres Formation or other formations of this basin
cannot be precisely constrained, as illustrated in Figure 9. The new U-Pb geochronology also indicates
that the evolution of the Decize—La Machine and the Aumance basins was at least partially

simultaneous.

Palaegeographical implications

The NE Massif Central comprises various C—P basins (Fig. 1b), including the Decize—La Machine,
Aumance, Autun,and Blanzy—Le Creusot basins,as well as the associated C—P successions that underlie
the Meso-Cenozoic sedimentary cover of the Paris Basin to the north (Fig. 1a, Contres, Arpheuilles and
Brécy basins). All these basins formed during the late- to post-orogenic extensional Variscan stages and
are located southwards of the Variscan Front and the Eo-Variscan Suture (Fig. 1a, e.g. Ménard and
Molnar 1988). Previous studies suggested that the presently exposed sedimentary successions
correspond to partially preserved depocenters of ancient, more extensive sedimentary domains. This
hypothesisis based onsubsurfaceandsedimentological evidence, suchas present-day erosional borders,
palaeogeography, and significant post-early Permian erosion (Beccaletto et al. 2015; Mercuzot et al.
2021a, 2022). Accordingly, possible interconnections between western Europe basins during the late
Carboniferous and the early Permian periods have been proposed, especially in reference to
palaeobiogeography of elasmobranchs (freshwater sharks, and actinopterygians), including specimens
from the Buxiéres Formation of the Aumance Basin (Poplin 1999; Schneider and Zajic 1994; Schneider
et al. 2000). Recent palaeontological and palaeobiogeographical data on actinopterygians (Stamberg
and Steyer 2021) and on Orthacanthus species (freshwater shark, Luccisano et al. 2022) also confirm
connections during the Permian Period between various basins located in France and Germany,
including the Aumance and Autun basins (Luccisano et al. 2022). As the Decize—La Machine Basin is
located in betweenthe Aumance and Autun basins, this suggests that the Decize—La Machine Basin was

also connected to the latter two. Specifically, specimens of Orthacanthus kounoviensis were found both
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in the Buxiéres Formation of the Aumance Basin (close to the level of “Lien Vert” tonstein) and the
Muse Formation of the Autun Basin (Muse oil-shale bed, Luccisano et al. 2022). Recent CA-ID-TIMS
U—Pb geochronology of two tonsteins from the Muse oil-shale bed by Pellenard et al. (2017) provided
ages of 298.05 +0.19/0.24/0.39 Ma and 298.57 +0.16/0.22/0.38 Ma. These ages are comparable to
those presented here from the Aumance and Decize—La Machine basins (Figs. 2,9, Table 2). This high-
resolution and direct correlation indicates that (i) there is at least partial age overlap among the Buxiéres
Formation (Aumance basin), the Muse Formation (Autun Basin) and the Lucenay and Grey Autunian
formations (Decize—La Machine Basin), and (ii) the contemporaneous presence of Orthacanthus
kounoviensis specimens in both the Autun and Aumance basins, and therefore the connection among
the NE Massif Central basins close to the C-P boundary, are supported by independent U-Pb
geochronology. Itisalso worth mentioningthatthe C—Pbiostratigraphy of insects andamphibians relies
in part on specimens from the Aumance Basin (e.g. Schneider et al. 2020). The revised age of the
Buxieres Formation, based on the new “Lien Vert” tonstein age, therefore invites a re-evaluation of the

biostratigraphy of these two clades, but is beyond the scope of the present study.

Implications of the new age constraints on the European chronological setting

The new ages from the Aumance and Decize-La-Machine basins indicate that the infilling of these
basins occurred during the latest Carboniferous and the early Permian periods (Fig. 9). In addition, the
age-depth modelling for the Decize-La-Machine Basin suggests that the boundary between the Lucenay
and the Grey Autunian formations has an age of 298.80 +0.17/-0.12 Ma. This age is consistent with the
global C—P boundary age of 298.92 +0.19 Ma (Ramezani et al. 2007), 298.90 + 0.15 Ma (Schmitz and
Davydov 2012) or 298.9 +0.4 Ma (Henderson et al. 2020), based on the CA-ID-TIMS U-Pb
geochronology of the southern Urals stratotype.

