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Late Carboniferous to early Permian organic-rich sedimentary successions of late-
orogenic continental basins from the northeastern Massif Central (France) coincide with
both the Variscan mountain dismantling and the acme of the long-lasting Late Paleozoic
lce Age. Here, we investigate the carbon and nitrogen cycles in the newly dated
sedimentary successions of the Decize-La Machine and Autun basins during these
geodynamic and climate upheavals. The sedimentary organic matter has been
analyzed through Rock-Eval pyrolysis, palynofacies and elemental and isotope
geochemistry along cored-wells and outcropping sections, previously accurately
defined in terms of paleo-depositional environments. Rock-Eval and palynofacies data
have evidenced two origins of organic matter: a phytoplanktonic/bacterial lacustrine origin
(Type | organic matter, organic 8'3C values around —23.5%0), and a terrestrial origin
(vascular land plants, Type lll organic matter, organic 8'°C values around —20%o), mixed in
the deltaic-lacustrine sediments during background sedimentation (mean organic §'°C
values around -22%e.). Episodes of high organic matter storage, reflected by black shales
and coal-bearing deposits (total organic carbon up to 20 and 70%, respectively) are also
recognized in the successions, and are characterized by large negative organic carbon
isotope excursions down to —29%.. We suggest that these negative isotope excursions
reflect secondary processes, such as organic matter remineralization and/or secondary
productivity varying under strict local controls, or possibly larger scale climate controls. At
times, these negative 8'°C excursions are paired with positive §'°N excursions up to
+10%o, reflecting water column denitrification and anammox during lake-water
stratification episodes. Together, these isotopic signals (i.e., low sedimentary organic
8'3C associated with high bulk 8'°N values) indicate periods of high primary productivity of
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surface waters, where nitrogen and carbon cycles are spatially decoupled. These local
processes on the sedimentary isotope archives may partially blur our ability to directly
reconstruct paleoclimate variations in such continental settings using only C and N
isotopes. At last, we explore an organic §'®C-based mixing model to propose ways to
disentangle autochthonous versus allochthonous origin of organic matter in lacustrine

continental settings.

Keywords: late Paleozoic, continental basin, carbon, nitrogen, isotope geochemistry, organic matter, paleoclimate,

paleoenvironment

INTRODUCTION

The late Carboniferous to early Permian period (~300 Ma) is
largely recognized for its high primary productivity on lands, and
witnesses the highest rates of global organic carbon burial of the
Phanerozoic Eon preserved in the sedimentary rocks (e.g.,
Klemme and Ulmishek, 1991; Maynard et al., 1997; Berner,
2003; Schwarzbauer and Jovancicevié, 2015; Montafiez, 2016).
Indeed, coal forests (wetland biome) occupied large areas within
the intertropical zone during this time interval (Cleal and
Thomas, 2005).

The continental sediments archived during this time window
reflect different parameters including first-order tectonics,
controlling the structure and subsidence history of
sedimentary basins of the late Variscan orogenic setting, and
paleoclimate. During the Carboniferous-Permian transition
(CPT), the latter is characterized by the acme of the Late
Paleozoic Ice Age (LPIA, late Devonian to late Permian,
Isbell et al., 2003; Fielding et al., 2008; Isbell et al., 2012;
Montaiiez and Poulsen, 2013; Soreghan et al, 2019),
associated with humid belts promoting organic-matter (OM)
production in the intertropical zone (e.g., Scotese, 2016) and
followed by global warming and aridification until the early
Triassic. The onset and duration of the LPIA resulted from
several parameters such as paleogeographic and geodynamic
changes (landmass merging towards southern high latitudes,
erection of reliefs at the equator, Powell and Veevers 1987;
Veevers, 1994; Opdyke et al., 2001; Frank et al., 2008; Isbell et al.,
2012; Domeier and Torsvik, 2014), an increase in chemical
weathering of Variscan reliefs (Goddéris et al, 2017),
astronomical forcing (e.g., low incident solar luminosity,
albedo feedbacks, Crowley and Baum, 1992; Hyde et al,
1999), and an enhanced volcanic activity (sulfate aerosols,
Soreghan et al., 2019). Thus, relief erosion and alteration
products triggered high sedimentary fluxes, which are
recorded in the CPT basins.

The late Carboniferous to early Permian period exhibits
substantial variations in the global carbon cycle, with the
highest '>C enrichment in carbonates of the Phanerozoic,
with carbonate §'°C values as high as 5% (Strauss and
Peters-Kottig, 2003). This isotope excursion is usually
interpreted as reflecting a carbon cycle dominated by a very
high burial rate of OM in the sediments, in agreement with OM-
rich deposit evidences (Berner and Raiswell, 1983; Beauchamp
et al., 1987; Berner, 1989; Bruckschen et al., 1999; Hayes et al.,

1999; Mii et al., 1999; Mii et al., 2001; Saltzman et al., 2004;
Saltzman, 2005; Peters-Kottig et al., 2006; Frank et al., 2008,
Grossman et al., 2008; Liu et al., 2017; Liu et al., 2018).

While sedimentological context of northeastern Massif Central
CPT basins (France) has been recently updated (Ducassou et al,
2019; Mercuzot et al., 2021; Mercuzot et al., submitted), both the
dynamics of OM production and preservation are poorly
documented in these areas, except for a few studies (Elsass-
Damon 1977; Garel et al, 2017). Moreover, the OM isotopic
characterization is still lacking in most studies on continental
series from this period, although many studies have successfully
demonstrated that carbon and nitrogen isotope signals of OM help
to decipher its production (primary productivity), preservation
(remineralization), and paleoclimate dynamics (e.g., Hollander
and McKenzie, 1991; Hollander et al., 1993; Altabet and Francois,
1994; Schubert and Calvert, 2001; Sephton et al., 2002; Deutsch et al.,
2004; Algeo et al,, 2008; Kashiyama et al., 2008; Ramaswamy et al.,
2008; Schnyder et al., 2009; Thomazo et al., 2009; Jenkyns, 2010;
Ader et al,, 2014; Ader et al,, 2016; Wang et al,, 2017).

In this study, we aim to describe the sedimentary dynamics of
OM and associated geochemical signatures from recently radio-
isotopically-dated continental series of the northeastern Massif
Central (Pellenard et al., 2017; Ducassou et al., 2019).

Using elemental and isotope (8"°C and 8'°N) geochemistry
through Rock Eval pyrolysis and Isotope Ratio Mass
Spectrometry (IRMS), paired with OM characterization
through palynofacies analyses, we discuss the origin and
preservation of archived OM in the CPT northeastern Massif
Central basins, and describe the processes associated with the
biogeochemical cycling of carbon and nitrogen through time and
space in deep-time lacustrine-dominated environments. Local,
facies-related controls on the OM sedimentation relative to global
signals are also considered in the light of known trends in the
carbon and nitrogen global cycle across the LPIA period.

GENERAL GEOLOGICAL SETTING

The late Variscan orogenic evolution of Western Europe is
characterized by two syn-to late- extensional tectonic events
(i.e. D4 and D5 events from Faure et al, 2009): 1) a mid-
Carboniferous  syn-orogenic  ductile extensional event,
synchronous with pluton emplacement, widespread crustal-
derived plutonism and volcanism, and local development of
volcano-sedimentary basins, and 2) a late Carboniferous-early
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FIGURE 1 | (A) Map of Europe, with a zoom on France where the Variscan remains are displayed in grey. AM, Armorican Massif; MC, Massif Central; SNB, Saar-
Nahe Basin. (B) Simplified map of the north-eastern Massif Central, showing four late Carboniferous to Permian basins, including the Autun and the Decize-La Machine
basins described in this study (modified from Elsass-Damon, 1977). (C) Lithostratigraphic column of the Autun Basin showing the location of the studied wells and
sections in the stratigraphy. Fm, Formation; Ste., Stephanian; M-P Fm, Mont-Pelé Fm (modified from Pellenard et al., 2017).

