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Abstract:

The Carboniferous to Permian volcanic-sedimentary succession shown by the LY-F
core from the Lucenay-leés-Aix area, in the northern part of the Massif Central, has been
studied in order to obtain both landscape reconstructions (sedimentological analyses)
and geochronological constraints (U-Pb dating on zircon and apatite). The lowermost part
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of the core consists mainly of lacustrine deposits with Gilbert-type delta and
volcaniclastic-rich fan delta deposits including several altered volcanic ash layers
(tonstein). In contrast, in the uppermost part of the core, playa-lake deposits dominate.
LA-ICP-MS U-Pb analyses were performed on both zircon and apatite grains from
interbedded tonsteins. This coupled U-Pb dating approach allows to assess potential
reworking of volcanic material or the occurrence of non-volcanic grains, such as
xenocrysts, in order to provide better evaluations for the depositional ages of the
tonsteins. These investigations reveal that sedimentation took place between the late
Gzhelian and the late Sakmarian (i.e., between c. 301 and 290 Ma). This sedimentary
succession can therefore be compared to those from adjacent basins for which
geochronological constraints are available (i.e., Autun and Lodeve basins, resp. located
north and south of the Massif Central). This study provides a reference section for future
comparisons with similar sections from other Carboniferous to Permian basins, in France

as well as elsewhere in Europe.

Keywords : Depositional environment; Sequence stratigraphy; Tonstein; U-Pb; Zircon;

Apatite

Highlights :

The LY-F section contains lacustrine deposits with interbedded tonstein layers.

The lower part of the core consists of Gilbert-type deltas deposits.

They are interbedded with volcaniclast-rich delta deposits.

The upper part of the core consists of playa-lake deposits.



e The depositional age of the LY-F section is late Gzhelian to late Sakmarian.



1. Introduction

In Europe, the Carboniferous to Permian transition is marked by the final stages of
the Variscan orogeny that resulted from the assembly of several continents to form
Pangea. This period is not only a time of tectonic changes, but also of major climatic
disruption, with the transition from icehouse to greenhouse conditions (i.e., Beerling et
al. 2002; Scheffler et al. 2003). This climatic change is marked by an increase in
atmospheric pCO2 (Montafiez et al., 2007; Poulsen et al, 2007), as well as by an
aridification over most of equatorial Pangea during the early Permian (Schneider et al,,
2006; Tabor and Poulsen, 2008; Tabor et al., 2013; Gulbranson et al., 2015; Michel et al.,
2015). In the European continental basins, the preserved palaeoflora suggest that the
climate became warm and semi-arid (Schneider et al., 2006). However, Pochat and Van
Den Driessche (2011) have highlighted that some of the observations attributed to this
climate change, such as the palaeo-environmental change from deep to shallow lakes,
could instead be ascribed to the syn-rift tectonic evolution of the basins. Moreover, the
sedimentary record of the Carboniferous to Permian transition in western Europe is
limited to small intracontinental basins, for which the stratigraphic framework is often
poorly constrained. The terminology used to refer to the stratigraphic record of these
basins only reflect lithostratigraphic units with specific floristic facies (i.e., Stephanian,
Autunian, Saxonian and Thuringian), by definition diachronous both in time and space
(Broutin et al., 1986; 1999), but sometimes attributed to regional continental stages (e.g.,
Heckel and Clayton, 2006; Menning et al., 2006; Schneider et al., 2017). Correlating these
units to the International Carboniferous to Permian Stratigraphic Chart is therefore

challenging. The acquisition of isotopic ages from interbedded volcanic ash layers have



(Oplustil et al., 2016a, 2016b, 2017). However, chronostratigraphic data are still lacking
for many other Carboniferous-Permian basins. The present study, based on the core from
the Lucenay F well (LY-F) located in the Decize-La Machine area (Massif Central, France,
Fig. 1), aims at re-evaluating the depositional environments of the sediments (facies
analysis, petrographic analysis) to provide a model for landscape evolution, in order to
better constrain the relationships between tectonics, climate and volcanism, in this area.
This study also aims to propose a chronostratigraphic framework for the interbedded
volcanic ash layers based on LA-ICP-MS U-Pb analyses performed on both zircon and
apatite. This new methodological approach was implemented to better evaluate the
depositional ages of the volcanic ashes. Indeed, in the literature, depositional ages are
usually determined from zircon U-Pb dating alone despite the fact that volcanic ashes may
contain zircon grains that crystallized much before eruptions (inherited grains,
yield dates that are older than the actual depositional ages. Conversely, older dates
obtained from apatite crystals exotic to the magma are not expected to be preserved
because of the low closure temperatures of this mineral (450-550°C, Schoene and
Bowring, 2007). Apatite is therefore considered as suitable to provide additional
constraints on depositional ages. Finally, our model is compared with the sedimentary
record from other Carboniferous-Permian basins in the northern and southern Massif

Central (France).

2. Geological setting

2.1. The Variscan orogeny



The Variscan orogeny, whose remains are preserved over much of western and
central Europe, resulted from the collision of several peri-Gondwanan microcontinents
that were located between two main colliding supercontinents, Laurussia and Gondwana
(e.g., McCann, 2008). The precise geodynamic scenario is, however, still a matter of

debate, especially when it comes to the nature, boundaries and timing of amalgamation

in France (Fig. 1la), continental subduction resulted in the formation of HP-LT
metamorphic rocks during the Late Devonian-early Carboniferous (Bosse et al., 2000;
Paquette et al., 2017; Lotout et al., 2018). Subsequent nappe-stacking was accompanied
by the progressive exhumation of HP-LT metamorphic rocks (Bosse et al., 2000; Pitra et
al,, 2010; Ducassou et al., 2014), during the early Carboniferous. Next, between the late
Carboniferous and the early Permian, post-orogenic extension is recorded by the
formation of high-grade metamorphic domes associated with detachment faults, such as
the Velay (Ledru et al,, 2001) or the Montagne Noire (Van Den Driessche and Brun, 1991;
Poujol et al., 2017) domes in the Massif Central, the Lesponne and Chiroulet domes in the
Pyrenees (Lemirre et al., 2019) or in the Quiberon and Sarzeau areas (Gapais et al., 2015),
in the Armorican Massif. This extensive event is often attributed to the post-orogenic
collapse of a thickened and hot crust (Ménard and Molnar, 1988; Echtler and Malavieille,
1990). In this geodynamic framework, late Carboniferous-Permian sedimentation is
thought to occur in intramontane coal-basins, usually interpreted as half-grabens
associated with major detachment faults (Malavieille et al., 1990; Van Den Driessche and
Brun, 1991; Malavieille, 1993; Faure, 1995), or as pull-apart basins by reactivation of

major shear zones (Vallé et al., 1988; Genna et al., 1998; Choulet et al., 2012).



2.2. Late Carboniferous-Permian basins

In France, the late Carboniferous-Permian (i.e., Stephanian-Autunian) basins are
exposed within the Variscan basement from the Massif Central, Vosges, Armorican Massif,
Pyrenees and Alps (Fig. 1a). They are also known from subsurface data beneath the Meso-
Cenozoic sedimentary cover of the Paris, Aquitaine and South-East basins (see Beccaletto

etal, 2015 and references therein).
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Fig. 1 a) Simplified geological map of France showing the location of the Stephanian

and Permian deposits (surface data: Chantraine et al. 2003; subsurface data: Debrand-
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Massif Central (modified after Gand et al.,, 2007). The location of the LY-F borehole is

indicated on the map; c) Lithostratigraphic section of the Lucenay-lés-Aix area (modified

In the northeastern part of the Massif Central, several of these Stephanian to
Permian basins are preserved. From west to east, they are (Fig. 1b): (i) the Aumance (or
Bourbon-I'Archambault) Basin, located between the Loire-Sancerre and the Sillon
Houiller faults (Paquette, 1980; Bonnion et al., 1983; Courel et al., 1989; Paquette and
Feys, 1989); (ii) the Decize-La Machine horst that is surrounded by a Mesozoic
sedimentary cover, but which may represent a prolongation of the Aumance Basin
(Grangeon et al.,, 1968); (iii) the Autun Basin, located in the Morvan and bounded to the
south by the Autun fault (Marteau, 1983; Marteau and Feys, 1989); (iv) the Blanzy-Bert-
Le Creusot-Burgondy Basin, extending over several hundred km from the Sillon Houiller
to the south-west, up to the Vosges Mountains and the Forét-Noire to the north-east (Feys
and Gand, 1983; Vallé, 1986; Vallé et al., 1988; Gand, 2003). In addition, in the Morvan,
the Blismes-Montreuillon volcanic units include rhyolitic lava flows, ignimbritic and tuff
layers, and minor interbedded sediments. These units have been attributed to the
Autunian from the flora content and have been dated as late Carboniferous to early
Permian using fission tracks analyses on zircon (Carpéna et al, 1984). In the four
Carboniferous to Permian basins, the sedimentary sequence has been divided into several
lithostratigraphic units, named, from bottom to top: Stephanian (subdivided in
Stephanian A, B and C), Autunian (itself subdivided in grey and red Autunian in the
Aumance and Decize areas, or in Lower and Upper Autunian in the Autun Basin, e.g.,

Grangeon et al., 1968; Paquette, 1980; Marteau, 1983), and Saxonian. However, these



units, defined from their paleobotanical assemblages (Broutin et al., 1986, 1999), should
not be directly related to the official stratigraphic periods as they may encompass the
Carboniferous-Permian boundary, as shown in the Autun Basin, where the
Carboniferous-Permian boundary has recently been established within the Lower
Autunian using new CA-ID-TIMS U-Pb ages (Pellenard et al.,, 2017). High-precision CA-ID-
TIMS U-Pb zircon ages are also available for the Lodeve basin successions (Michel et al.

2015), located in the southern part of the Massif Central (Fig. 1a).

2.3. Lucenay-les-Aix area

The Carboniferous-Permian sedimentation from the Lucenay-les-Aix area is only
known from subsurface data acquired during the 1980s (Donsimoni, 1990; 2006). The
available drilled cores have never reached the basement of the sedimentary units.
However, in the Decize-La Machine horst, located only a few tens of kilometers to the
north, the Carboniferous to Permian sediments, represented by conglomeratic deposits,
are deposited unconformably over a crystalline basement (Grangeon et al., 1968). From
bottom to top, the succession of the Lucenay-lés-Aix area has been ascribed to the
Stephanian B-C, the Grey Autunian and the Red Permian (Donsimoni, 1990) (Fig. 1c).
These divisions were mainly based on floral assemblages (Primey and Farjanel, 1988) and
lithological considerations (Donsimoni, 1990). In addition, the Stephanian B-C is
subdivided in two formations (Fm) separated by an angular unconformity. The La
Machine Fm is mainly made of feldspathic sandstones, polygenic conglomerates and rare
fine-grained sediments and coal layers. It is overlain by the Lucenay Fm that contains
thick coal accumulations, which are interbedded with conglomerates, sandstones,
claystones, rare carbonates with stromatolites and a few tonstein layers. The Grey

Autunian is mainly composed of feldspathic sandstones interbedded with siltites and rare
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coal layers. The colour of this unit evolves from grey-greenish at the base to brown-
reddish towards the top. At last, the Red Permian is mainly made of reddish claystones
and sandstones. Occurrence of tonstein layers is also mentioned in this unit. In the
absence of preserved fauna or flora, this unit was attributed to the Red Saxonian, only
based on facies analogies. These sedimentary series are usually attributed to
alluvial/fluvial, swamp and minor lacustrine depositional environments (Primey and
Farjanel, 1988; Donsimoni, 1990). They are assumed to be deposited in a half-graben
controlled by a major NNE-striking syn-sedimentary fault located towards the NW

(Donsimoni, 1990).