The new geochronological results obtained in this study allow for inter-basinal correlations at both local
and regional scales, which has been the subject of extensive work for the last decades, based on
combined biostratigraphic and radioisotopic correlations (e.g. Roscher and Schneider 2005; Schneider

and Scholze 2018; Schneider etal. 2020). These results indicate that the infilling of the Aumance and
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Decize-La-Machine basins was contemporaneous with those of various basins across the Variscan Belt.
Based on CA-ID-TIMS method, these include the Autun Basin (Pellenard et al. 2017), the Bohemian
Czech Republic basins, where the Klobuky Coal tonstein in the Liné Formation of the Kladno-Rakovnik
Basinis dated at298.97 +0.36 Ma (Oplustiletal. 20164, Fig. 9), the Saar Nahe Basin in Germany, with
an age of 298.7 £ 0.4 Ma from the Altenglan Formation, Glan Subgroup (Voigtet al. 2022), and the
Thuringian Forest Basin, with a U-Pb age of 299.3 £ 0.3 Ma from the llmenau Formation (L{tzner et
al. 2021, Fig. 9). Our geochronological results from the Aumance Basin substantially modifies the
biostratigraphy-basedage of the Thuringian Forest Basin by about 16 Ma (Litzner etal. 2021). Previous
SHRIMP U-Pb geochronology from the German basins are also consistent with our newly-acquired
ages. The former includes ages of 296.6 + 3.0 Ma (Planitz Formation) and 296 + 3.0 Ma (Unkersdorf
Formation), respectively, from the Chemnitzand Déhlen basins (Hoffmannetal. 2013), and 301 = 3 Ma
from the Saale Basin (Wettin subformation, Breitkreuz et al. 2009).

Our geochronology also reveals differences in basin development and infilling histories along the
Variscan Belt. Some of the basins located northwards of the Variscan Belt (including the NE Massif
Central basins), and basins located southwards, in more internal zones of the belt (e.g. the southem
Massif Central basins such as the Lodeve and Saint-Affrique basins), have different infilling histories.
The major differences involve the thickness and time-span of their preserved sedimentary successions,
more developed in the Lodeve and Saint-Affrique basins and covering longer period of time (i.e. either
longer depositional history or better preservation), probably up to the late-early or middle Permian,
based on geochronological data from Michel et al. (2015) and Poujol et al. (2023), as well as
biostratigraphic data (e.g. Schneider et al. 2020). Their differences also involve sedimentary facies and
depositional environments: in both northern and southern basins, the environments are represented by
well-developed fluvial/deltaic-lake systems (Mercuzot et al. 2021a, 2022), but only in the southem
basins, they grade upwards into shallower and finer-grained red beds (i.e. playa-lake and soils), due to
climate and tectonic controls (e.g. Schneider et al. 2006; Pochat and VVan Den Driessche 2011; Pfeifer
et al. 2020). Available age constraints and biostratigraphic data for the Lodéve Basin (Schneider et al.

2006, 2020; Michel et al. 2015) could indicate a hiatus of sedimentation in this basin, spanning from the
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latest Carboniferous Period (top of the Gzhelian Graissessac Formation at ca. 303 Ma, Fig. 9) to the
earliest Permian Period (base of the Asselian Usclas—St.-Privas Formation at ca. 296 Ma; Schneider et
al. 2020, Fig. 9). However, the occurrence of such a hiatus in the Lodéve Basin is uncertain, as some
reported ages from this basin are debated (Fig. 9). Therefore, the northern Massif Central basins could
either be correlated to the Graissessac Formation of the Lodéve Basin, based on a U-Pb zircon age of
295.5 £5.1 Ma (Bruguier et al. 2003), and the synthesis of Schneideretal. (2006), or coincide with a
hiatus in the Lodéve Basin, that ranged from ca. 303 to 296 Ma, according to Schneider et al. (2020),
and thus not having any time equivalent strata in the latter (Fig. 9). In the Saint-Affrique Basin, there is
no age constraint for the deposits between the Carboniferous Period and the late-early Permian Period
(Kungurian Stage, base of the Kungurian Dourdou Formation dated at 280.3 + 2.6 Ma, Poujol et al.
2023), which couldalso be dueto adepositional hiatus, given the relatively small thickness of sediments
from that time interval. Therefore, the uncertainty in the chronostratigraphic frameworks of the Lodeve
and Saint-Affrique basins at the C—P transition currently prevents correlation of their sedimentary

successions with those of the other C—P basins across the Variscan Belt.