Permian late-orogenic extension, characterized by the uplift of
high-grade metamorphic domes and related faults and
detachments, and the development of mainly half-graben
basins, like the Autun Basin. These two events were triggered
by the collapse of the Variscan mountain belt (Ménard and
Molnar, 1988; Valle et al.,, 1988; Van Den Driessche and Brun,
1989; Burg et al., 1990; Malavieille et al., 1990; Van Den Driessche
and Brun, 1992; Faure and Becq-Giraudon 1993; Burg et al., 1994;
Faure 1995; Becq-Giraudon et al., 1996; Choulet et al., 2012). This

WE-oriented mountain belt was located in equatorial position and
has influenced the late Paleozoic global climate dynamics (e.g.,
Goddéris et al., 2017) reflected by the LPIA, constituting a major
glaciation on a vegetated Earth (Gastaldo et al., 1996; Montaiiez
etal, 2007). The paroxysmal phase of the LPIA occurred at the end
of the Carboniferous and during the earliest Permian (ca.
305-290 Ma, Isbell et al., 2003; Fielding et al., 2008; Isbell et al.,
2012; Montafiez and Poulsen, 2013; Soreghan et al., 2019), a period
that records both extremely low CO, levels (roughly equivalent to
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present-day levels, between 100 and 1,000 ppm, Berner, 2001;
Montafiez et al., 2007; Foster et al, 2017) and the highest O,
levels (nearly twice the present-day atmospheric level) in probably
the entire Earth history (Berner and Canfield, 1989).

The Decize-La Machine and Autun basins, located in the
northeastern French Massif Central (Figures 1A,B) record the
collapse of the Variscan mountain through their late CPT
sedimentary successions (Pellenard et al, 2017; Ducassou
et al,, 2019). These basins have recently been re-investigated to
improve their sedimentological and chronological settings (Garel
et al., 2017; Pellenard et al., 2017; Ducassou et al., 2019; Mercuzot
et al., 2021; Mercuzot et al., submitted), but their biogeochemical
characteristics remain poorly documented to date.

Recently, Mercuzot et al. (2021) have proposed that the
Decize-La Machine and Autun basins may have been
connected at the time of their filling, and that they probably
reflect paleo-depocenters of a larger sedimentary basin,
encompassing other nearby basins, notably the southward
Blanzy-Le Creusot Basin and the eastward Aumance Basin
(Figure 1B), and possibly the Carboniferous—Permian series
beneath the Meso-Cenozoic sedimentary cover of the Paris
Basin (Contres, Brécy and Arpheuilles basins, Beccaletto et al.,
2015; Mercuzot et al, 2021; Mercuzot et al., submitted).
Consequently, the sedimentary successions of the Decize-La
Machine and Autun basins could be part of a much larger
sedimentary area than previously considered and could have
archived and participated in the secular evolution of the global
carbon cycle at that time. It is therefore interesting to investigate
the organic geochemical signals recorded in these areas.

The Decize-La Machine Basin is partly outcropping (La
Machine area), and partly located beneath the Meso-Cenozoic
sedimentary cover of the Paris Basin (Lucenay-lés-Aix area,
Figure 1B). Our work is based on the study of the reference
LY-F cored-well (Figure 1B), whose sediments were deposited
between 299 + 2 and 294 + 2/-7 Ma—ages obtained by LA-ICP-
MS dating (Laser Ablation-Induced Coupled Plasma-Mass
Spectrometry) on zircon and apatite by Ducassou et al. (2019).

In the Autun Basin, five sections are investigated, respectively
the IG-1, CHE-1, MU, SUR-1, SUR-2 cored-wells and the SUR
outcrop (Figure 1C). The base of the IG-1 core has been dated at
29991 + 0.16Ma and the top of the Muse outcrop
(approximatively corresponding to the top of the MU core) at
298.05 + 0.19Ma, using the U-Pb CA-ID-TIMS method
(Chemical Abrasion-Isotopic Dilution-Thermal Ionization
Mass Spectrometry, Pellenard et al., 2017).

DEPOSITIONAL ENVIRONMENTS IN THE
NORTHEASTERN MASSIF CENTRAL
BASINS

The Lucenay-lés-Aix area presents a variety of continental
depositional environments, ranging from coastal plain, with
coal-bearing levels formed in swamps, to lake, with
occurrences of deltaic systems that evolve to deep lake
deposits toward the east, according to the observations of
sedimentological facies and seismic profiles in this part of the

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

basin (Ducassou et al., 2019; Mercuzot et al., 2021). The general
depositional context is typical of differentiated Gilbert-type
deltas, with inclined foreset and bottomset features (mostly
coarse-grained), sinking into a lake environment characterized
by fine-grained deposits (Figure 2). This lacustrine environment
is located either at the end of the deltaic complexes or laterally to
the sediment input. In the second case, microbial deposits may be
found, indicating a water depth within the photic zone.

The sedimentological setting of the Autun Basin was firstly
investigated by Marteau (1983), and recently by Mercuzot et al.
(submitted). The sedimentary succession shows mainly lacustrine
facies with occurrences of deltaic facies and OM-rich levels
corresponding to black shales, namely oil-shale beds, OSBs
(Figure 2). The base of the Autun Basin sedimentary
succession is characterized by deep lacustrine deposits,
showing well-developed OSBs alternating with episodic distal
turbidites, and the sediment supply is provided to the basin by
deltaic distributaries (Mercuzot et al., submitted). Three main
depositional environments have been defined, based on the
classification of Bohacs et al. (2000) (Figure 2): the profundal,
the sublittoral and the littoral lake environments, from the more
distal to the more proximal, the two latter encompassing deltaic
deposits. Due to the dominance of sublittoral to profundal
lacustrine facies in this area (Mercuzot et al., submitted), and
the consistence with the chronostratigraphic framework, it has
been suggested that the Autun Basin could be the distal equivalent
of the Lucenay-lés-Aix area proximal series, with major
sedimentary supplies coming from the west (Mercuzot et al,
2021).

In both areas, where sediment supply is minimal, OM-rich
deposits are observed as coal accumulations in the Lucenay-lés-
Aix area and OSBs in the Autun Basin (Figure 2). The coal levels
were formed in a supralittoral environment (floodplain), mainly
by accumulation of vascular land plant remains, whereas OSBs
were deposited in a profundal lake environment, mainly fed by
primary productivity in the water column (phytoplankton) with
additional terrestrial OM (Garel et al., 2017).

MATERIAL AND METHODS

Geochemical analyses were carried out on samples collected in
both areas, from cored-well and outcrop sections. The sections
are from the Lucenay-les-Aix area (LY-F well, 329 m) and
from the Autun Basin (IG-1 well, 200 m; CHE-1 well, 365 m;
MU well, 7.5 m; SUR 1 and 2 wells, 14 m in total; SUR outcrop,
17 m). The SUR-1 and SUR-2 cores were acquired for this
study at the base of the SUR outcrop. The cores were drilled
vertically, using a modified portable Shawtool Drill machine
(diamond bit, 41 mm diameter) lubricated by fresh water from
an adjacent river. It is important to note that the MU and SUR
sections represent sedimentary intervals of very short duration
compared to the 3 other wells. Each section was sampled every
1-2 m in fine-grained lithologies (sometimes with significantly
higher resolution such as for the MU core and the Igornay
OSBs of the IG-1 core, i.e., each 10 cm). The samples were then
ground with a ring and puck mill at the Biogéosciences
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laboratory (Université Bourgogne-Franche-Comté, France) in
order to obtain a 60-pm sample powder.