3. Methodology

3.1. Sedimentological analyses

The LY-F core (WGS84 coordinates: latitude: 46.71872301; longitude: 3.49736547)
is 328.5 m long and was studied to establish a detailed sedimentological reference section
at a 1:50 scale. Each sample number corresponds to the name of the core (LYF) followed
by the depth, in meters, to which the sample has been collected. The facies have been
described using a terminology modified from Miall (1996) and Postma (1990). The
evolutions of both the depositional environment and the source of the sediments were
defined and constrained by facies associations and thin section analyses. From this
detailed sedimentological study, the recognition of progradational-retrogradational
trends within this terrestrial context (e.g., Bourquin et al., 1998; 2009) is given by the

vertical depositional environment profile (Fig. 2).

3.2. Identification of ash-fall vs volcanic-sedimentary deposits
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Ashes deposited in swamp and lake environments are transformed during the early
diagenesis in clay minerals or silicate minerals (e.g., zeolites), depending on the alkalinity
and acidity of the depositional environment (Fisher and Schmincke, 1984). Following in
situ alteration, volcanic ash-layers mostly form tonsteins in coal-bearing sequences; they
are characterised by a high kaolinite content derived from the devitrification of glass
shards, and sometimes by smectite or illite-smectite mixed-layers when smectite has been
altered by an increase in temperature during burial diagenesis (Bohor and Triplehorn,
1993; Spears, 2012). It is therefore generally accepted that tonsteins result from the in-
situ alteration of volcanic ashes, mostly as distal air-falls from violent eruptions involving
a silica-rich magma (Triplehorn, 1990). However, considering that kaolinite also occurs
in coal-bearing sequences as a result of normal sedimentary processes, some kaolinite-
rich layers may also correspond to detrital shales. Moreover, ash-fall deposits may be
reworked during sedimentation and/or may incorporate detrital grains by various
mechanisms (e.g., aeolian or aqueous contamination by currents, bioturbation...).
Therefore, careful examinations of the mineralogical contents and geochemical
compositions of the clay horizons is necessary to testify their pyroclastic nature, before
using the zircon and/or apatite grains to date their deposition. In the case of the LY-F core,
the temperature reached during burial diagenesis, as reported by Donsimoni (1990)
based on the vitrinite reflectance index, has transformed smectite, which is very sensitive
to a temperature increase, into R1-type illite-smectite mixed-layer (IS R1), while kaolinite,
which is more heat resistant (up to 120-140°C), has been preserved. Therefore, kaolinite
and IS R1 are considered as authigenic clay minerals formed from glassy ash shard
deposits that likely correspond to tuffs, as frequently observed for tonsteins and K-
bentonites (Spears, 2012; Huff, 2016; Hong et al., 2019). By contrast, mixtures of mica-

illite, chlorite, kaolinite, vermiculite and associated mixed-layers (illite-smectite, chlorite-
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vermiculite, smectite-vermiculite, chlorite-smectite) are common in deposits enclosing
mostly detrital particles. Moreover, quartz and alkali feldspar (sanidine) are often
observed in tonsteins derived from a felsic magmatism but high contents in these
minerals may also reflect contamination by detrital input during reworking, which is

frequent in continental or shallow water environment (Spears, 2012).
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association (see Table 3 and discussion in the text). The location of samples selected for

thin sections, XRD and geochronological analyses are also reported.

3.2.1. XRD analyses

X-ray Diffraction (XRD) for the bulk rock and the clay-size fraction (< 2 um) were
performed at the Biogéosciences Laboratory (Université de Bourgogne) to determine the
mineralogical content of 33 clay layers that potentially correspond to tonsteins, and 3
samples of the enclosing detrital sediments (Table 1). By comparison, the mineralogical
contents of the layers distinguish tonsteins that are directly derived from volcanic ashes
from volcanic-sedimentary rocks, containing a mixture of ashes and detrital particles
(Pellenard et al. 2017; Rossignol et al., 2019).

Clay minerals were identified in oriented mounts of non-calcareous clay-size
fraction, following the analytical procedure of Moore and Reynolds (1997). After
removing carbonate using 0.2 N HCl, clays were deflocculated by successive rinsings with
deionized water. Particles <2 um were isolated after decantation (105 min) and
concentrated by centrifugation. Diffractograms were obtained using a Bruker D4
Endeavor diffractometer with CuK« radiation, LynxEye detector and Ni filter, under 40 kV
voltage and 25 mA intensity. The goniometer scanned from 2.5° to 28.5° 20 for each run.
Mineral identifications and semi-quantitative estimates were based on the position and
area of the (001) basal reflections on the three XRD diffractograms, obtained after air-
drying (AD), ethylene-glycol solvation (EG), and heating at 490°C for 2 hours (Moore and

Reynolds, 1997).
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Samples Bulk mineralogy (XRD powder, by order of content) Kaol ISR1 lllite CV  Quartz

very abundant >30% +, abundant, >15% (present >2%) %) ) (%) (%) (W)

LYF325.3 " Quartz+, IS R/illite, kaolinite/chlorite (K feldspar, gypsum, plagioclase) 27 30 38 6 15
LYF337.35 Quartz+ (dolomite, kaolinite, IS R1, mica/illite, goethite) 47 53 0 0 11
LYF363.35 Dolomite +, kaolinite, siderite (gypsum, quartz, goethite) 93 0 0 3
LYF367.15 *# Kaolinite+ (goethite, quartz) 100 0 0 1
LYF386.88 IS R1, quartz, kaolinite (goethite, gypsum) 33 63 4 0 5
LYF416.5 *$ Kaolinite+, goethite (gypse, quartz, IS R1) 88 12 0 0 0
LYF448.08 $+  Quartz+, kaolinite+ (goethite, IS R1) 67 22 8 3 21
LYF464.7 Siderite+, quartz, kaolinite (K feldspar, mica/illite) no2 7 0 5
LYF470.53 Quartz+ (kaolinite, mica/illite, K feldspar, plagioclase) 36 38 22 4 27
LYF471.05 ™ Quartz+ (IS R1/illite, goethite, kaolinite/chlorite) 10 47 41 1 60
LYF473.25  *# Quartz+ kaolinite (goethite, IS R1) 68 32 0 0 18
LYF481.95 * Kaolinite+, quartz+, goethite 94 0 0

LYF482.15  *# Quartz+, goethite, kaolinite (K feldspar) 96 0 0 5
LYF487.25 Kaolinite+, quartz+ (goethite, IS R1) 86 12 2 0 6
LYF488.15 Quartz+, kaolinite+ (goethite, mica/illite, 1S R1) 75 14 11 0

LYF488.97 Quartz+, kaolinite (goethite, plagioclase, IS R1) 70 29 0 1 27
LYF491.25  *# Quartz+ kaolinite (IS R1, plagioclase, goethite) 58 42 0 1 24
LYF492.7 Quartz+ (kaolinite, goethite) 73 21 5 1 80
LYF494.15 Kaolinite+, quartz + (goethite, mica/illite) 88 7 4 1 2
LYF498.5 Dolomite+ (quartz) 89 11 0 0 3
LYF503.9 Kaolinite+, quartz+ (mica/illite) 87 8 5 0 7
LYF504.1 Kaolinite+, quartz+ (goethite) 92 6 3 0 14
LYF504.95 Kaolinite+, quartz+ (goethite, mica/illite) 93 5 2 0

LYF505.26 Quartz +, kaolinite+ (goethite, mica/illite) 83 10 6 2

LYF516 Quartz+, kaolinite (ISR1, mica/illite, goethite, K feldspar, plagioclase) 29 46 22 3 11
LYF517.1 " Quartz+, IS R1/illite (kaolinite/chlorite, plagioclase, K feldspar) 15 37 44 5 20
LYF521.6 " Quartz+, IS R1/illite, kaolinite/chlorite (K feldspar) 23 40 34 3 17
LYF554.34 *  Kaolinite+, quartz (goethite, gypsum) 99 0 1 0 2
LYF554.35 ° Quartz+, IS R1/illite, kaolinite/chlorite (K felspar, gypsum, apatite) 32 30 36 2 15
LYF564.95 *  Kaolinite+, goethite, quartz (IS R1) 89 11 0 0 1
LYF567.70 *§ Kaolinite+, quartz+ (goethite, IS R1) 81 19 0 8
LYF567.85 ° Quartz+, kaolinite/chlorite (1S R1/illite, K feldspar) 63 20 16 1 31
LYF579.35 Kaolinite+, quartz (goethite) 97 0

LYF579.4 *  Kaolinite+, goethite (quartz, gypsum) 100 0 0

LYF579.6 *  Kaolinite+, quartz (goethite, IS R1) 79 21 0

LYF579.65 ° Quartz+, kaolinite/chlorite (IS R1/illite, gypsum, goethite, K feldspar) 51 20 24 4 12

* sample selected for chemical analysis
$ sample selected for geochronological analysis

pure tonstein
mixed tonstein with a low detrital input

mixed tonstein with a signifant detrital input
non volcanogenic samples ™
sediments surrounding the tonstein layers ®

Tab. 1 Results of XRD analyses performed on 33 clayey layers considered as
potential tonsteins and 3 enclosed sediments: bulk mineralogy (XRD powder) and clay

mineral proportion based on semi-quantification (given with 5% uncertainties) according
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to Moore and Reynolds (1997) for the clay fraction. %Quartz values are calculated using

the 4.26 A peak area compared with areas of main clay mineral peaks.
3.2.2. Major and trace element geochemical analyses

Concentrations of major and trace elements (44 chemical elements) were quantified
by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), respectively, on 11 potential tonstein
samples at the SARM (CRPG-CNRS, Nancy, France). Geochemical analyses are provided in
Supplementary material 1 and were used to compare the geochemical signature of the
tonsteins with those from the Autun Basin (Pellenard et al. 2017), in order to characterise
the nature of the magmatism and discuss the possible centres of the volcanic emissions.

Analytical uncertainties and detection limits are provided in Supplementary material 2.