Implications for the European continental stages and correlation to the non-marine
Carboniferous-Permian time scale

Our interpolated age of 298.80 + 0.17/-0.12 Ma for the transition between the Stephanian and Autunian
in the Decize—La Machine Basin may suggest that this transition is locally synchronous with the global
C—P boundary. However, in this basin, the Stephanian-Autunian transition has been debated because it
is based on lithostratigraphy and floral biostratigraphy (mostly on Callipteris species; Grangeon et al.
1968; Primey and Farjanel 1989), both of which may depend on palaeoenvironmental conditions. In the
neighbouring Aumance Basin, about 40 km to the SW, the new “Lien Vert” tonstein age also overlaps
with the C—P boundary. This suggests that the Buxiéres Formation, once considered as Sakmarian—
Artinskian (Schneider and Werneburg 2006, Fig. 2a), possibly encompasses the C—P boundary. In
addition, the underlying Mouillere and Inférieure formations, previously considered as Gzhelian to

Sakmarian (Schneider and Werneburg 2006, Fig. 2a), were most likely deposited during the
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Carboniferous (Fig. 9). Moreover, CA-ID-TIMS geochronological results from the Autun Basin, about
70 kmto the east of the Decize-La Machine Basin, also suggest thatthe Stephanian—Autuniantransition
occurred during the Gzhelian Stage (Pellenard etal. 2017, Fig. 9), as already evidenced in the Central
and Bohemian basins (Oplustil et al. 2016a, 2016b). Therefore, the already suspected diachronism of
the Autunian and Stephanian subdivisions (e.g. Becg-Giraudon et al. 1995; Knight and Wagner 2014),
documented at regional scale (Oplustil et al. 2022) could also occurat a local geographical scale, i.e.
between the Aumance and Autun basins and the Decize—La Machine Basin, but cannot be completely
proven considering that in the latter, this transition is not well characterized. In conclusion, the late
Carboniferous—early Permian continental subdivisions (i.e. Stephanian A, B, C, lower/upper Autunian),
when based solely on lithostratigraphic facies without strong biostratigraphic and/or accurate
radioisotopic data, are highly questionable and insufficient for inter-basinal correlations, as previously
mentioned by some authors (Becq-Giraudon et al. 1995; Broutin et al. 1999; Oplustil et al. 2022;

Pfefferkorn 2023).

Sediment accumulation rates and basinal evolution

The new geochronology, together with the Bayesian stratigraphic-age model of the Decize—La Machine
Basin, indicate that a substantial thickness of sediments was deposited close to the C—P boundary (i.e.
298.9 £0.4 Ma, Henderson et al. 2020). The average compacted sediment accumulation rate of
453 + 159 m/Myr obtained in the LY—F core is significantly higher compared to other time-equivalent
successions with high-resolution geochronology elsewhere in the world. For example, the calculated
average compacted sediment accumulation rate for the paralic, coal-bearing Taiyuan Formation (ca.
299.7-298.2 Ma, Wu et al. 2021) in the Ordos Basin of North China is only 67 + 29 m/Myr. The higher
apparent rate in the LY—F core may indicate higher subsidence in the depocenter of the Decize-La-
Machine basin, as evidenced by massive, alluvial, conglomeraticsediments (debris flow/slump deposits)
depositedin a relatively short time in the Lucenay Formation (Ducassou et al. 2019). Moreover, the

contribution of the volcanism to these high depositional rates should be considered, as the abundance of
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volcanogenic materials in fan-delta deposits of the LY -F core has been documented by Ducassou et al.
(2019).

For the neighbouring Autun Basin, using the ages and stratigraphic constraints given in Pellenard et al.
(2017), the average compacted sediment accumulation rate between the Igornay and Muse formations
is estimated between 136 and 199 m/Myr (considering age uncertainties), which is nearly half of that
for the Lucenay-lés-Aix Area of the Decize—La Machine Basin. This differences in the sedimentation
rates between the two basins may be explained by a lack of volcaniclastic-rich deposits in the Autun
Basin, together with the dominance of finer-grained terrigenous lithologies in the latter, as the Autun
Basin records much deeper subaquatic environments (Mercuzot et al. 2021a, 2022).