Rock-Eval Pyrolysis

Samples from IG-1 (215 samples), CHE-1 (329 samples), MU (34
samples), SUR (42 samples) and SUR 1 and 2 (8 samples) sections
were analyzed using a Rock-Eval 6 Turbo apparatus (Vinci
Technologies) at the ISTeP laboratory (Sorbonne Université)
following the method described by Behar et al. (2001). These
measurements were obtained from the successive pyrolysis and
oxidation of ~60 pg of powder. The amount of free hydrocarbons
is given by the S1 signal, while the S2 signal corresponds to the

hydrocarbons generated from the cracking of the kerogen
between 300 and 650°C. The temperature at which the
maximum hydrocarbon yield occurs (Tmax) is used to
monitor the OM thermal maturation. The quantity of CO,
and CO generated during pyrolysis and oxidation is
continuously detected and related to organic and inorganic
carbon contents, depending on decomposition temperature.
The total organic carbon (TOC, wt.%) is calculated as the sum
of pyrolzsed and oxidized organic carbon. Hydrogen (HI) and
oxygen (OI) indexes are expressed in mgHC/gTOC (HC:
hydrocarbon) and mgCO,/gTOC, respectively, and result from
the S2/TOC x 100 and from the S3/TOC x 100 calculations.
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Palynofacies Characterization
Palynofacies aim to study the organic constituents of a sediment

under optical microscope (Combaz, 1964; Tyson, 1995), in order
to assess their origin(s) and preservation state (Batten, 1982;
McArthur et al., 2016; Schnyder et al., 2017). In order to remove
carbonates and silicates, bulk-rock samples were treated by HCI-
HF using standard method developed by Steffen and Gorin
(1993). The organic residues were then used to make total,
non-filtered and filtered slides (the latter using a 10-um sieve
mesh). Palynofacies observations were performed using an
Axioplan2 Imaging Zeiss microscope in transmitted light at
the ISTeP laboratory. Five samples were selected from the IG-
1 core, six samples from the MU core and ten samples from the
CHE-1 core, in order to obtain a general and qualitative
assessment of the particulate OM. The samples were selected
to document the range of varying TOC and HI values obtained
through Rock-Eval pyrolysis.

Elemental and Isotope Analyses

Organic carbon and bulk nitrogen isotopic compositions were
analyzed on the LY-F (98 samples), IG-1 (222 samples), CHE-1
(98 samples), MU (32 samples) and SUR, SUR-1 and SUR-2 (21
samples) sections. For IG-1, CHE-1, MU, and SUR samples,
containing some carbonates such as calcite, dolomite and siderite,
carbonate-free residues were produced by mixing sample
powders with 6N HCl during 24 h. The powder was then
rinsed with deionized distilled water to a neutral pH and
oven-dried at 50°C for 12h. The total carbonate content,
expressed in weight percent (wt.%), was evaluated by
gravimetric quantification. The residues were then poured into
tin capsules (2-200 mg) using a Sartorius M2P ultra-balance
before isotope measurements were performed using a Vario
MICRO cube (Elementar GmbH, Hanau, Germany) elemental
analyser, coupled to an Isoprime (Elementar, Manchester,
United Kingdom) isotope ratio mass spectrometer (EA-
IRMS) at the Biogéosciences laboratory. Certified USGS40
(8" Corg = —26.2%0, Corg = 40.82wt.% and §'°N = —4.5%o, N
= 9.52wt.%) and caffeine IAEA-600 (8'°C,yq = —27.77%o, and
8"°N = 1%o) reference materials were used for the calibration.
Isotope results are reported in delta-notation relative to V-PDB and
to AIR for carbon and nitrogen isotopes, respectively. Replicates
were made for each sample except for the LY-F sample set. The
external reproducibility (1), based on sample replicate analyses, is
better than +0.06%o for the 8 Corg and #0.17%o for the 8PNyt
Total organic carbon (TOC) and total nitrogen (organic and mineral
nitrogen, TN) contents are expressed in dry weight percentage
(wt.%) of the bulk powder, and have a mean 1 ¢ reproducibility
of +0.11 wt.% and +0.18 wt.%, respectively.

For LY-F samples, carbonate-free residues were produced by
mixing sample powder with 2N HCl in an ultrasonic bath before
rinsing and drying at 60°C. The 613Corg values were determined
using an elemental analyser (VarioCube) interfaced with an
isotope ratio mass spectrometer (VG Isoprime), at the Stable
Isotope Laboratory of the PEGASE Joint Research Unit (INRAE,
Saint-Gilles, France). International standards USGS 24 (with
83C = -16.5 + 0.1%o, n = 36) and ANU sucrose (with §'°C =
—10.5 + 0.1%o0, n = 35) were used as reference materials. The

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

reproducibility of 8"°C values is better than +0.2%o, based on
repeated measurements of samples and standards.

RESULTS
Rock-Eval Pyrolysis

All the following mean values for the analysis panel are given
associated with their standard deviation (+10).

In the IG-1 core, Tmax values range from 369 to 520°C with a
mean value of 437 + 12°C, TOC values range from 0.12 to
20.36 wt.% with a mean value of 4.76 + 4.58 wt.% (Figure 3),
HI values range from 28 to 587 mgHC/gTOC with a mean value
of 231 + 151 mgHC/gTOC and OI values range between 0 and
131 mgCO,/gTOC with a mean value of 14 + 18 mgCO,/gTOC
(Supplementary Table 1). The TOC curve displays five intervals
of very high values (>5 wt.%, Figure 3), between ~200 and 180 m,
~160 and 130 m, ~90 and 70 m-35 and 45 m, and at ~22 m.

In the CHE-1 core, Tmax values range from 413 to 460°C with
a mean value of 443 + 9°C, TOC values range from 0.47 to
12.43 wt.% with a mean value of 2.59 + 2.40 wt.% (Figure 4), HI
values range from 22 to 382 mgHC/gTOC with a mean value of
104 + 88 mgHC/gTOC and OI values range between 4 and
673 mgCO,/gTOC with a mean value of 99 + 133 mgCO,/
gTOC (Supplementary Table 1). TOC variations (Figure 4)
fluctuate more than in the IG-1 core record (Figure 3).
Nonetheless, a first interval of high values (up to 10 wt.%) can
be recognized from the base to ~320 m and a second interval from
~240 to 120 m, in which TOC values fluctuate significantly and
reach values up to 21 wt.% at 139 m (Figure 4).

In the MU core, Tmax values range from 345 to 440°C with a
mean value of 418 + 30°C, TOC values range from 0.18 to
28.03 wt.% with a mean value of 14.01 + 8.30 wt.% (Figure 5),
HI values range from 22 to 715 mgHC/gTOC with a mean value
of 424 + 206 mgHC/gTOC and OI values range between 2 and
154 mgCO,/gTOC with a mean value of 30 + 47 mgCO,/gTOC
(Supplementary Table 1). TOC values are stable around a few
percent from the base of the core up to 4 m (Figure 5), before
progressively increasing up to 30wt.% at ~2m. The TOC
decreases towards the top of the core with values down to 5 wt.%.