3.3. U-Pb geochronology

3.3.1. Analytical methods

Zircon and apatite grains were extracted from samples from the LY-F core, following
a classical mineral separation procedure, and hand-picked under a binocular microscope
to produce the most representative sampling, with the aim to avoid any sampling bias
(e.g., Slama and Kosler, 2012 and references therein; Malusa et al. 2013). After embedding
the grains in an epoxy resin, the pucks were polished down to reveal equatorial cross
sections. Zircon and apatite grains were then imaged by cathodoluminescence (CL) before
analysis by LA-ICP-MS in Géosciences Rennes. Detailed operating and instrumental

conditions for U-Pb analyses on zircon and apatite can be found in Ballouard et al. (2015)
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and Pochon et al. (2016) and summarised in Supplementary materials 3 and 4,

respectively.

3.3.2. Data filtering and age calculations

For the U-Pb analyses on zircon, a two-step procedure has been applied to derive
the age of the samples. The first step consists in filtering the data based on their
probability of concordance, calculated using the “concordia” function in Isoplot/Ex 3.00
(Ludwig, 2012), by comparing the 206Pb/ 238 and 207Pb/ 235U ratios and including the
decay constant errors (Ludwig, 1998; Nemchin and Cawood, 2005; Rossignol et al., 2016;
Zimmermann et al., 2017). The cut-off level applied to filter the data was 10 % (Rossignol
et al., 2016). Hereafter, concordant analyses refer to those exhibiting a probability of
concordance = 10 %.

For the second step, only concordant data were considered. As a slight Pb loss could
still result in apparently concordant dates, as in the Tera-Wasserburg diagram, the Pb loss
trend tends to be parallel to the concordia curve (e.g., Corfu, 2013), resolving whether the
data represent truly concordant ages or apparently concordant dates requires a close
inspection of each dataset. In cases where the data do not show evidence of Pb loss, with
no significant spread along the concordia curve, the youngest cluster of at least 3 grains
with dates overlapping at 2 ¢ (standard deviation), as proposed by Dickinson and Gehrels
(2009), is used to calculate a weighted mean concordia age from multiple analyses. In
cases where data spread along the concordia curve, the selection of data to calculate a
weighted mean concordia date from multiple analyses is discussed in detail in the text,
because such spreading could result from variable amounts of Pb loss, hence producing

apparently concordant dates with no geological significance.
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Additionally, we used the Tuff Zirc algorithm (Ludwig and Mundil, 2002),
implemented as the “zircon age extractor” tool in Isoplot/Ex 3.00 (Ludwig, 2012). This
algorithm was developed to minimise the effects of both inheritance and Pb loss, by
isolating the largest cluster of analyses yielding a probability-of-fit greater than 0.05, and
calculating the median age of this cluster. The uncertainties are asymmetric and provided
within a 95 % confidence limit. The TuffZirc algorithm was applied to the concordant ages
(i.e., obtained using the “concordia” function) and the results are compared with the
weighted mean concordia dates calculated from multiple analyses.

For the U-Pb analyses on apatite, no filtering was applied to the data before age
calculations. Two approaches were used to derive the age of the samples. The first
approach was to calculate the lower intercept of the discordia passing through the
analyses. In each diagram, the unforced discordia is displayed together with a discordia
for which the upper intercept was anchored to an initial 207Pb/206Pb value of
0.855 £0.001, calculated according to the single stage Pb evolution model of Stacey and
weighted-average date based on the 207Pb-corrected dates. These dates are obtained
using the data reduction scheme VizualAge_UcomPbine (Chew et al,, 2014) with a fixed

initial 207Pb /206Pb value of 0.855.

4. Sedimentological analyses and depositional environment evolution

From the sedimentological study performed on the LY-F core, 18 facies have been
distinguished (Table 2): 10 conglomerate and sandstone facies, 4 fine-grained facies and
4 additional facies (including coal, volcanic ashes and carbonates). These facies have been
grouped in 9 facies associations (Table 3) reflecting the depositional environments

evolution along the LY-F section.
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Code Lithology Sedimentary structures Depositional
process
Conglomerate
and sandstone
GSm Rounded to angular coarse-grained Massive Masse freezing, cohesive debris
sand to boulders Planar bed flow deposits or high-density
Polygenetic clasts (quartz, Ungraded, and sometimes inverse, turbidity current (Davies and
feldspars, coal fragments), well- inverse-to-normal or normal grading Walker, 1974; Walker, 1975;
sorted to moderately sorted (Fig. Erosive base Lowe 1982; Postma, 1990;
3a,f) Sometimes chaotic features Postma et al., 2014)
Clast supported Some slump and slide
Bed thickness: dm to m occurrences
GSt Same lithology than the GSm facies Trough cross stratification Tractive current, 3D megaripple
(Fig. 3a) Erosive base migration (Davies and Walker,
Bed thickness: dm to m 1974; Walker, 1975. Miall,
1978)
IGSm Same lithology than the GSm facies Massive Gravity process, debris flow
(Fig. 3b) Inclined bed from 15 to 25° deposits in active foreset
Bed thickness: dm to m Ungraded, and sometimes inverse, (Davies and Walker, 1974;
inverse-to-normal or normal grading Walker, 1975; Postma, 1990;
Erosive base Postma etal, 2014)
Sometimes chaotic features Some slump and = slide
occurrences
IGSt Same lithology than the GSm facies  Trough cross stratification Multistored hydraulic jump
Bed thickness: dm to m Inclined bed from 15 to 25° (Cartigny et al,, 2014 ; Rubi et
Erosive base al,, 2018)
GSh Same lithology than the GSm facies  Planar horizontal lamination Hyperconcentrated density flow,
Bed thickness: dm Erosive base High density turbidity deposits
(Walker, 1975; Postma, 1990;
Mulder and Alexander, 2001)
Gmm 1 Rounded to angular gravel to Massive Masse freezing, cohesive debris
boulders, Ungraded, and sometimes inverse, flow deposits (Walker, 1975;
Polygenetic clasts (mud-clasts, inverse-to-normal or normal grading Lowe, 1982; Postma, 1990.
magmatic and coal fragments), Sharp base Miall, 1996;)
very poorly sorted (Fig. 3¢, 3h) Sometimes chaotic features With some slump and slide
Matrix supported, very poorly occurrences
sorted (silt to coarse-grained
sand)
Bed thickness: dm to m
Gmm 2 Rounded to angular gravel to Massive High density turbidity current
pebbles, Ungraded, and sometimes inverse, (Walker, 1975; Postma, 1990)
Polygenetic clasts (mud-clasts, inverse-to-normal or normal grading With some slump and slide
magmatic and coal fragments), Sharp base occurrences
poorly sorted, Sometimes chaotic and shearing
Matrix supported very poorly features
sorted (silt to coarse-grained
sand)
Bed thickness: dm
GFd Deformed bed of various lithology Chaotic  deposits and shearing Slump and slide
(conglomerate to silt, Fig. 3j, 3n) structures

Bed thickness: dm to m
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Smm

Heterolithic well-bedded very fine
to coarse-grained sand with
floating gravels to pebbles (Fig.
3D

Bed thickness: dm

Horizontal planar bedding

Gravels to pebbles are sometimes
inverse or inverse-to-normal
grading, diffuse base and top
between conglomerate and sand

Sharp or diffuse base

Traction carpet, gravelly high
density turbidity deposits
(Lowe, 1982)

SI Fine to medium-grained sand (Fig. Ripple cross lamination with Tractive current, current ripples
3d, o) sometimes oscillatory ripples at top sometimes  reworked by
Bed thickness: cm to dm Lenticular bed oscillatory current influences
Erosive base
Fine
F Clay to silt Massive or thinly laminated clay Deposition from suspension
Bed thickness: cm to dm Planar or inclined bed
Fl Silty clay to very fine-grained sand  Thinly laminated Deposition from suspension
with mm to cm beds of fine to Sandstone beds are massive or contain alternating  with  tractive
medium-grained sand ripple cross lamination current, low density turbidity
exceptionally coarse-grained and Carbonate bed are massive current (Lowe, 1982)
sometimes thin bed of carbonate Sometimes disturbed/homogenised,
(Fig 3b, 3d) convolute/contorted bedding,
Bed thickness: cm to dm faulted or chaotic and shearing
features
Fc Silty clay to very fine-grained sand  Thinly laminated Deposition from suspension
with mm to cm coal and plant Sandstone beds are massive alternating  with  tractive
fragments, mm to cm beds of fine  Sometimes disturbed/homogenised, current, low density turbidity
to medium-grained sand and convolute/contorted bedding, faulted, current (Lowe, 1982)
sometimes thin bed of carbonate  or chaotic features
(Fig. 3b, 30)
Bed thickness: dm to m
Fr Sand to clay, reddish to greenish, Massive, disturbed Deposition from suspension and

Other facies

often rich in mica flakes (Fig. 3p)
Bed thickness: cm to m

Sometimes with gley structures

pedogenesis

C

Cs

Cd

Coal with plant fragments and mm
to cm beds of fine to medium-
grained sand (Fig. 3e)

Bed thickness: dm to m

Ochre clay, sometimes with coal
chips (Fig. 3e)

Bed thickness: cm to dm

Carbonate

Carbonate

Massive or thinly laminated

Massive or thinly laminated

Undulatory bedding

Following or cutting through the
sedimentary layering

Coal deposits alternating with
overbank

Volcanic ashes sometimes

reworked

Stromatolite

Diagenetic

Tab. 2 Facies description and interpretation of the depositional processes.
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Code Facies association Depositional environment

FP C, F, Fl, Fc, T, thin layers of S], Cd (Fig. Swamp
3e)
AF Gmm1, Smm, F, Fl, Fc, C, T, rare GFd  Alluvial fan within swamp or lake (Blair
(Fig. 3¢c) and McPherson, 1994; Miall, 1996)
PL1 Smm, GmmZ2, F, Fl, Fr, rare GSm Unconfined stream flood: distal alluvial

fan within a playa lake

PL2 Smm, F, Fl, Fr Unconfined stream flood: distal alluvial
fan within a playa lake

Dfr GSm, GSt, GSh, S, F, Fl, Fc, C, T, rare Unconfined flow of delta-front with
Smm, GFd (Fig. 3a) coal preservation (Postma, 1990;
Bhattacharya, 2010)

Dfo IGSm, IGSt, F, F1, Fc, rare Smm, GFd, C Foreset of delta (Postma and Roep,
(Fig. 3b) 1985; Rubi et al,, 2018)

Dbo GFd, GSm, GSh, Smm, S|, F, F], Fc, rare  Bottom set of delta (Postma and Roep,
C, Gmm?2 1985; Rubi et al., 2018)

L1 F, Fl, Fc, thin layers of SI, GSh, GSm, Lake with sediment supply deposited
(Fig. 3d), GFd laterally to the delta

L2 F, Fl, Cs, C, GFd Lake environment with rare

stromatolites or carbonate layers or
more frequently few sediment supply
with soft-sediment deformation