The relatively high sediment accumulation rates observed in the Autun (Pellenard et al. 2017) and
Decize-La-Machinebasins (this work) is consistent with them havinga shorter depositional history than
previously estimated. In addition, the accumulation rate calculated in the Decize—La Machine Basin
compareswell with those estimated for other time-equivalent C—P basinsacross the Variscan Belt. For
example, based on high precision geochronological results, compacted sedimentation rates obtained in
Bohemian basins range between 50 and 240 m/Myr (Oplustil et al. 2016a), reach about 430 m/Myr in
the Lodeéve Basin (Michel et al. 2015), and about 400 m/Myr in the Thuringian Forest Basin (LUtzner
et al. 2021). This finding is in line with the identification of short-lived C—P basins with high
accumulation rates along the Variscan Belt (Oplustil etal. 2016a; Lutzner etal. 2021). Although this
preliminary observation relies on sedimentary thicknesses uncorrected for compaction, it suggests that
the C—P basins of the Variscan Belt formed under a relatively similar tectonic regime. Indeed, the
geodynamic setting was controlled by the rapid collapse of the Variscan Belt, responsible for the
thinning of the continental crust, and triggering at the surface the formation of sedimentary basins with
high subsidence rates controlled by normal detachments and faults (Burg et al. 1994; Ménard and
Molnar 1988; Averbuch and Piromallo 2012; VVanderhaeghe et al. 2020). It also indicates that these
basins were tectonically active, with high levels of both sediment influx and accommodation, allowing
for progradation of deltaic systems in balanced-filled to overfilled lake systems (Mercuzot et al. 2022).

High sediment influx, together with the immature nature of the coarse-grained facies (Ducassou et al.
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2019) also reflects proximity to coeval topographical reliefs. Beside therole of this terrigenous sediment
influx in a post-orogenic setting, the influence of climate, that was likely relatively humid given that the

basins were in equatorial position, remains to be reliably constrained.

Conclusions and perspectives

High-resolution U-Pb geochronology by the CA-ID-TIMS method on three tonstein levels collected
from Carboniferous—Permian basins in the northern French Massif Central (Aumance and Decize-
La Machine basins) provided ages close to the Carboniferous—Permian boundary, ranging from
299.11+0.35Mato 298.59 + 0.35 Ma. Theresults are consistent with other ages previously published
from NE French Massif Central basins, and indicate substantially high sediment accumulation rates,
implying shorter depositional histories than previously estimated. Together with sedimentological,
structural and palaeobiogeographical evidence, the new chronostratigraphic framework points out to
physical connections between the presently disparate basins during their infilling.

Thiswork offers newperspectives onthe Carboniferous—Permianbasinevolutionthroughout the eastemn
equatorial Pangaea, with important biostratigraphic, palaeogeographical, geodynamic and climate
implications, which necessitate further focused investigations: (i) high-resolution chronostratigraphic
frameworks based on radioisotopic age data highlight new disparities in the established biostratigraphic
zonation at the European scale, which call on revisions to the early Permian faunal and floral evolution
histories, (ii) statistically robust age models based on high-resolution geochronology can identify local
changes in sediment accumulation and/or depositional gaps and their possible inter-basinal correlations
in connection to the Variscan geodynamics, and (iii) well-calibrated basin evolution histories would
allow re-evaluation of local versus global climate signals, leading to a better understanding of the Earth

system response to the demise of the LPIA.

Acknowledgements

The authors greatly thank Yves Paquette and Dominique Chabard for providing the “Lien Vert” sample

from the Aumance Basin. They are also grateful to Pierre Debriette for the field excursion in the



Downloaded from https://www.lyellcollection.org by Sylvie Bourquin on Sep 18, 2023

Aumance Basin, as well as Georges Gand and Ludovic Bruneau for their assistance in the field and in
the laboratory, respectively. The authors thank Michael A. Pointon and an anonymous reviewer who

provided valuable comments, contributing significantly to the improvement of the original manuscript.

Author Contributions

MM, CR, SB, LB, PP: conceptualization; CR, JR, MP, CD: data curation; CR, JR, CD: formal analysis;
MM, SB: funding acquisition; MM, CR, SB; CR, JR, MP, PP: validation; MM, CR, SB, JR:
visualization; MM, CR: writing — original draft; MM, CR, SB, JR, MP, CD, LB, PP: writing — review

and editing.

Funding information

This work was supported by the TelluS Program of CNRS/INSU.

Data availability statement

All data generated or analyzed during this study are included in this published article (and its

supplementary information files).