In the SUR section, Tmax values range from 384 to 438°C with
a mean value of 423 + 11°C, TOC values range from 0.06 to
15.82 wt.% with a mean value of 4.55 + 4.35 wt.% (Figure 6), HI
values range from 38 to 568 mgHC/gTOC with a mean value of
304 + 179mgHC/gTOC and OI values between 3 and
332 mgCO,/gTOC with a mean value of 33 + 65mgCO,/
gTOC (Supplementary Table 1). TOC chemostratigraphic
variations (Figure 6) display 3 peaks of ~10wt.% at —8m,
~25wt.% at 0 m and ~20 wt.% at 7 m.

Palynofacies Analyses

The palynofacies slides selected from the IG-1 core (IG-5, 11, 12,
48, and 54) and from the MU core (MU-3, 5, 13, 14, 15, 24)
represent HI values ranging from 100 to up to 700 mgHC/gTOC.
In all slides, terrestrial-derived organic particles (phytoclasts,
coming from wood tissues), and palynomorphs (spores and
pollens, comprising Botryococcus algae, as already reported by
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FIGURE 3 | Sedimentary section, sequence stratigraphy of the IG-1 core (Autun Basin) and organic signal evolution (total organic carbon TOC, total nitrogen TN,
C/N atomic ratio, §"®Coq and 8"°Nyy variations). The log caption is displayed on Figure 2. RE, Rock-Eval pyrolysis.

Izart et al, 2012; Garel et al, 2017) are present in varying
proportions, but remain quite minor. Amorphous organic
matter (AOM) particles, probably algal/bacterial-derived, are
the dominant component.

The 10 palynofacies slides selected from CHE-1 core
correspond to HI values ranging from 73 to 326 mgHC/gTOC.
As in IG-1 and MU cores, a mixture of OM of terrestrial
(phytoclasts, palynomorphs) and probably algal-bacterial
(AOM) origin is observed (Figure 7). Half of the sample set
shows AOM particles dominating the terrestrial components
(Figures 7A,B). The remaining slides show an enhanced
composition of organic particles of terrestrial origin (Figures
7C,D), suggesting a more contrasted OM source when compared
to IG-1 and MU cores.

Elemental and Isotope Geochemical Signals
The TOC content measured with EA-IRMS is consistent with
those found by Rock-Eval analyses (Figure 8); the R?
coefficient between TOC values obtained by Rock-Eval
pyrolysis and those obtained by elemental analyser is

greater than 0.92 for most of sections, except for the SUR
section where an outlier pulls the R* coefficient towards lower
value (R* = 0.53, Figure 8D).

Total nitrogen (TN) and total organic carbon (TOC) contents are
presented in Figures 3-6, 9 for the different sections (detailed
dataset is available on Supplementary Table 1). The TN content
ranges from 0.07 to 0.76 wt.% in the IG-1 core with a mean value of
0.26 + 0.14 wt.% (Figure 3), from 0.16 to 0.55 wt.% in the CHE-1
core, with a mean value of 0.29 + 0.08 wt.% (Figure 4), from 0.07 to
0.79 wt.% for the MU core, with a mean value of 0.42 + 0.19 wt.%
(Figure 5), from 0.15 to 0.68 wt.% for the SUR section, with a mean
value of 0.34 + 0.12 wt.% (Figure 6) and from 0.02 to 1.64 wt.% in
the LY-F core, with a mean value of 0.47 + 0.53 wt.% (Figure 9). The
C/N atomic ratio, calculated from the elemental composition of the
organic carbon and total nitrogen, is also shown in Figures 3-6, 9. It
ranges between 1 and 36 for the IG-1 core, with a mean value of 14 +
8, between 2 and 26 for the CHE-1 core, with a mean value of 9 + 6,
between 1 and 47 for the MU core, with a mean value of 31 + 12,
between 2 and 42 for the SUR section, with a mean value of 18 + 14,
and between 0 and 86 for the LY-F core, with a mean value of 27 +

Frontiers in Earth Science | www.frontiersin.org

July 2021 | Volume 9 | Article 705351


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Mercuzot et al.

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

CHE-1 well
AUTUN BASIN
210
) TOC -
10 o~ —EA
N RE

Log legend

|:| Tonsteins

[ OM-rich claystones/siltstones
®
[ ]sandstones and conglomerates

15
SPCorg O "Nbuik
) 3 %o 9
2|7 1 1 A(IJ le I_Zill : : IO ! : :
j O°‘oq
Y
¢ %
[} (<]
® . } ro— %g*
L™
s
o 'y
[ ] " 8 of
L 8
o® ‘ A §
o o’ oy
. * . % o
8 3
o, * %
° - %
™ [} ‘ R qmm—
“ ) “
4 ro4®
i 3
o“ ot
¢ q
LI 1 0°
° 4 : X
3 8,
o ' hed
‘0
¢ ® s
® * o 0%4
od o«
° o
® h<
% o e
'
e * R

FIGURE 4 | Sedimentary section, sequence stratigraphy of the CHE-1 core (Autun Basin) and organic signal evolution (total organic carbon TOC, total nitrogen TN,
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18. For each section, C/N variations primarily reflect the TOC
evolution.

In the IG-1 core (Figure 3), the §'°C,,, values gradually
increase from -24 to —20%o, with a mean value of -23.1 +
1.7%o, with large-amplitude negative shifts down to —29.4%o
and -27.3%0 near 150m (Igornay OSB, clayey facies) and
40 m, respectively. The §'°N values show less variation, with
values ranging from 2.7 to 6.5%o, with a mean value of 4.1 +
0.62%o. The highest 8" Ny values are encountered with the
lowest 813C0rg, i.e., 6.4%o close to 150 m and 6.5%o close to 40 m.

In the CHE-1 core (Figure 4), values progressively increase
from —24.0 to —21.0%o, with a mean value of —22.5 + 1.4%o, with
negative shifts down to —25.5%o0 at ~300m and —26.8%o at
~180m and -27.0%o0 at 140 m. These values remain in the
same range as those of the IG-1 core. The 8" Npun values
range from 2.9 to 8.2%o, with a mean value of 5.6 + 1.1%o,
with positive shifts up to 8.3%o at ~330 m, 7.6%o at ~190 m and
7.1%0 at ~150 m.

In the MU core, the base is characterized by '*C-enriched OM,
with 8" Corg values averaging —20%o, and then sharply dropped
by 8%o, down to ~—28%o all along the core. The 8" Nk values
present a relatively narrow range from 3.5 to 6.7%o, with a mean
value of 4.7 + 0.7%o all along the core, with a slight decrease (from
5 to 4%o) towards the top (Figure 5).

In the SUR section (Figure 6), the 513C0rg curve presents a
wavy evolution from —27.5 to —20.6%o, with a mean value of
—24.3 + 2.7%o, and shows a sharp decrease between the cores and
the following outcrop at ~—1 m from —20.8 to —26%o. 8 Npuik
values range between 5.3 and 10.1%o, with a mean value of 7.2 £
1.3%o. The values remain relatively constant (~6%o) up to ~—1 m,
with a shift to ~+10%o at 7 m, followed by a slight decrease
towards the top down to ~6%o.

Finally, in the LY-F core (Figure 9), 513C0rg values slowly
increase from —26.4 to —20%o, with a mean value of -22.2 +
1.8%o, with two outliers reaching values up to —15.5%o.
8" Npuic values range from 1 to 4.4%o, with a mean value of
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2.8 +0.7%o. 8"° Ny, values are stable around 3%o from the base of
the core up to ~400 m, and then show a continuous increase up to
~4.5%0 towards the top of the core.