Tab. 3 Facies associations identified within the LY-F core and their attribution to

depositional environments.
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4.1. Facies associations and depositional environments

From the base to a depth of 581 m (Fig.2), the core is mainly composed of
sandstones and conglomerates interbedded with thin siltstone and coal layers. The
coarser facies are either massive (GSm and IGSm facies, Table 2; Fig. 3a, b) or constituted
by 3D megaripples (GSt and IGSt facies, Table 2; Fig.3a) or locally by horizontal
laminations (GSh facies, Table 2). The GSt, GSh and GSm facies are stacked together
(Fig. 3a) or interbedded with thin fine facies levels (Fl, Fc facies), and sometimes with thin
coal layers (C facies). The inclined facies (IGSt and IGSm; Fig. 3b) are isolated within
inclined Fl facies and display soft-sediment deformations (SSD), such as convolutes, balls
and pillows and both slumps, and shearing-related structures that can correspond to
chaotic beds (GFd, Table 2). From 589 to 590 m, occurrence of the fine (Fc) and coal (C)
facies are more common, and the coarse facies are completely absent. As a consequence,
three facies associations can be recognised within this first part of the section. The first
facies association, named Dfr (Fig.3, Table 3), is mainly characterised by tractive
processes (GSt, GSh) with some debris flows (GSm, Smm, Fig. 33, f, i) typical of unconfined
flows in delta-front deposits (Postma, 1990; Bhattacharya, 2010), associated with swamp
recorded by coal preservation. The second facies association, named Dfo (Fig. 2, Table 3),
is composed of inclined beds representing foreset deposits and recording periods of
gravity processes (IGSm, Fig. 3b) alternating with settling of particles (Fc or Fl, Fig. 3b),
with some hydraulic jump (IGSt) and slump occurrences, typical of delta deposits (Postma
and Roep, 1985; Rubi et al,, 2018). The facies association marked by the development of
siltstone and coal layers (F and C facies, Table 2) is named FP (Fig. 2, Fig. 3e, Table 3), and

is attributed to a humid floodplain with swamp deposits.
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Fig. 3 Overview photographs of the facies identified within the LY-F core (the top is

above): a) GSm and GSt facies; b) IGSm, Fc and Fl facies; c) Gmm1 facies; d) Fl and Sl facies;
e) T facies; f) Fl and C facies; Details of f & g) GSm facies (f: macrosample; g: thin section,
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cross-polarized light (hereafter XPL), note the angular shape and the relatively good
sorting of the grains compared with the Gmm1 and Smm facies); h & i) Gmm1 facies (h:
macrosample; i: thin section, XPL, note the occurrence of volcanic quartz grains with a
subhedral shape (black arrow) and/or corroded surfaces (white arrow)); j & k) GFd facies
within coarse-grained sandstones displaying post-depositional mixing of layers with
different grain-sizes (h: macrosample, note the large clast surrounded by laminated finer-
grained sediments; i: thin section, plane-polarized light (hereafter PPL), oblique contact
underlined by a dashed white line); | & m) Smm facies (I: macrosample; m: thin section,
XPL, note the occurrence of angular quartz and small flakes of white micas); n) GFd facies
within fine deposits: thin layers affected by both brittle and ductile deformation related
to slumping; o) Finely laminated Fc and Sl facies with small ripples; p) Fr facies with gley
structures; q) Cryptocrystalline volcanic rock fragment with quartz (black arrow) and
feldspar (white arrow) phenocryts (thin section, XPL); r) Muscovite-rich rock fragment

with quartz and feldspars (thin section, XPL).

From 581 m to ~ 560 m (Fig. 2), the coal and fine-grained facies dominate and are
interbedded with layers of volcanic ashes (T facies, Table 2; Fig. 3e). At the base, a new
facies association appears, characterised by the occurrence of the Gmm1 facies
(Fig. 3¢, h), typical of cohesive debris flows, with load-cast and shear-related structures,
and interbedded with thin fine (F facies) and coal (C facies) layers. This facies association,
named AF (Fig. 2, Table 3), corresponds to alluvial-fan delta deposits within lake or
swamp (Nemec, 1990). This environment evolves to coal with fine facies intercalations,
typical of swamp deposits of the FP facies association (Fig. 2, Table 3).

From 560 to 533 m (Fig. 2), two new facies associations appear. The first one is

composed of fine facies (Fl, Fc facies) with occurrence of stromatolite layers (Cs facies,
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Table 2). Occurrences of diagenetic carbonates (Cd facies, Table 2) are also observed
within the fine facies. The second facies association is also composed of the same fine
facies alternating with thin sandstone facies layers (mainly Sl facies, Fig. 3d, o, with few
GSm, GSh or GFd facies, Fig. 3d, 0). The predominance of fine facies, with coal and plant
reworking, stromatolites, and some occurrences of sandstones with current ripples,
locally reworked by oscillatory currents, implies a depositional environment within a
water level. Both facies associations represent a lake environment, either with some
sediment supply and deposited laterally of the delta (L1 facies association; Fig. 2, Table 3),
or with a weak sediment supply, deposited far away from the delta-front (L2 facies; Fig. 2,
Table 3).

From 533 to 494 m (Fig. 2), the depositional environment, mainly marked by thick
conglomeratic deposits (Gmm1 facies; Fig. 3c, h) associated with minor fine facies and
thin volcanic ash and coal layers (F], Fc, T, C facies, TableZ2), corresponds to alluvial-fan
delta within a swamp or a lake environment (AF facies association, Table 3). From 494 to
485 m (Fig. 2), the depositional environment changes progressively, as recorded by
thinner conglomerate and sandstone (Gmm1, Smm facies) layers interbedded within
thicker fine and coal layers and volcanic ashes, corresponding to a transition between the
AF (alluvial-fan delta) and FP (flood plain) facies association.

From 485 to 446 m, the swamp environment (FP facies association, Table 3) with
thick coal layers and volcanic ashes (C, T facies, Table 2) are alternating with fine-grained
sediments with less coal layers (F, Fl, and Fc facies, Table 2). The absence of medium- to
coarse-grained facies implies to assign these deposits to the L2 facies association (Fig. 2,
Table 3) corresponding to a more distal lake environment (i.e., with less sediment supply

than L1). Indeed, the occurrence of stromatolites (Cs facies) associated with disturbed
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layers and contorted beds (Fig 3n) suggests that deposition took place under low water
level.

From 446 to 400 m (Fig. 2), a new facies association appears, characterised by the
predominance of gravel to fine facies affected by SSD (GFd facies, Table 2; Fig 3j, n),
interbedded with gravity deposits (GSm, Gmm2 or Smm facies) and fines (Fl, Fc facies)
with numerous load-cast, ball and pillow and dewatering features. One tonstein layer is
observed at around 413 m. This facies association, named Dbo (Fig. 2, Table 3), is
interbedded with foreset delta (Dfo) and delta-front (Dfr) facies associations, and is
therefore attributed to the bottomset deposits of the delta system (Postma and Roep,
1985; Rubi et al,, 2018). In consequence, this core interval records an evolution from delta
deposits with foreset and bottomset deposits (Dfo and Dbo, Fig. 2) to delta-front related
deposits with episodic coal preservation (Dfr, Fig. 2).

From 400 to 316 m, several trends are observed with an evolution from lake facies
(L2 facies association) to delta facies (Dbo, Dfo, Dfr facies associations, Table 3), and
locally to swamp deposits (FP facies association, Fig. 2). Here, the lake facies (L2 facies
association) are usually followed by delta bottomset deposits (Dbo facies association) and
are not associated with stromatolites, suggesting that they may correspond to a distal and
deep lacustrine environment.

From 316 m to the top of the core, the fine facies are locally reddish, while coal and
volcanic ash layers are absent. The occurrence of high-density turbidite deposits (Gmm?2,
Smm facies, Table 2) interbedded with fine facies (F and Fl facies, Table 2) corresponds
to unconfined stream floods that represent sandsheet deposits within a lake. However,
the reddish fine facies (Fr; Fig.3p) locally preserve gley structures suggesting
hydromorphic soil development. The facies association (Fl, F, Fr, Smm, Gmm2, GSm)

therefore attests lake level fluctuations with periods of emersion and corresponds to
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sediment supply within a playa-lake environment. Two facies associations are
distinguished, named PL1 and PL2 for proximal and distal playa-lake environments,
respectively (Table 3). At the top of the core section, some delta front and delta foreset

facies associations are also present (Dfr and DFo facies associations, Table 3).

4.2, Petrographic study

A semi-quantitative petrographic analysis was performed on 29 sandstone and
conglomerate samples collected from the LY-F core (see location of the samples on Fig. 2).
Results are provided in Table 4 and Figure 4. Sandstones and conglomerates from the
GSm facies are relatively well-sorted, clast-supported and consist of feldspathic or lithic
components are quartz (28 to 48 %), sericitised plagioclase and untwinned and/or
perthitic alkali feldspar (20 to 33 %) and lithic fragments (13 to 32 %), mainly of volcanic
origin, although towards the top of the core muscovite-rich rock fragments predominate
(Fig. 3r). Phyllosilicates are also common (5 to 18 %) and mainly consist of biotite and
chlorite, while muscovite content increases significantly towards the top of the core.

Sandstones and conglomerates from the Gmm1 (Fig. 3i), Gmm2 and Smm (Fig. 3m)
facies are poorly-sorted and matrix-supported, and mainly consist of lithic wackes,
although samples taken in the top 50 m of the core correspond to feldspathic wackes
smaller than 1 mm for the Gmm1 and Gmm?2 facies and smaller than 500 um for the Smm
facies, ranges between 25 and 65 %. In samples located in the lower part of the core
(Gmm1 facies and 1 sample from the Smm facies), elements mainly consist of rock
fragments (up to 35 %), mainly of volcanic origin (Fig. 3q), quartz (up to 20 %) and minor

feldspars (up to 5 %). In samples from the top of the core (Smm and Gmm2 facies),
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elements mainly consist of quartz (up to 83 %) and minor feldspars (up to 28 %), rock
fragments (up to 17 %), with many mica-rich fragments (Fig. 3r) and micas (mostly white

micas, Fig. 3m).