Figure captions

Fig. 1. (a) Map of western Europe showing the main Variscan tectonic structures and the late
Carboniferous to early Permianbasins (Southern European Basin; modified fromBeccaletto etal. 2015;
Schneider and Scholze 2018), in both outcrop and in subsurface. (b) Distribution of the late
Carboniferous to Permian basins of the NE Massif Central displayingthe studied Aumanceand Decize—
La Machine basins, as well as the Lucenay-lés-Aix Area (modified from Elsass-Damon 1977). AM,

Armorican Massif; MC, Massif Central; VM, Vosges Massif.

Fig. 2. Composite lithostratigraphic sections of (a) the Decize—La Machine Basin (Lucenay-les-Aix

Area) and (b) the Aumance Basin, along with the European continental stages (modified after Paquette
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1980; Donsimoni 1990; Ducassou et al. 2019). LA-ICP—-MS ages of the LY -F core are from Ducassou
etal. (2019). The Aumance’s hydrothermal sinters “Meiller quartzites” have been dated at 300 + 21 Ma
by sensitive high-resolution ion microprobe (SHRIMP) U—Pb analyses of hydrothermal zircon grains
(Marcoux etal. 2004). OM, organic matter; Fm., Formation. Red stars mark newly analyzed tonstein

levels.

Fig. 3. X-ray powder diffractograms for the LV tonsteinfromthe Aumance Basin, includingwhole-rock
(a) and clay-fraction (<2 um) only (b). IS, regular illite-smectite mixed-layers (rectorite); d, lattice

spacing.

Fig. 4. Geochemical ICP—-MS and ICP-OES data for the three selected tonsteins. Data for LYF-567.7
and LYF-416.5 after Ducassou etal. (2019). (a) Zr/TiO2 vs Nd/Y diagram (Winchester and Floyd 1977)

and (b) REE profiles normalized to the Cody-shale (Jarvis and Jarvis 1985).

Fig. 5. LA-ICP-MS concordia diagrams for the LV tonstein sample (Aumance Basin). The diagrams
were generated using IsoplotR (Vermeesch 2018). Error ellipses are depicted at the 2o level. (a). Tera-
Wasserburg diagram showing all analyses. (b) Wetherill diagram focused on the concordant analyses

(blue filled ellipses). Open ellipses correspond to discordant analyses.

Fig. 6. Cathodoluminescence images of representative zircon grains analyzed by LA-ICP-MS and CA-

ID-TIMS. Uncertainties on 2°5Pb/2%8U dates are given at the 2c level.

Fig. 7. Results of CA-ID-TIMS analyses shown in conventional concordia diagrams (left column) and
ranked 2°5Pb/28U date plots (right column). (a) LV tonstein (Aumance Basin), (b) LYF-416.5 tonstein
(Decize—LaMachine Basin), (c) LYF-567.7 tonstein (Decize—La Machine Basin). Vertical bars are
individual zircon analyses with their 2o uncertainties; horizontal lines represent the calculated weighted

mean 2°6Pb/z38U age, and horizontal shaded band represents its 95% confidence interval intemal
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uncertainty (X). The age uncertainties are reported as + X/Y/Z Ma (X: internal or analytical uncertainty
in the absence of all external or systematic errors; Y: incorporating the U—Pb tracer calibration error; Z:

including X and Y, as well as the U decay constant error).

Fig. 8. Bayesian age—depth model for the LY-F core (Decize—La Machine Basin, Lucenay-les-Aix
Area), based on CA-ID-TIMS geochronology of two tonsteins, LYF-567.7 and LYF-416.5, sampled
151.10 mapartin the LY-F core. The extrapolated age is in blue and constrains the boundary between

the Stephanian (Lucenay Formation) and the Autunian (Grey Autunian Formation) continental stages.

Fig. 9. Correlation of the Carboniferous—Permian basins across western Europe based on available
biostratigraphic and radioisotopic age constraints, upgraded with more recent radioisotopic data. Autun,
Lodéve (right column), Sardinian, Southern Italian Alps, Saar-Nahe basinsand Thuringian Forest Basin
(Tambach and Eisenach formations): Schneider et al. (2020), see references therein for detailed
explanations; Decize—La Machine Basin: Ducassou et al. (2019) and this study; Aumance Basin:
Schneider and Werneburg (2006) (left column) and this study (right column; the previously considered
stratigraphic position of the “Lien Vert” tonstein is highlighted with a grey line); Thuringian Forest
Basin (Mdhrenbach to the Rétterode formations): Litzner et al. (2021).