The dispersion of the elemental results obtained through EA-
IRMS are synthesized on Figure 10 for each section.

DISCUSSION

Organic-Matter Characterization

Lacustrine sedimentary OM generally consists of a mixture of
remains of aquatic primary producers, vascular land plants,
palynomorphs and of heterotrophic bacterial biomass thriving
in the water column and sediments (Meyers and Ishiwatari,

1995). The OM origin, separated here in autochthonous
(i.e., lacustrine algal/bacterial-derived OM) and allochthonous
(i.e., terrestrial-derived OM), is appreciated through Rock-Eval
pyrolysis results and palynofacies observations. In a lacustrine
system such as Autun, AOM is generally considered to originate
from primary algal and/or bacterial bio-production in surface
waters (Tyson, 1995), whereas in some rarer cases it could have
been derived from fixed or floating vegetation installed at the
edges of shallow lakes or marshes (Schnyder et al., 2009).

In a pseudo van Krevelen diagram grouping all the sections
(Figure 11), the HI vs. OI values obtained by Rock-Eval pyrolysis
also indicate two types of OM: 1) a Type I OM (autochthonous
OM) characterized by high HI and low OI values, and 2) a Type
III OM (allochthonous OM) when HI values are low and OI
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values are high. At the end of the Paleozoic, the Type III OM
consists exclusively of vascular land plants with a Calvin-Benson
C3 metabolism, the C4 and CAM metabolisms evolving between
the Cretaceous and the Tertiary (Thomasson et al, 1986;
Bocherens et al, 1993; Cerling, 1999; Kuypers et al, 1999;
Sage, 2004). The occurrence of altered Type I OM produced
during degradation or oxidation, e.g., under aerobic conditions in
the water column, may also explain some of the low HI-high OI
endmembers (e.g., Type III, Figure 11).

The palynofacies observations confirm the occurrence of
mixed sources of OM in the Autun Basin. In most cases,
autochthonous AOM  seems to predominate  over
allochthonous terrestrial components in samples with high HI
values, notably in IG-1 and MU cores. Intermediate HI and OI
values obtained from Rock-Eval mimic a Type II OM (marine
OM), but palynofacies observations rather indicate mixture
between Type I and Type III. These results are consistent with
previous biomarker analyses by gas chromatography mass
spectrometry (GC-MS) realized in the Autun Basin, as well as

in the Aumance, Lodéve (France) and Saar (Germany) basins by
Izart et al. (2012), that reveal a bimodal OM origin (algal and
bacterial vs vascular land plants). Moreover, the studies of
Doubinger and Elsass (1975), Broutin et al. (1986), Broutin
et al. (1990), Becq-Giraudon (1993), conducted in the
Autunian facies of the Autun Basin and some other French
Massif Central basins, also point out two OM-source
endmembers, with fluctuations through time of the vascular
land-plant species endmember, depending on their ecology in
terms of water needs (i.e. hygrophile vs xerophile plants, well-
adapted for wetness and dryness, respectively).

The C/N atomic ratio is usually a good proxy to approximate
the OM sources and their relative contribution in lacustrine
sediments (Meyers and Ishiwatari, 1993; Meyers, 1994; Meyers
and Ishiwatari, 1995; Meyers and Teranes, 2001; Meyers, 2003;
Lamb et al.,, 2006; Birgenheier et al., 2010; Baudin et al., 2017).
Indeed, C/N ratios between 4 and 10 characterize autochthonous
OM (algae and cyanobacteria, Type I and Type II OM,
Figure 12A), and values higher than 20 indicate an
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FIGURE 7 | Palynofacies microphotographs from the CHE-1 core. (A) amorphous organic matter (AOM — probably algal-bacterial-derived), 245.6 m; (B) AOM and
opaque phytoclasts (OP), 245.6 m; (C) details of blade-shaped opaque phytoclasts (bs-OP), 219.45 m; (D) details of translucent phytoclast (TP), 210.6 m.

allochthonous source (Type III OM). However, the C/N ratio can
be altered over time due to degradation of unstable nitrogen
compounds in aquatic OM and the loss of carbon-rich sugars and
lipids in terrestrial OM (Lamb et al., 2004). This ratio can be also
modified during the earliest diagenesis which tends to decrease
the nitrogen content (highly reactive and volatile) and hence
increase the C/N ratio (Thomazo et al.,, 2009). Moreover, this
ratio is directly impacted by the presence of mineral nitrogen
when nitrogen is measured in bulk material, particularly for
samples with a low OM content, where mineral lattice-bound
nitrogen (i.e., primarily K-bearing phyllosilicates) can represent a
significant fraction of the bulk nitrogen (e.g., Capone et al., 2006).
In this study, a fraction of nitrogen (<0.1%) is indeed under fixed
form, probably in illite and illite-smectite mixed-layers interlayers
as shown by a TN vs. TOC diagram (Figure 12A), where the
linear regression lines do not intercept the origin of the graph
(nitrogen in excess relatively to organic carbon), especially for the
MU, LY-F and IG-1 cores. In the case of the MU core, which
shows a well-defined regression line (Figure 12A), almost
0.1wt.% of nitrogen is likely fixed in K-bearing minerals,
which represents a significant amount (~12%) when compared
to the highest value of bulk nitrogen content of ~0.8 wt.%. The
nitrogen retention efficiency in K-bearing minerals appears to be
even higher in the CHE and SUR sections with 0.2-0.3% of
mineral nitrogen (Figure 12A), but these values may be biased by
poorly-defined regression slopes when compared to other

sections. Moreover, the Figure 12B shows an exponential
pattern of C/N ratio vs. TOC curves that would not be
expected in the absence of mineral nitrogen. Thus, the
presence of mineral nitrogen implies that the C/N ratio cannot
simply be interpreted in terms of OM sources. In our study, it
rather indicates an efficient mechanism of retention of
ammonium in K-bearing minerals after the processes of
diagenesis and denitrification (i.e., nitrogen loss). Another way
to assess the presence of mineral nitrogen in the TN fraction is the
C/N values below 1 displayed in the LY-F core, indicating that
more nitrogen than carbon is preserved (Figures 9, 10).

For some cores, TN and TOC contents are significantly
correlated, such as for the LY-F and MU cores. Such a
correlation may suggest an increased input of Type III OM
to the aquatic system due to enhanced soil erosion from the lake
catchment, associated with a significant clastic input to the lake.
However, early diagenetic processes may also be involved in the
modification of the sedimentary C/N ratio due to the escape of
N, during denitrification, leading to a higher C/N ratio
(exceeding 10). This remineralization of nitrogen also
depends on the type of OM, being highly proteinic and thus
N-rich for Type I, while more recalcitrant in case of Type III
(highly cellulosic, e.g., Ertel and Hedges, 1985; Meyers, 1994).
These two possible interpretations of a sedimentary C/N
increase (i.e., variation in nitrogen cycling in the water
column or sediments or mixed origin of OM) make a direct
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FIGURE 8 | Total Organic Carbon (TOC) values obtained by Rock-Eval pyrolysis (RE, ordinate) vs TOC values obtained by elemental analyzer (EA-IRMS, abscissa)
showing a proportionality between the two measurements. (A) IG-1 well, R?=0.92. (B) CHE-1 well, R? = 0.97. (C) MU well, R? = 0.95. (D) SUR section and SUR-1 and
SUR-2 well for which two regression lines are calculated: one comprising all the points (R = 0.53) and a second without the outlier (point with black circle, R = 0.96),
showing that there is probably a measurement error with this point given the difference higher than 20% between the two methods.
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interpretation of the C/N signal even more confusing (e.g., Van
Mooy et al., 2002).