Quartz Feldspars Micas Rock Fragments
. Matrix Bi+ Plu/
Sample |Facies o0y ol Ang. Pol. TOT |Plag Ak TOT|Bi cal Mu Ch TOT [Volc Volc Met TOT Clgf |
() %) (%) Qtz |(%) (%) Fdp |(%) (%) (%) (%) Mica|l(%)2(%) (%) oth* RF | (%)

LYF593 GSt/IGSt - 3 20 15 38 12 14 26 10 1 1 1 13 6 15 2 - 23 -
LYF592 GSm/Gsh - 3 20 16 39 18 15 33 5 8 - 2 15 3 8 2 - 13 -
LYF577 Gmm1l 60 2 8 2 2 4 - - - - -l 10 10 5 - 25 3
LYF532 Gmm1l 40 11 5 2 18 3 2 5 - - - - -l 10 24 - - 34 3
LYF519 Gmml 65 4 2 1 7 2 1 3 - - - - - 5 15 2 - 22 3
LYF515 Gmm1l 45( 12 5 1 18 2 3 5 - 2 - - 2| 10 15 2 1 28 2
LYF511 Gmml 55 4 1 5 2 - 2 - - - = -l 10 18 6 - 34 4
LYF501 Smm 60| 12 5 17 3 2 5 - - - - - 8 10 - - 18 -
LYF 497 Gmml 55 3 2 1 6 2 1 3 2 - - - 2l 13 11 6 - 30 4
LYF 446 GSmd 15 4 12 12 28 8 20 28 10 - - - 101 10 8 1 - 19 -
LYF 437 GFd - 2 15 16 33 6 22 28 7 - 1 2 10| 16 6 6 1 29 -
LYF428 GSm 10 - - - - - - - - -l 3% 30 25 -9 -
LYF419 GSm - 1 15 20 36 12 15 27 12 E - 3 15 10 5 2 - 17 5
LYF 406 GFd - 2 18 16 36 5 22 2711 10 - - 5 15 10 10 2 - 22 -
LYF403 GSm - 1 20 10 311 10 15 25| 12 - - 6 18 10 15 1 - 26 -
LYF381 [GSm - 3 12 18 43 6 26 32 5 - - - 1of 15 10 - -2 -
LYF374 GFd - 3 15 12 30 5 22 27 5 4 - 2 11 18 14 - - 32 -
LYF370 [GFd - 2 12 15 29 5 20 25 6 - - 3 16 11 6 - 33 4
LYF 344 GSm - 5 12 15 32 2 20 22 6 - - 3 18 14 5 -3 -
LYF 340 Sl - - 18 18] 12 18 30[ 10 1 4 2 171 13 22 - - 3 -
LYF313 GFd 25 2 15 10 27 - 10 10 6 - 3 4 13 8 10 2 5 25 -
LYF 306 GSm - 2 15 12 29( 11 10 21 8 - - 4 12 26 10 - - 36 2
LYF 296 Smm 75 - 12 6 18 - 2 2 - - 2 1 3 - - - 2 2 -
LYF 292 GSm - 2 25 20 47( 10 10 20 6 - 5 5 16 - - 2 15 17 -
LYF 292 Smm 70 - 14 6 20 - 5 5 - - 2 - 2 - - - 3 3 -
LYF 280 Smm 85 - 10 10 - - - 2 - 1 - 3 - - - 2 2 -
LYF274 GSm - 3 20 25 48 2 20 22 2 - 4 - 6 4 10 10 - 24 -
LYF 267 GSm - 0 22 271 49 18 15 33 1 0 0 1 5 2 0 10 17 -
LYF 265 Gmm2 25 6 22 12 40 8 12 20 - - 3 - 3 8 2 2 - 12 -

Tab. 4 Semi-quantitative analysis of the sandstones and conglomerates from the LY-

F core.

Samples from the Gmm1 facies contain significantly more quartz with features
suggesting a volcanic origin (i.e.,, euhedral grains with slightly rounded edges and
corrosion gulfs; Fig. 3i) than samples from the GSm, GFd and Gmm2 facies, in which
angular and polycrystalline quartz grains are more common (Fig. 4c). Samples from the

GFd facies have a similar composition than those from the GSm facies; they consist of an
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alternation of layers (from fines to conglomerates) affected by SSD, and therefore
displaying either irregular contacts between the different lithologies (Fig.3k), or
injections of fine-sediments between coarser grains, and conversely. When mixing is
intense, the GFd facies may display a poorly-sorted texture and therefore be mistaken
with the Gmm1 or Gmm?2 facies.

To sum up, the Gmm and Smm facies are mainly characterised by a poor sorting
when compared to the GSm and Sl facies. The mineral compositions of these different
facies change significantly with depth, with an increase in quartz and muscovite contents
towards the top of the core, recorded in both GSm and Gmm/Smm facies. Rock fragments
of volcanic origin are found in most samples, but are predominant in samples from the

Gmm1 facies, which also contain a large amount of quartz of volcanic origin.

ix Volcanic
v c. 0 4 100%

100% p
0
Angular
9Rock 100%
100%0 Fragments Polycrystalline
Feldspars @ GSm/VSI BGmm/ASmm OGFd

Dept
Dept
Depth

= 265 m = 265m 265 m
100% Rock
Fragmel‘lts 593.5m 593.5m 593.5m
Fig. 4 a) QFM diagram for sandstones and conglomerates with less than 15 % of

matrix, and b) with more than 15% of matrix (classification of terrigenous rocks from

polycrystalline quartz grains in sandstones and conglomerates

4.3. Depositional environments evolution
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The facies associations described above and assigned to different depositional
environments are used to reconstruct the palaeo-environmental evolution of the area, as
illustrated on the detailed sedimentological section (Fig. 2) or on the synthetic section
(Fig. 5). The more proximal environment is attributed to a floodplain, mainly
characterized by swamp with coal and volcanic ash layers expressed as tonsteins (FP,
Table 2). The sediment supply is inherent either to delta processes (DF, Dfr, Dfo or Dbo,
Table 2) or to alluvial fan deposits (AF, Table 2). The alluvial fan delta deposits contain
much more volcaniclasts (volcanic quartz grains, volcanic rock fragments) than the delta
sediments, suggesting that they derive from a different source, mostly volcanic in origin.
These alluvial fan sediments are therefore attributed to volcaniclastic mass flows. Their
close association with tonstein layers and the fact that these volcaniclastic deposits are
only found as debris flows suggest that they correspond to catastrophic events that were
deposited during periods of volcanic activity. However, in the absence of geochronological
constraints for the volcaniclasts, it cannot be excluded that at least part of the
volcaniclasts could have been reworked from older volcanic deposits (e.g., Rossignol et
al,, 2019). Lake deposits (L1 and L2) or playa-lake (PL1 and PL2 facies associations) are
either located laterally from the delta, where detrital input is weaker, or in the more distal
part of the lake. The distinction between L1/PL1 and L2/PL2 facies associations is only
based on the detrital input and not on the water depth of the lake, nor on the distance
from the coastline. When stromatolites are clearly identified, a proximal position and a
low water depth is inferred. However, some of the thin carbonate layers often found in
the lake deposits have a diagenetic origin and should not be mistaken for stromatolites.

Some volcanic ash layers (tonsteins) are also observed in the lake environment.
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Fig. 5 Synthetic log of the LY-F core with the depositional profile and stratigraphic
cycles. The attribution to the different units and formations is from Donsimoni (1990);
see legend on Fig. 2.

Two depositional profiles have been drawn: one from the base to 316 m,
characterised by floodplain (FP) to delta (DF, Dfr, Dfo, Dfbo) and lake deposits (L1, L2);
and the second from 316 m to the top, from delta (Dfr, Dfo) to playa-lake deposits (PL1,
PL2).

The evolution of the depositional profiles (Figs. 2 and 5) from the base to the top of
the core, displays five major progradational /retrogradational cycles (noted I to V, Fig. 5),
for which progradational trends are particularly well preserved.

From 593.5 to 560 m, the first cycle, noted I (Fig. 5), records only a progradational
trend with a well-developed coal level at its upper part. It is composed of three minor
progradational trends, with delta facies associations (delta-front, Dfr, and foreset, Dfo,
deposits, Table 2) and swamp deposits characterising the floodplain facies association
(FP, Table 2). It ends with a small progradational trend from shallow lake with
stromatolites layers (L2, Table 2) to front-delta delta (DFr, Table 2) and then floodplain
(FP) facies association.

From 560 to around 449 m, the second cycle trend, noted II (Fig. 5), is composed of
three minor cycles where only progradational trends are recorded. The first one is well-
developed and mainly consists of thick lake deposits (L1), followed by thick volcaniclast-
rich alluvial-fan deposits (Gmm1 facies of the AF facies association, Table 2), and evolving
progressively to swamp deposits with several volcanic ash layers (FP facies association,
Table 2). The last two minor cycles are short and consist of a progradational trend from
lake deposits with a weak sediment supply of the L2 facies association to swamp deposits

(FP facies association). These two cycles do not represent necessarily a high relative lake
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level variation, as the lake environment may correspond to littoral deposits, as suggested
by the occurrence of stromatolites.

The third cycle, from 449 to ~400 m, noted III (Fig. 5), is also marked by a well-
developed progradational trend from lake (L2 facies association, Table 2) to delta facies
associations (from delta-front, Dfr, foreset, Dfo, and bottom set, Dbo, deposits, Table 2); a
shortretrogradational trend is recorded within lake deposits, at the top of this cycle. Cycle
[l is divided into three minor cycles, where the progradational trends are well-developed
and the retrogradational trends are either short or not recorded. Within these cycles, coal
layers are thin and ash layers are rare.

The fourth cycle, noted IV, from ~400 to 367 m, is marked by 17 m of well-
developed distal lacustrine facies with few sediment supply (L2, Table 2), which evolve
progressively to delta facies associations (with bottomset, Dbo and foreset, Dfo deposits,
Table 2) and to swamp deposits with coal and ash layers (FP, Table 2).

The fifth and last major cycle, noted V (Fig.5) starts at 367 m and is possibly
recorded up to the top of the core. The lower part records a progradational trend, up to
314 m. It can be divided in four minor cycles for which only progradational trends, from
lake deposits (L2 facies association, Table 2) to delta deposits (Dfr, Dfo and Dbo facies
associations, Table 2) are recorded. Then, from 314 m, the depositional profile changes:
three minor cycles displaying mainly progradational trends, from dominant playa-lake
deposits (PL2 and PL1 facies associations, Table 2) to poorly developed delta deposits
(Dfr and Dfo facies associations, Table 2), are recorded. This change is also marked by a
compositional change of the detrital minerals, characterised by an increase of quartz and
muscovite contents and a change in the nature of the lithic fragments. However, as these
observations are close to the top of the core, it is difficult to know if these cycles belong to

the same progradational trend or if they already belong to a retrogradational trend.
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5. Geochronological constraints

5.1. Identification of tonsteins from mineralogical and geochemical

analyses

Among the 33 clay layers analysed by XRD (bulk and clay-size fractions, Table 1), 13
correspond to pure tonsteins (e.g., mainly composed of kaolinite, with little up to 40% of
IS R1, and minor quartz and feldspar, Tablel, Fig. 6a). In addition, 16 clay layers are
considered as mixed tonsteins, consisting of a mixture of volcanic ashes incorporating
variable proportions of detrital particles. Out of these 16, 3 layers present only traces (<1-
2%) of illite in the clay fraction, which is considered as detrital and reworked from soil or
old basement rocks (LYF579.35, LYF554.34 and LYF487.25, Table 1), suggesting a weak
detrital contamination, while 13 are composed of a mixture of authigenic volcanogenic
clay minerals and detrital minerals marked by more than 2 % of illite in the clay fraction
and/or of mica-illite in the bulk fraction (Table 1, Fig. 6b). The last 4 analysed clay layers
do not present clear evidence for a volcanogenic input as they are characterized by a
common detrital mineralogy (illite, R1 IS, CV, kaolinite, chlorite and more abundant
quartz in the bulk fraction, Table 1, Fig. 6¢).