Stars represent recent U-Pb geochronology: Autun Basin: Pellenard etal. (2017); Lodéve Basin, left
column: Bruguier etal. (2003) and Michel et al. (2015) (see Pochat and VVan Den Driessche (2016) for
an opposite view); Sardinian basins: Wemeburg et al. (2007) and Gaggero et al. (2017); Southem Alps
basins: Schaltegger and Brack (2007), Marocchi et al. (2008) and Berra et al. (2015); Saar Nahe Basin:
Voigt et al. (2022); Thuringian Forest Basin: Lltzner et al. (2021); Bohemian basins: Oplustil et al.
(20164a). Lithological descriptions: Decize—La Machine Basin: Ducassou et al. (2019); Aumance Basin:
Paquette (1980); Autun Basin: Mercuzot etal. (2022); Lodéve Basin: Lopez etal. (2008); Sardinian
basins: Ronchi et al. (2008), Gaggero et al. (2017); Southern Alps basins: Marocchi et al. (2008); Saar-
Nahe Basin: Roscher and Schneider (2006); Thuringian Forest Basin: Litzner et al. (2021); Bohemian

basins: Oplustil et al. (2013).
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Table 1. Mineralogical compositions of the clay fraction and the bulk-rock forthe LV (Aumance Basin),

LYF-416.5 and LYF-567.7 (Decize-La Machine Basin) tonsteins, obtained using X-ray diffraction.

Table 2. LA-ICP—MSand CA-ID-TIMSages forthe threeanalyzed samples LV, LYF-416.5and LYF-

567.7.

Supplementary Material Table 1. ICP—MS and ICP-OES geochemistry results forthe LV, LYF-416.5
and LYF-567.7 samples.

Supplementary Material Table 2. Operating conditions for the LA-ICP—MS equipment.
Supplementary Material Table 3. LA-ICP-MS results for the LV sample (Aumance Basin).

Supplementary Material Table 4. CA—ID-TIMSresultsforthe LV, LYF-567.7and LYF-416.5 samples.
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Table 1. Mineralogical compositions of the clay fraction and the bulk-rock for the LV (Aumance Basin),
LYF-416.5 and LYF-567.7 (Decize—La Machine Basin) tonsteins

Clay fraction (2 <2 pm, %) Bulk rock (%)
Sample Basin IS R1 I K Qz Clays Qz Carb A Fds Go P G
LV Aumance 527 0 48 0 28 37 28 1 1 3 2 0
LYF-4165+% Decize-La 1,5 g0 56 12 2 1 > 16 > 13
Machine
LYF-567.7% Decizela g 0o 75 8 54 37 > > 1 6 1 0
Machine

Note: Details of location and stratigraphy are given in Figures 1 and 2, respectively.

Results are rounded to the nearest percent, excepted for values lower than 1%.

*Results from Ducassou et al. (2019); trectorite
CV—~Chlorite-vermiculite mixed-layers; IS R1—Illite-smectite mixed-layers; I-—Illite; K—Kaolinite; Qz—
Quartz; Carb—Carbonates: dolomite and siderite; A—Apatite; Fds—K-feldspars and plagioclases; Go—
Goethite; P—Pyrite; G—Gypsum
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Table 2. Summary of calculated U-Pb dates and their uncertainties

LA-ICP-MS CA-ID-TIMS
. Concordia error . 206pp,/238( error (20)'
I § I n8
Sample Basin age Ma) (20) MSWD+ n3 No. Age (Ma) ¥ 7 MSWD+ n3 No.
LV Aumance NA NA NA 95 95 298592 0.075 0.15 035 032 5 5
LYF4165 297 La o080 4 1.16 10 51 29873 0.1 017 036 034 4 5
Machine
LYF-567.7 Decize-La 599 2 035 17 40 299.111 0.076 0.15 035 099 5 5
Machine

Note: Details of location and stratigraphy are given in Figures 1 and 2, respectively.
* Ages from Ducassou et al. (2019).
fX—internal (analytical) uncertainty in the absence of all external or systematic errors; Y—incorporates the U-Pb tracer
calibration error; Z—includes X and Y, as well as the uranium decay constant errors.
IMSWD—mean square of weighted deviates.
n’—number of analyses included in the calculated weighted mean date out of the total number of analyses (No.).