The IG-1 Well (Autun Basin)

Previous Rock-Eval and palynofacies analyses (Elsass-Damon,
1977; Marteau, 1983; Garel et al., 2017) have shown that the OM
of Igornay OSB (P2 environment on Figure 11A) is mostly
composed of a Type I OM. Palynofacies tend to confirm these
results, as AOM dominates over phytoclasts and palynomorphs.
Very low HI values, such as observed in the delta topset
environment (littoral lake L1 environment, Figure 11A)
could be interpreted as Type III OM input, but palynofacies
analyses show generally minor but constant plant-derived
components in palynofacies. Thus, low HI values represent
more altered Type I OM in proximal environment where the
water column is thin, allowing OM degradation by aerobic
heterotrophic micro-organisms and the reworking of
sediments (which increases sedimentary oxygen depth
penetration). Inversely, in the distal environments, OM
anaerobic remineralization (including bacterial sulphate
reduction and denitrification) is less effective and results in
higher TOC contents and higher HI values.

The CHE-1 Well (Autun Basin)

Rock-Eval data show two endmembers, the first one with high HI
and low OI values, and conversely a second with low HI and high
Ol values (Figure 11B). This dichotomy may arise from a variable

mixture of Type I and a Type III OM or a strongly altered trend in
Type I OM after oxidative processes.

The distal-proximal alteration gradient found in the IG-1 core
is less distinguishable in the CHE-1 core (Figure 11B), as distal
lacustrine facies are this time associated with either high or low
HI values. The presence of both Type I and Type III OM in distal
lacustrine sediments is marked by very variable OI and HI. The
palynofacies data indicate that the OM of the CHE-1 core is
composed of a mixture of terrestrial-derived and algal/bacterial
OM. Judging from our limited palynofacies dataset, the terrestrial
component seems higher in CHE-1 when compared to IG-1 and
MU cores, which may correspond to lower average HI values,
suggesting a higher allochthonous contribution and/or a higher
average oxygen level in the water column.

The MU Well (Autun Basin)
As shown by Garel et al. (2017) and this work, Muse OSB (MU
well, Figures 2, 5) is composed by a Type I OM with some
samples showing a mixture with Type III OM, characterized by
gelified OM corresponding to cuticles of land plants. This is
confirmed by macroscopic observations showing land plant
fragments in the blackest levels. This cuticle-Type III OM has
the particularity to present high HI which can reach more than
500 mgHC/gTOC (e.g., Garel et al, 2017), induced by the
presence of cuticular wax.

The MU core is composed at its base by proximal
environments (from the base to ~4m, coarse-grained
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FIGURE 9 | Sedimentary section, sequence stratigraphy of the LY-F core (Lucenay-lés-Aix area, Decize—La Machine Basin) and organic signal evolution (TOC, TN,
C/N atomic ratio, 8'°Corg and 8'°Nyu variations). The log caption is displayed on Figure 2.

lithologies corresponding to a deltaic topset environment L1~ protected littoral lake environment level display large land
and fine-grained grey lithologies characterising a protected  plant fragments, confirming an allochthonous Type III OM,
littoral lake environment L2, Figure 2), followed by a probable =~ compared to the profundal lake characterized by a dominant
profundal lacustrine P2 environment corresponding to the  autochthonous Type I OM.

Muse OSB (from ~4 to 0m, fine-grained dark lithologies,

Figure 2). On a pseudo van Krevelen diagram  The SUR Section (Autun Basin)

(Figure 11C), the distinction between the protected littoral ~ Although very few palynofacies data are available for the SUR
lake and the profundal lake P2 depositional environments is  section excepted the two samples characterized by Garel et al.
very clear. The OM of the protected littoral lake environment (2017), showing that bacterial-derived OM (Type I) is largely
is oxidized compared to those of the profundal lake  dominant, the HI values measured in our study mostly sign a
environment. HI values are not relevant for two of these Type I OM (Figure 11D). The observed low HI-high OI values
points because of very low TOC values (<0.25%,  could be tentatively assigned to Type III OM, but could also
Figure 11C). However, the macroscopic features of the  reflect a degraded Type I OM.
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The LY-F Well (Lucenay-les-Aix Area)

Despite the absence of Rock-Eval pyrolysis and palynofacies data
for the LY-F well, the core presents a different geochemical
pattern from sections of the Autun Basin. Indeed, this core is
composed by an autochthonous lacustrine and allochthonous
terrestrial OM mixing, but also by floodplain OM (coal-bearing
levels), contrary to the other sections composed dominantly by
the mixture of lacustrine and terrestrial OM (Figures 2, 9).
Figure 12A also indicates that mineral nitrogen is present in
the samples, but in lower amounts than in the Autun Basin.
According to the high §'°C,,, values (Figure 9), it is likely that
allochthonous OM dominates the bulk OM (i.e., the Type I and
Type III OM mixing) signal; this core, unlike the sections in the
Autun Basin, is dominated by coarse-grained clastic inputs that
may indeed contribute a large amount of allochthonous Type III
OM to the basin. By comparison, a study in the Western-
European Carboniferous to Permian continental Saar-Nahe
Basin (Germany, Figure 1A) evidenced that such high 813Corg
values (~—21%o) are associated with a dominant Type III OM,
based on Rock-Eval and palynofacies analyses, contrary to the
Type I OM which is associated to 813Corg values close to —27%o
(Miiller et al., 2006). A similar amplitude between & Corg values
of autochthonous and allochthonous OM has been observed in
an early Cretaceous lacustrine system at Bernissart (Mons Basin,
Belgium), were the Type III, allochthonous OM, corresponds to
8"Corg values around —24.5%o, whereas autochthonous primary
productivity-derived OM is associated with more negative
613C0,g values, close to —28%o (Schnyder et al., 2009). The
513C0rg values close to —24%o for the three coal intervals (i.e.
located at ~575, 490, and 450 m in the LY-F well, Figure 9) are
consistent with 613C0rg values of humic Permian coal from the

Australian Sydney Basin (Grice et al., 2007; Ahmed et al., 2009;
Retallack et al., 2011).

Preservation of Isotope Organic Signals
Early diagenesis at the sediment-water interface having a low impact
on the OM isotope signal preservation (Lehmann et al., 2002), the
preservation of OM isotope signal can also be assessed by several
parameters: 1) 613C0rg values are consistent with those expected for
primary productivity OM (~—25 to —30%o, Schidlowski et al., 1983;
Kump and Arthur, 1999), and particularly those expected during this
time-window (between —20 and —27%, Strauss and Peters-Kottig,
2003; Miiller et al., 2006; Peters-Kottig et al., 2006; Nordt et al., 2016;
Cui et al,, 2017) and 2) the Tmax parameter, showing values ranging
from 423 to 443°C in the studied sections, indicates moderate burial
diagenesis. With respect to the petroleum generation, this reflects a
relatively immature OM, or at the beginning of the oil window for
the highest Tmax values. Moreover, the absence of correlation
between the 8Ny and the TN content in all sections shows
that the OM isotope signals are probably not pervasively altered by
late secondary processes (the nitrogen content being more prone
than the carbon to vary during OM alteration, Meyers and
Ishiwatari, 1993; Meyers, 2014). Similarly, the 8" Ny values
obtained are those expected for non-marine sediments, usually
between —3 and +7%o (Peters et al, 1978) and are also within
the range of biological signals measured in ancient and modern
environments (e.g., Tramoy et al., 2016a; Bouton et al., 2020). 813C0rg
negative excursions (Figures 3-6) also appear to be of primary
origin because diagenesis is expected to induce positive values (Hoefs
and Frey, 1976; Monin et al., 1981; Hayes et al., 1983), yet lower than
+2%o (Busigny et al., 2013), and without altering the initial trends
(des Marais et al., 1992).
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8"°Npuik Variations
In the modern nitrogen cycle, di-nitrogen (N,) is withdrawn from