The 13 pure tonsteins from the LY-F core display the same mineralogical features
than those observed in the Carboniferous-Permian series of the Autun Basin (Pellenard
etal,, 2017) (Fig. 1b). Geochemical analyses (Supplementary material 1) were performed
on 10 pure tonsteins and on 1 mixed tonstein layer containing traces of illite (LYF554.34).
Most tonstein samples present similar geochemical signatures than the samples from the
Autun Basin (Fig. 7a, b, c), although four of them (LYF367.15, LYF481.95, LYF482.15,
LYF579.6) display differences marked by (i) a slightly higher Nb/Y ratio (Fig. 7a), (ii) a

slightly higher Ta concentration relative to Hf and Th (Fig. 7b) and (iii) a lower Yb
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concentration (Fig. 7c). In addition, the low TiO2/Al203 ratio of these tonsteins (<0.02)
suggest that the original ashes were silica-rich. These trends are similar to those recorded

from tonsteins mixed with detrital input sampled in the Autun Basin (Fig. 7a, b, c).
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Fig. 6 Comparison of XRD diffractograms showing examples of (a) a pure tonstein

(LYF473.25), (b) a mixed tonstein with detrital particles (LYF448.08) and (c) a detrital
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clay level (LYF325.30). Black, blue and red lines are for air dry, glycolated solvation and

heated (490°C) conditions, respectively. CV = chlorite-vermiculite mixed-layer; R1 IS=R1

type illite-smectite mixed-layer; I = illite; K = kaolinite.
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sections in the Autun Basin a) Zr/TiOz vs Nd/Y diagram (Winchester and Floyd, 1977)

indicating the chemical nature of the magma; b) Th-Ta-Hf/3 ternary diagram (Wood,
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the tectonic context; and d) REE profiles normalised to the Cody-shale (Jarvis and Jarvis,

1985)

However, XRD analyses for the LY-F samples did not evidence a contamination by
detrital input but present a high content in kaolinite that may suggest a more intense
leaching after deposition. Additionally, the tonstein samples from the LY-F core are
characterised by negative Eu anomalies in the REE pattern (Fig. 7d), which are also
recognised in tonsteins from the Autun Basin (but absent in the enclosing sediments,
Pellenard et al., 2017) and in most tonstein deposits (Bohor and Triplehorn 1993). This
negative Eu anomaly is less marked for the mixed tonstein LYF554.34, which is consistent
with a contamination by detrital input, as revealed by XRD analyses.

Seven tonstein samples have been selected for geochronological analyses. Their
location is reported on Figures 2 and 5. The selection criteria of these tonsteins are (i)
their stratigraphic position, (ii) the degree of contamination by detrital input visible by
XRD and geochemical analyses, and (iii) the amount of material available for mineral
separation. According to the XRD analyses, 6 of the selected samples (LYF567.7,
LYF491.25, LYF482.15, LYF473.25, LYF416.5 and LYF367.15) correspond to pure
tonsteins. The seventh sample (LYF448.08) has been selected for its intermediate
stratigraphic position despite the fact that it corresponds to a mixed tonstein, with
evidence for a weak contamination by a detrital component (2% of mica/illite in the bulk

fraction and 6% of illite in the clay fraction (Table 1).

5.2.  U-Pb on zircon and apatite

Out of the seven tonstein samples selected for geochronological analyses, five

(LYF567.70, LYF473.25, LYF448.08, LYF416.5 and LYF367.15) contained enough zircon
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grains to proceed with LA-ICP-MS analyses. Two samples (LYF491.5 and LYF482.15)
were exempt of any zircon grain. Additionally, apatite grains were hand-picked for 3 of
these samples (LYF448.08, LYF416.5 and LYF367.15).

The size of the zircon grains is quite variable, with very large grains (200 um in
average, up to 600 um) for sample LYF567.15, large grains (75 pum in average, up to
250 pm) for sample LYF473.25, LYF448.08 and LYF416.5 and small grains (50 um in
average, up to 100 um) for sample LYF367.15. Most of the grains are euhedral, often
elongated, with length-to-width ratios ranging from 2 to 8, suggesting a rapid
crystallization for the most elongated (Corfu et al., 2003). Cathodoluminescence (CL)
imaging reveals that most of these crystals have a broad-band blue CL emission and
present a growth zoning, although some present only a faint zoning. A few zircon grains
present zoning discontinuities, suggesting occurrences of small, often dark, xenocrystic
cores. However, such features may also be generated by several episodes of resorption
and growth of the zircon crystal in the magmatic chamber, due to changes in the
saturation of the magma with respect to Zr (e.g., Corfu et al., 2003).

Apatite grains range in size from a few tens to a few hundreds of micrometres. They
are usually euhedral, prismatic and often elongated. Almost all apatite grains exhibit a
homogeneous blue/violet CL colour and zoning is not revealed by CL imaging.

Results of U-Pb dating on zircon and apatite are shown on Figures 8 and 9
respectively and are described below from bottom to top. Data from zircon and apatite

analyses are provided in Supplementary material 5 and 6, respectively.

In sample LYF567.70, 20 out of 40 analysed zircon grains are concordant (Fig. 8a, b).
These data, when plotted in a Tera-Wasserburg diagram, form a well-defined cluster

yielding a concordia date of 299 + 2 Ma (n =17, MSDW = 0.35; Fig. 8b). Three zircon
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analyses were discarded. Two slightly younger concordant zircon analyses (at 277 + 6
and 285 * 7 Ma) are interpreted as resulting from Pb loss. One grain also yielded a slightly
older date (313 + 8 Ma) and could correspond either to a xenocryst incorporated into the
magma by assimilation of its surrounding host rocks, an antecryst that crystallized during
epicrysts grain sourced by the background sedimentary flux is considered unlikely,
because XRD analyses reveals that this layer is almost exclusively made up of
volcanogenic material. This concordia date is similar to the TuffZirc date (299 +2/-1 Ma;
Fig. 8c) although only the 2 younger dates are considered as outliers and are discarded by

the TuffZirc algorithm.

In sample LYF473.25, only 8 grains out of 48 zircon grains yielded concordant dates.
The other zircon analyses seem to have incorporated common Pb and to a lesser extent,
to have been affected by Pb loss (Fig. 8d). Six zircon analyses were used to calculate a
concordia date at 298 +3 Ma (MSWD = 0.16; Fig. 8e), equivalent within error to the
TuffZirc date of 298 +3 Ma using the same zircon analyses (Fig. 8f). The younger and older
dates have been discarded as they are considered to result from Pb loss and from
inheritance, respectively. Considering that the XRD analyses performed on this sample
suggest that it was not contaminated by detrital input, the older zircon grain is considered

either as a xenocryst, or more probably as an antecryst, and not as an epicryst.
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Fig. 8 U-Pb on zircon data for sample a to c¢) LYF567.70; d to f) LYF473.25; g to i)
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Wasseburg diagrams displaying concordant zircon analyses (in black) but also zircon



analyses that yielded older dates, that incorporated common Pb and/or have been
affected by Pb loss (all in grey). In the centre, Tera Wasserburg diagrams are centred on
the main cluster of zircon analyses, from which are calculated weighted mean concordia
dates, depicted in red (MSWD and Probability are given for both concordance and
equivalence; N= number of zircon analysed to calculate the weighted mean concordia
date, black thick ellipses / number of concordant data, black ellipses / total number of
zircon analyses, grey ellipses). To the right, results provided by the TuffZirc algorithm
applied on concordant zircon analyses: the data selected and rejected to calculate the
TuffZirc dates are shown in black and white respectively; the grey area correspond to the

TuffZirc date and its calculated error. Data point ellipses and error bars are 2 o.
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Fig. 9 U-Pb on apatite data for sample a & b) LYF448.08; c & d) LYF416.5 and e & f)
LYF367.15. To the top, all apatite analyses are plotted on Tera-Wasserburg diagrams and
intercept dates are calculated for both unforced discordia (in black) and discordia for
which the upper intercept was anchored to an initial 207Pb /206Pb value of 0.855 + 0.001

(in grey). Apatite analyses rejected for the calculation of the intercept dates are displayed
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in dashed grey. To the bottom, weighted-averages dates performed on 207Pb-corrected
dates with a fixed initial 207Pb /206Pb value of 0.855. Rejected analyses are shown in white.

Data point ellipses and error bars are 2 o.

In sample LYF448.08, 80 zircon grains were analysed but only 14 yielded
concordant dates (Fig. 8g, h). Discordant zircon analyses seem to have been affected by
both Pb loss and the presence of common lead (Fig. 8g). The sample also comprises older
grains: one is concordant at ca. 600 Ma and 2 are discordant (Fig. 8g). These grains can
either correspond to detrital grains (epicrysts) incorporated within the mixed tonstein
(as the XRD analyses reveal a slight contamination by detrital input for this sample), or to
xenocrysts from the volcanic component. The main cluster of concordant zircon analyses
spreads along the concordia from ca. 310 down to ca. 270 Ma (Fig. 8h) and a concordia
date cannot, therefore, be directly calculated. Among these dates, the main cluster
identified by the TuffZirc algorithm, represented by 7 zircon analyses, gives a date of
290 +6/-5 Ma (Fig. 8i), while 5 older and 1 younger dates are considered as outliers. A
similar concordia date of 290 +3 Ma (not shown) can be calculated with these 7 zircon
analyses. This selection of analyses to calculate a concordia date would correspond to an
assumption for which the discarded older dates correspond to inherited grains. However,
an alternative selection of zircon analyses corresponding to an assumption for which the
younger dates have been affected by Pb loss would lead to the calculation of significantly
older concordia dates.

Data obtained from 39 apatite grains are discordant and display a relatively high
proportion of common lead. However, they define a linear array with an unforced lower
intercept date of 289 +12 Ma (MSWD = 1.7, Fig. 9a). If the upper intercept is anchored to

a 207Pb/206Pb value of 0.855 +0.001 (calculated using the Pb evolution model of Stacey
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295 4 Ma (MSWD = 1.7, Fig. 9a) is more precise although comparable within error. The
weighted average 207Pb-corrected date at 295 +4 Ma (MSWD = 0.81, Fig.9b) is also

equivalent within error.

In sample LYF416.15, only 16 out of 51 zircon analyses yielded concordant dates.
Discordant zircon analyses probably derive from grains that have incorporated common
lead and/or have suffered Pb loss (Fig. 8j; 8h). The main cluster of concordant zircon
analyses spreads between 340 and 270 Ma and therefore a concordia date cannot be
calculated directly. The TuffZirc algorithm selected 11 zircon analyses to calculate a date
of 298+11 -7 Ma (Fig. 81), while 3 older and 2 younger dates are discarded. A similar
concordia date at 298 *4 Ma (Fig. 8k; MSWD = 1.16) can be calculated using 10 of these
dates, and therefore discarding one younger date.

Data obtained from 28 U-Pb analyses of apatite from this sample display a high
proportion of common lead. The unforced lower intercept date calculated for 27 apatite
analyses (1 older analyse being considered as outlier) is 312 +16 Ma (MSWD = 0.65,
Fig. 9c). A more precise date, at 303 +5 Ma (MSWD = 0.69, Fig. 9¢) is obtained if the upper
intercept is anchored at a 207Pb/206Pb value of 0.855 +0.001. These two dates are
equivalent within error, with the weighted average 207Pb-corrected date at 307 +8 Ma

(MSWD = 0.35, Fig. 9d).

For sample LYF367.15, 52 zircon analyses were performed on zircon but only 26
yielded concordant dates (Fig. 8m, n), as discordant data show significant amount of Pb
loss and variable proportions of common lead. Additionally, 6 zircon analyses that yielded

older concordant dates (ranging from ca. 1200 Ma to ca. 330 Ma), suggesting, along with

45



some older discordant dates, that a population of old zircon grains is present in this
sample. These old grains are interpreted to correspond to inherited or xenocryst zircon
grains. Epicryst zircon grains are again considered unlikely given the almost pure
volcanogenic nature of this tonstein shown by XRD analyses. The 20 other concordant
dates spread between ca. 300 and ca. 250 Ma, and a concordia date can therefore not be
directly calculated. The TuffZirc algorithm identify a coherent cluster of 9 out of 20 zircon
analyses, yielding a TuffZirc date of 294 +2 -7 Ma. One older and 10 younger dates are
considered as outliers by the TuffZirc algorithm (Fig. 80). A poorly defined concordia date
at 295+5Ma (95% confidence, MSWD =2.2) can be calculated using the 6 older
concordant dates, while the remaining 14 younger zircon analyses are considered as the
result of Pb loss.

Analyses performed on 25 grains of apatite are all discordant, but some display a
lesser proportion of common lead than the apatite analyses from the 2 samples previously
described. The unforced lower intercept date is 297 +8 Ma (MSWD = 1.5, Fig. 9e), while
the date obtained if the upper intercept is anchored at a 207Pb /206Pb value of 0.855 +0.001
is 301 +5Ma (MSWD =1.5, Fig.9e). The weighted average 207Pb-corrected date is
305 +7 Ma (MSWD = 0.8, Fig. 9f) and is therefore similar in age with the two lower
intercept dates. For this calculation, two apatite analyses that yielded older 207Pb-

corrected dates have been discarded.

6. Discussion

6.1. Depositional age of the continental sequence from Lucenay-les-Aix

area
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Determination of depositional ages of volcaniclastic rocks from radiometric dating
to make sure that the age obtained from radiometric dating corresponds to the deposition
age, two conditions must be verified: (i) the magmatic eruption must be coeval with
sedimentation (i.e., the volcanic ashes were not reworked), and (ii) the dated minerals
must have crystallised shortly before the magmatic eruption. Indeed, older grains can be
incorporated in volcanic ashes during the magmatic processes, as inherited grains
(remaining after anatexis from the source rock), xenocrysts (incorporated into the
magma from the host rock), or as antecrysts (crystallised earlier in a long-lasting
magmatic chamber). While inherited grains and xenocrysts are expected to be
significantly older than the volcanic eruption, antecrysts are expected to be closer in age
to that of the eruption, and can be therefore sometimes more difficult to identify (e.g.,
Miller et al., 2007). Older grains can also be obtained when the volcanic ashes have been
mixed with a variable amount of detrital components before and/or during deposition
(epicrysts), which is expected to occur when the volcanic ashes are reworked. However,
in such a case, a contamination should be identified from XRD analyses. Whatever the
process of incorporation of older grains in the volcanic ashes, a maximum age of
sedimentation can be calculated using the younger dates obtained on each sample.
However, if the grains are affected by a recent, albeit small Pb loss, the 238U /206Pb ratios
will increase, while the 207Pb/206Pb ratios will not change significantly, resulting in a
plotting array that parallels the concordia curve. Consequently, grains that suffered this
type of Pb loss will remain concordant within error but yield dates that are artificially
younger than the real age of the grains (e.g., Corfu, 2013). This will in turn result in the

production of a depositional age that is too young and therefore geologically meaningless.
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The interpretation of depositional ages of volcanic ashes therefore mainly consists
in identifying and removing analyses performed on older grains (epicrystic, inherited,
xenocrystic and/or antecrystic grains) and grains affected by Pb loss. Results from U-Pb
analyses on both zircon and apatite are summarised on Figure 10 and used to discuss the
depositional age for each sample. The fact that samples have been selected from different
stratigraphic layers on the same section, and are therefore expected to provide ages
getting younger from the bottom to top, will also be used to constrain our interpretation.

The interpretation of the depositional age for samples LYF567.70 and LYF473.25 is
rather straightforward. Indeed, only a few grains were either older or affected by Pb loss,
and robust concordia dates, similar in age within error at ca. 299 Ma, can therefore be
calculated. XRD analyses performed on these samples suggest that no contamination by
detrital input occurred, the corresponding layers are interpreted to represent pyroclastic
ash-fall deposits, and therefore the calculated dates can be interpreted as depositional
ages. The depositional age obtained on sample LYF567.70 (299 +2 Ma), located at the
bottom of the core, provides a maximum age for the studied section, which, considering
the uncertainties, cannot be older than ca. 301 Ma (at 2 o, red line on Fig. 10), i.e., late
Gzhelian (uppermost Carboniferous) or younger than 297 Ma in the case of sample

LYF567.70.
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For sample LYF448.08, the U-Pb on zircon data spread along the concordia curve
and are therefore more difficult to interpret. The TuffZirc algorithm provides a median
date at ca. 290 Ma calculated from the individual youngest dates. However, the dispersion
of data along the concordia curve suggests that these youngest grains may have been
affected by Pb loss (e.g., Spencer et al,, 2016) and therefore that the depositional age might

be slightly older. U-Pb zircon dates obtained for the upper (LYF416.5) and lower
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(LYF473.25) samples are similar (298 + 4 Ma and 298 + 3 Ma, respectively) and therefore
also constrain the depositional age of sample LYF448.08. These results confirm that the
date at ca. 290 Ma obtained with the TuffZirc algorithm actually results from Pb loss. The
apatite analyses for sample LYF448.08 yielded a date at 289 + 12 Ma, comparable within
error with the U-Pb zircon date. In consequence, the minimum depositional age of this
sample is only based on the depositional ages obtained from the upper sample (i.e. 296
Ma, see below).

For sample LYF416.5 (Fig. 10), the concordia and TuffZirc date at c. 298 Ma obtained
from U-Pb on zircon data may also be considered as questionable, due to the large
dispersion of the data, although both concordia and TuffZirc ages are comparable within
error. U-Pb data on apatite yielded slightly older apparent ages, which overlap within
error the U-Pb dates obtained on zircon. We used the unforced discordia date to fix the
minimum age of deposition for this sample (i.e., ca. 296 Ma, corresponding to 312 * 16
Ma) although the weighted-average date is more precise. Indeed, the weighted-average
date (307 + 8 Ma) being obtained from the 207Pb-corrected dates, calculated with a fixed
(i.e., no error attached) initial 207Pb/206Pb value, the calculated error could be artificially
too low. Additionally, the initial 207Pb/206Pb composition of the analysed apatite grains
may deviate from the model from Stacey and Kramers (1975) and therefore generate
slightly older dates.

At last, for sample LYF367.15, the U-Pb on zircon concordia date at ca. 295 Ma was
calculated considering that the youngest analyses have been affected by Pb loss, and is
consistent with the U-Pb on apatite data that yielded similar dates, within error. Both the
minimum and maximum ages for the deposition of this sample are fixed by the concordia

date on zircon at ca. 290 Ma and ca. 300 Ma, respectively (Fig. 10).
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Most of the analysed samples contain a few grains significantly older than the
depositional age. As XRD and geochemical analyses indicate that most of these samples
correspond to pure tonsteins, these results suggest that these old dates have been mostly
obtained on inherited and/or xenocrystic zircon grains incorporated in the magma.
Surprisingly, sample LYF367.15 contains more grains that yielded older dates than
sample LYF448.08, for which a contamination by detrital input has been identified from
XRD analyses.

To summarize, combined U-Pb dating performed on both zircon and apatite allow
to constrain depositional ages for the LY-F core and to discuss the part of inheritance and
Pb loss recorded for several samples. Both zircon and apatite U-Pb ages are equivalent
within uncertainties and range between 301 and 296 Ma (Fig. 10) for the lower part of
the section (between 567.7 and 416.5 m, Figs. 2, 5), and between 300 and 290 (Fig. 10)
Ma for the upper part of the section (ca. 367 m; Figs. 2, 5) which indicates that the whole
sedimentary series is late Ghzelian to Sakmarian in age and probably encompass the

Carboniferous-Permian boundary.

6.2. Palaeogeographic evolution

The different depositional environments defined from the sedimentological analysis
of the LY-F core are now used to reconstruct the palaeo-environments in the Lucenay-les-
Aix area and their evolution through time. This study shows the predominance of
lacustrine deposits, with sediment supply variations mainly preserved in delta settings.
Three types of delta deposits can be distinguished.

First, deposits mainly composed of debris flows, where the detrital material (quartz,
rock fragments) is mainly volcanic in origin (Fig. 4), are attributed to a volcaniclastic-rich

fan delta (AF, Table 3) that would correspond to a “mixed” type delta between the alluvial-
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if the volcaniclasts are juvenile or reworked, nor if these volcaniclastic deposits can be
linked with the tonstein layers from this study or not.

Second, the association of delta-front, foreset and bottomset deposits (Dfr, Dfo, Dbo,
Table 2), interbedded with lacustrine deposits (L1, L2, Table2) or floodplain,

Third, the association of delta-front, foreset and bottomset deposits (Dfr, Dfo Table
2), evolving distally or laterally into coarse-and fine-grained debris flows within red
playa-lake deposits, characterised by occurrences of hydromorphic paleosols (PL1, PL2,

From base to top, four successive palaeogeographic sketches can then be proposed
(Fig. 11):

The first one (noted A, Fig. 11) displays proximal Gilbert-type delta depositional
environments (Dfr, Dfo facies association, A1) associated with floodplain characterised
by swamp deposits with coal layers (FP facies association, AZ2). This first
palaeogeographic sketch corresponds to the most proximal pole of this depositional
environment.