the atmosphere during biological fixation by autotrophs as
ammonia (NH;) by the nitrogenase enzyme. Subsequently, the
OM sedimentation is followed its mineralization under aerobic or
anaerobic conditions with a first step, namely ammonification,
consisting in the reduction of organic nitrogen into ammonium
(NH,"). Then, in aerobic context, NH," is oxidized to nitrite
(NO;") and nitrate (NO3") during nitrification. The produced
nitrates can also be biologically assimilated. In anaerobic context
(low O, in the water column or in sediments, or high
sedimentation rates), two processes can occur: anaerobic
oxidation of NH," by an anammox reaction that converts
NH," and NO,™ to N, (Figure 13), and denitrification, i.e., a
respiratory process that converts NO;~ to N, (Van Mooy et al.,
2002; Ader et al., 2016). While nitrification is a moderately
fractionating process in modern environments when NH,"
oxidation is quantitative, the denitrification pathway is
associated with a strong 1>N-enrichment of the residual NO;’,
leading to an increase of 8" Npuk values owning to the balance
between NO;~ assimilation and N, fixation (Peters et al., 1978;
Sigman et al.,, 2009; Ader et al,, 2016). Indeed, denitrification
induces a fractionation between the residual NO;™ and released
gaseous N, and N, O of about —3%o in the sediment and up to —25
to —30%o in the water column (Ader et al., 2016). This process is
therefore associated with a '*N-enrichment of the §'°N, i values
archived in sediments (i.e., positive 8Ny excursions).
Similarly, the anammox reaction leads to a '°N-enriched

residual NH," and so higher 8'°Npyy signal if a sufficient
amount of this NH," is fixed by biological activity or in
K-bearing minerals (Prokopenko et al., 2006).

Therefore, positive 8Ny excursions usually indicate an
increase in denitrification and/or anammox processes and are
associated with the establishment or expansion of strong redox
gradient in the water column. Indeed, both processes require
chemical stratification of the water column and are often
associated with the development of anoxia, at least in the
lower part of the water column or in a zone of oxygen
minimum in the water column.

In the sedimentary successions studied, positive nitrogen
excursions are sometimes associated with increases in TOC
and decreases in 613C0rg values, while generally 8" Npu and
813C0rg values are not related. Yet, this relation can be explained
by several mechanisms under anoxic conditions, including 1) an
increase in Type I OM associated with anoxic OM
remineralization processes shifting the isotope signal mass
balance towards '>C-enriched isotope signal, and/or 2) the
build-up of a large dissolved organic carbon reservoir
subsequently used by secondary productivity (e.g., Hayes,
1983; Kah et al., 1999; Hayes, 2001; Guo et al, 2013). This
coevolution is observed in the IG-1 core in the Igornay OSB
at ~155m and at ~40 m, and also in the CHE-1 core, between
~190 and 130 m. However, periods of high TOC and low 613C0,g
values without positive 515Nbulk excursions (e.g., IG-1 core,
~70m and MU core, from 4 to 1 m) represent periods when
denitrification or anammox processes are absent or less efficient
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(i.e., limited to the sediment), indicating that the chemocline is
not sustained. This likely indicates a thin water column,
promoting the water homogenization, but paired with a
substantial ~ primary  productivity in  surface  water,
compensating OM degradation during its sinking and before
reaching the anoxic sediments, and thus favouring OM-rich
deposits. This interpretation is consistent with the protected
littoral lake environment (i.e., thin water column) inferred
from several sedimentological features for the OM-rich
deposits located at ~70m in the IG-1 core, such as their
association with microbial deposits formed in the photic zone
(Mercuzot et al., submitted), but differs from the depositional
environment inferred for the Muse OSB, firstly considered as
deposited in a profundal lake (Mercuzot et al., submitted, based
on the classification of Bohacs et al., 2000). These results and
interpretations highlight that paired carbon and nitrogen isotope
geochemistry can be an additional helpful tool to depositional
paleoenvironment determinations, often solely based on
sedimentological facies interpretations.

8'3Crq Variations

Whereas the §'°C of carbonates (§'>C_.) is thought to reflect the
8"3C of the dissolved inorganic carbon (DIC) reservoir, the OM
carbon isotope signal (613C0rg) in a lake can be affected by a large
combination of factors such as: 1) the isotope composition of the
DIC (depending on the isotope composition of the dissolved CO,
contained in the water compared to atmospheric CO,), 2)
metabolisms of primary producers, their species and growth
rates (Mayer and Schwark, 1999), 3) OM sources
(allochthonous vs autochthonous, Schnyder et al.,, 2009; Yans
etal., 2010), 4) the water pCO, (Herczeg and Fairbanks, 1987), 5)
the degradation of particulate organic carbon below the
sediment-water interface, 6) the remineralization of dissolved
organic carbon in the water column and sediments (e.g., Hayes,
1983; Kah et al.,, 1999; Hayes, 2001; Guo et al., 2013), and 7) the
post-depositional OM thermal decomposition (Strauss et al.,
1992; Tocqué et al, 2005; Derry, 2010). Moreover, §"Coyq
values in OM-rich environments can be influenced by
secondary productivity developing in anoxic bottom waters or
within the sediments (e.g., Hayes et al., 1999). In the present
study, because of the low burial and the resulting moderate
thermal diagenesis state, it is unlikely that §'°C,,, variations
result from thermal decomposition of OM.

According to the U-Pb dating of the Autun Basin by Pellenard
et al. (2017), the sediments from IG-1 and CHE-1 cores are
susceptible to have been deposited in less than a million year,
revealing high sedimentation rates and thus very short-term
613Corg variations. The origin of these isotope events is not
constrained, but could be related to short-term climate
variations, through a direct impact on the lake level and
chemistry, or a more indirect impact on sedimentary fluxes,
controlling the origin of OM (e.g., terrestrial vs. lacustrine
bioproduction, Schnyder et al, 2009; Yans et al, 2010)
supplied to the basin.

We considered here that at first order, the 513C0rg variations
observed in this study are due to three main parameters: 1)
variations of OM sources through time (autochthonous vs.

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

allochthonous), 2) variations in primary productivity and
storage efficiency of OM under a thin water column, or 3)
variations in OM remineralization in the water column under
a developed chemocline and at the water-sediment interface,
associated with fluctuating contribution of secondary
heterotrophic biomass to the sedimentary OM. Those
parameters may either vary under autocyclic conditions, or be
indirectly controlled by climate changes, through fluctuations of
the lake level or of the erosion intensity in the catchment area.
Furthermore, at second order, these perturbations could also
reflect direct climate variations recorded in the basins: in
Australian Permian basin, Retallack et al. (2011) have shown
that short-term negative carbon excursions in terrestrial OM are
synchronous with warmer and wetter “greenhouse crises.” This
pattern is also observed in United States and South African basins
(Retallack, 2013). At a longer time-scale (i.e. 5-7 Myr), 613C0rg
variations in bulk OM marine sediments seem to indicate pCO,
fluctuations, with increases at the beginning of icehouse intervals
(ice-caps waxing) and decreases in the second part of the icehouse
intervals up to the interglacial (ice-caps waning, Birgenheier et al.,
2010). Unfortunately, the pCO, evolution is not available through
the A"C proxy (i.e., the difference between §"°C of carbonates
and §"°C of OM), because of the mixing of the OM sources, and
the substantial diagenetic overprint on the scarce carbonates
preserved in the basins.