The second palaeogeographic sketch (noted B, Fig.11) corresponds to a
significantly modified landscape. Volcaniclastic-rich fan delta deposits (AF facies
association, B2) are usually interbedded with lake deposits (L1, L2 facies associations, B1)
or with volcanic ash and coal layers (FP facies association, B3). It is therefore assumed
that (i) these debris flows were likely generated during periods of intense volcanic
activity (either directly during volcanic eruptions or by reworking of volcanic deposits),
and (ii) they deposited in areas where both floodplain and lake environments were

previously installed during periods of quieter volcanic activity. This landscape (B, Fig. 11),
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overall possibly characterizing a period of sustained volcanism, is particularly well
recorded from 533 to 484 m.

The third palaeogeographic sketch (noted C, Fig. 11), corresponds to the distal pole
of the first palaeogeographic sketch (noted A) with Gilbert-type delta deposits (Dfr, Dfo,
Dbo facies association, Table 2, C1) associated with a lake environment, and a poor
preservation of coal and ash layers (L1 and L2, Table 2, C2). This palaeogeographic sketch
is mainly recorded from 449 to 316 m. It also corresponds to the most distal environment
observed from the core data.

From depth 316 m up to the top of the core, the depositional environment is
changing significantly. It is mainly characterised by playa-lake deposits (PL1, PL2, Table 2,
D2) where the shoal-water profile delta is mainly characterised by delta-front facies (Dfr,
Table 2, D1). It is worth mentioning that the palaeorelief depicted on the palaeographic
sketch D (Fig. 11) remains unchanged, only because it remains poorly constrained by our
data. However, the change in petrographic composition recorded for this part of the core
may reflect a major change in source areas, and/or a reorganisation of the drainage
network.

This general evolution, from base to top, shows a general evolution from a proximal
delta with an episodic record of intense volcanic activity, to a more distal delta and a
lacustrine environment (from A to C, Fig. 11), i.e., a major retrogradational trend, followed

by a progradational trend to playa-lake environment (D, Fig. 11).
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series (the attribution to the different units and formations is from Donsimoni, 1990).; b)
Depositional profiles and stratigraphic cycles; c) Palaeogeographical sketches (noted
from A to D) on which are reported the facies associations defined in Table 3 and

displayed in the depositional profiles.

6.3. Comparison with similar basins and larger scale correlations

Considering the uncertainties accompanying the U-Pb ages obtained from zircon
and apatite, the deposition of the sedimentary sequence in the Lucenay-les-Aix area took
place between 301 and 290 Ma (Fig. 10), i.e., during the Late Pennsylvanian to the early
Cisularian (late Gzhelian to late Sakmarian, Fig.12). The depositional environment
evolution shows a general retrogradational trend from the Stephanian B-C to the middle
Grey Autunian units (Fig. 11), which corresponds to the late Gzhelian to the early Asselian
(Fig. 12). The maximum flooding interval, located above sample LYF416.5, between
depths 400 and 350 m (Fig. 11) could be Asselian to Sakmarian in age (Fig. 12). The
progradational trend, recorded within the upper Grey Autunian and the Red Saxonian
units (Fig. 11) could therefore be Sakmarian, or younger as no date has been obtained so
far for the upper part of the succession.

This succession can be compared with adjacent basins for which geochronological
data are available, such as the Autun and the Lodeve basins (Fig. 1). By comparison with
Lucenay Fm and lower part of the Grey Autunian (Fig. 11) can be dated at the Gzhelian-
Asselian transition and is therefore equivalent in age with the Igornay and Muse
formations from the Autun Basin that encompass the Carboniferous/Permian boundary

the Lodeve Basin, as they record a gap of sedimentation during the late Gzhelian-late
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basins. Here the terms “Stephanian B-C”, “Grey Autunian” and “Red Saxonian” for the

Lucenay area correspond to lithostratigraphic units as given in the literature (Donsimoni,

1990), not to local stratigraphic stages.

The Grey Autunian units could be, at least in part, time-equivalent in both the
Lucenay-les-Aix area and the Lodéve Basin. As a consequence, the periods of maximum
extension of the lacustrine environments with minor fluvial inputs, which are recorded

by the Grey Autunian in the Lucenay-les-Aix area, the Surmoullin-Millery transition in the
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Basin, as in the Lucenay-lés-Aix area, the series evolved into reddish succession within
playa-lake environments.

Within the major retrogradational trend in the Lucenay-les-Aix area, three minor
cycles are recorded (noted I to IIlI, Fig. 11). They are mainly characterised by well-
expressed progradational phases, ending for the two first ones with thick coal deposits.
Interbedded with these peat swamp deposits, two deltaic systems are recognised: one
induced by alluvial processes only (Gilbert-type delta, sequences I and III, Fig. 11), and
one induced by alluvial processes, possibly during sustained volcanic activity
(volcaniclastic-rich fan delta, sequence II, Fig. 11). These minor cycles may reflect a
control at the scale of the basin, or global effects. During cycle II, the volcaniclastic-rich
fan delta deposits indicate a clear local input as they are expected to occur only during
periods of volcanic activity. For the other cycles, only large-scale comparisons could
confirm a local or a global control, such as climatic effects. For example, the peat swamp
deposits, marked by coal preservation, can reflect poorly-drained conditions with a dense
vegetation cover during a humid to perhumid climate, induced by high rainfalls, strongly

Overall, during the sedimentation of most of the succession, volcanism was active as
shown by the well-preserved tonstein layers, and possibly the volcaniclastic fan delta
deposits. The tonstein layers from the Lucenay-les-Aix area have similar compositions
and dacite compositions (Fig. 7a); (ii) they are grouped in the calc-alkaline field (Fig. 7b)
(iii) their REE patterns exhibit a marked negative Eu anomaly (Fig. 7d). The location of

the volcanic centres is, however, difficult to constrain. If volcanic ashes can be transported
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over long distances (up to hundreds of km for ash fall deposits), the occurrence of coarser
volcaniclastic material suggests shorter transport distances. We did not prove in this
study that the volcanism recorded by the volcaniclastic-rich fan deltas was
contemporaneous with sedimentation and directly associated with the tuff layers
(tonsteins), and no observation on the core indicates that they constitute almost
unreworked proximal pyroclastic deposits. Nevertheless, they may indicate that
volcanoes were active in the watershed of the basin during sedimentation. Pellenard et al.
(2017) mentioned several potential volcanic sources for the tonsteins sampled in the
Autun Basin, located only a few tens of kilometres away from the Lucenay-lés-Aix area.
The Blisme-Montreuillon pyroclastic deposits, located in the Morvan area (Fig. 1b) are
very close (< 50 km) from the depositional areas. As their ages are attributed to the late
candidate for the source of the volcaniclastic rocks, and possibly also of the tonstein layers
in the Lucenay-lés-Aix area. However, for tonstein layers, resulting from ash fall deposits,
more distal sources, such as the northern Vosges or the Black Forest may also be proposed
(Pellenard et al. 2017 and references therein).

Within the retrogradational trend, we observe an evolution from Gilbert-type delta
to shoal-water profile type delta (Fig. 10), attesting for an evolution toward a shallower
lacustrine environment, i.e., playa-lake without coal neither ash-fall deposit preservation,
and with episodic emersion. Additionally, this evolution of delta style from Gilbert-type
delta to shoal-water profile type delta suggests that the depositional profile was modified
and became flatter. The playa-lake environment is also characterised by an increase in the
quartz content and an evolution from biotite to muscovite that could be attributed either
to a change of source areas, or to a modification of the weathering conditions as muscovite

is chemically more stable than biotite.
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The general evolution, from peat swamp with coal formation to red playa-lake

deposits is observed in numerous basins within the Pangean pan-tropical belt, i.e., from

instance, a local tectonic control may have affected the depositional style of the different
basins. In the Lucenay-lés-Aix area, the volcanic activity induced the preservation of
volcanic-rich fan delta deposits, generating a minor cycle (noted II, Fig. 11) that is not
recorded in the other basins thus likely reflecting only a local control. Conversely, a major
single cycle showing an evolution from a retrogradational to a progradational trend (Fig.
11) seems to have been recorded in both the Autun and Lodeéve basins, which were
completely disconnected at this period. Although accurate age models and correlations
are still lacking and would be necessary to discuss the synchronicity of this evolution, it
seems reasonable to assume that this major stratigraphic cycle resulted from a same
extra-basinal causes (such as an intrabelt tectonic control or a global climate change). In
order to prove a climate origin, similar studies should be performed in extra-Variscan belt
basins (e.g., western North American basins) to verify if a similar retrogradational /
progradational evolution during the Gzelian-Asselian is recorded elsewhere. At a larger
scale, the transition from organic matter-rich lake environments to red playa-lake
environments are recorded in most Carboniferous to Permian European basins. Accurate
age models and correlations in terrestrial Permian series are therefore necessary to
discuss the synchronicity of this transition and to better constrain the origin of the long-

term pan-tropical aridification.
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7. Conclusions

The main outcome of this multidisciplinary study is to propose, for the first time, a
landscape evolution of this area during the late Carboniferous to early Permian, by
defining the succession of the depositional environments and the sequence stratigraphy
evolution, and by providing geochronological constraints on the sedimentary deposits.

The sedimentary succession mainly records a transition from dominant lacustrine
Gilbert-type delta, in which tonstein layers and volcaniclastic-rich fan delta deposits are
intercalated, to playa-lake environments. The core section shows mostly prograding
minor sequences and record a major retrograding / prograding trend.

In addition, maximum and minimum ages of the sedimentary section were
established from U-Pb dating from both zircon and apatite for five tonstein samples
collected along the LY-F core. Benefits of this coupled LA-IC-PMS U-Pb dating approach
are threefold: it allows to (i) analyse a large number of grains to check the variability of
zircon and apatite age populations (ii) identify and discuss Pb loss suffered by some
zircon grains, and (iii) identify the autocrystic, antecrystic, inherited, xenocrystic or
epiclastic nature of the dated zircon grains, by comparing the different ages obtained on
zircon and apatite. The methodological approach tested in this study is easy to implement
and relies on common accessory minerals in volcanic and volcaniclastic rocks. It can
therefore be recommended for future geochronological studies on such rocks.

The U-Pb ages obtained on these five samples range between 301 and 296 Ma for
the lower part of the section (between 567.7 and 416.5 m), and between 300 and 290 Ma
for the upper part of the section (ca. 367 m). These ages are equivalent within
uncertainties and indicate that the whole succession is late Ghzelian to Sakmarian in age.

At last, this study provides, for the first time, a reference section for the
Carboniferous to Permian transition in this area. A major change, from organic matter-
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rich lake environment to the red playa-lake environment is evidenced in the Lucenay-leés-
Aix area. Our results, alone, do not allow to discriminate if this transition is controlled by
global vs local effects, neither if it relates to a climatic vs a tectonic origin; further similar
studies in other Carboniferous-Permian basins are therefore needed. However, our study
allows to better constrain the timing of this major palaeo-environmental change, that

occurred during the early Permian (Asselian - Sakmarian).
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