Accumulation of OM can be derived from both lacustrine
productivity and terrestrial inputs with varying degrees of mixing.
In this study, terrigenous OM can even be subdivided into two
different origins: one representing the exported terrestrial
(allochthonous) OM, the second being direct accumulation of
vascular land plants in swamp (i.e., coal). The 613C0rg signature of
vascular land plants is evidenced in the coal levels of the Lucenay-
lés-Aix area with values around —24%o (Figures 9, 13A). The
remaining 8'°C,,, variations observed in this study may therefore
reflect the interaction of varying degree of mixing between
autochthonous productivity and allochthonous OM delivery
and secondary processes (e.g., remineralization and secondary
productivity). Mixing between OM types with different §"°Cyyq
can be independently inferred based on Rock Eval and
palynofacies data, while secondary processes can be evidenced
when rapid variations of the & Corg are deciphered and cannot be
linked to changes in OM types. Within this framework of
interpretations, and as supported by the palynofacies data, we
observe that periods of low OM accumulation are associated with
613C0rg mean values close to —22%o (Figures 3-6, 9) and are
dominated by Type III OM, and that periods of increasing TOC
show '2C-enriched 813C0rg values (down to —29%o) reflecting lake
OM production and processing. In addition, OM anaerobic
remineralization by bacterial acetotrophic methanogenesis, and
to a lesser extent by sulfate reduction, could still lead to lower
sedimentary 613C0rg values (Meyers and Ishiwatari, 1995; Miiller
et al., 2006). However, it can be challenging to distinguish the
respective impact of these two secondary processes in the fossil
record.

In order to disentangle the various contributions of different
sources of OM and the internal lacustrine OM cycling, we explore
the relationship between OM-type concentrations and their
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FIGURE 14 | Mixing model of Johnston et al. (2012) applied to the three
major studied sections: Total organic carbon (TOC) depending on the 61300,9;
only background sedimentation values are taken into account. In each case,
the mean value for the Type Il OM pole is —20%o, and for the Type | OM
pole, —23.5%o. (A) The IG-1 data present a mixing Type lll: Type | ratio of ~1:2,
(B) the CHE-1 data a ratio of ~1:3 (high mixing), whereas (C) the LY-F data fit
with a ~1:16 ratio (low mixing). On Figure (A,B), this 1:16 ratio has been
determined for the IG-1 core and CHE-1 core data in order to highlight the
difference in the modelled curves which would occur in case of a lower mixing.

isotope signals using the concept developed by Johnston et al.
(2012) in the following section.

Another Method to Sort §'°C,,, Variation
Origins?

Common methods have been previously used to constrain the
OM types preserved in the sediments of the studied sections,
through Rock-Eval pyrolysis interpretations and palynofacies
characterization. However, it is difficult to identify secondary
cycling OM with this combined method. Johnston et al. (2012)
have elaborated a new methodology based on patterns of TOC
and eoc values, the latter approximated here using the 613C0rg
signal, to quantitatively infer the respective proportions in a
mixture of two OM types (type a and type b). For instance, when
a sample consists of a-type and b-type OM in roughly same
proportions (i.e., characterized by a a:b ratio close to 1:1), the

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

TOC vs eroc (or 613C0rg) pattern shows a horizontal straight
line. In contrast, when the sample is dominated by one OM type
(e.g., 1:100 ratio), the pattern shows an exponential curve. This
methodology was applied to our OM data from the longest cores
(IG-1, CHE-1, and LY-F wells). The model described the isotopic
mass balance of the mixing of two OM sources, based on their
respective & Corg values (fixed at —20%o for the Type IIl OM and
at —23.5%o for the Type I OM), their organic contents (i.e., TOC)
and their relative fractions (evolving from 0 to 1, see Johnston
et al,, 2012 Supplementary Material for the detailed equation).
The modelled mixing lines are then plotted in the same diagrams
than the 813C0rg and TOC measured values, for each well
(Figures 14A-C). For the IG-1 samples, the best fit
corresponds to a Type I: Type III OM ratio close to 1:2
(Figure 14A); for the CHE-1 samples, this ratio is close to 1:3
(Figure 14B), and for the LY-F, the samples is close to 1:16
(Figure 14C). This clearly indicates that in the Autun Basin,
during background sedimentation, the OM mixing is composed
in nearly equal proportions of Type I and Type IIT OM, contrary
to the Lucenay-lés-Aix Area, where the Type III OM largely
dominates the sedimentary OM. Moreover, values departing
from the modelled line correspond to the major isotope
excursions (i.e., 613Corg values lower than —23.5%o)
recognized in chemostratigraphic profiles. These 8'°Coyq
values are most likely impacted by secondary processes in the
case of the IG-1 and CHE-1 samples, that could result from
secondary productivity and/or remineralization in anoxic
setting.

Therefore, this model seems accurate in identifying and
quantify 1) a two-component OM mixing during background
sedimentation in the Autun Basin and in the Lucenay-les-Aix
area and 2) punctual isotope excursions reflecting changes in the
lake water column functioning, hence expanding the domain of
application of this isotope mass balance methodology from
Neoproterozoic marine series to Phanerozoic deltaic-lacustrine
deposits.

Nitrogen and Carbon Cycling and

Depositional Environment Refinement
Considering the exploitable dataset, several cases can be
individualized in the two basins studied: 1) periods with
613C0rg values between ~-20 and —22%o, representing the
background sedimentation, with a mixture of Type I and Type
III OM, sometimes largely dominated by Type III OM as in the
Lucenay-lés-Aix area (Figure 13B); 2) periods of negative
carbon-isotope excursions but not linked with positive
nitrogen-isotope excursions, as observed at 70 m in the IG-1
core or in the Muse OSB of the MU core in the Autun Basin
(Figures 3, 5, 13C); 3) periods where 613C0rg values show sharp
negative isotope excursions down to ~—29%o, related to high TOC
content and during which positive 8'°Nyy excursions are
recorded (Autun Basin).

In the second case (negative 613C0,g excursions only), these
periods are attributed to high lacustrine primary productivity in
surface waters (represented by high HI values) with a reduced
chemocline, in a relatively low water column preventing OM
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oxidation during sinking. The bottom waters are not anoxic,
within the photic zone, possibly due to the thinness of the water
column or the seasonal vertical diffusion of waters observed in
some meromictic to polymictic lakes.

In the third case (613Corg negative excursions associated with
8 Npuik positive excursions), these periods are associated with
maximum flooding surfaces (MFSs, Figures 3, 4, 9) and are
attributed to reduced OM remineralization under anoxic
conditions (minimal sedimentary input and developed
chemocline close to the euphotic zone), preventing the
equilibrium of the carbon and nitrogen cycles with the
atmosphere. Denitrification and/or anammox processes can
occur (high 8Ny values), as same as possible sulfate-
reduction or methanogenesis (low 613C0rg values,
Figure 13D). Sometimes, the negative carbon-isotope
excursions display a relatively higher duration than their
associated positive nitrogen-isotope excursions, at it is the
case for the event at ~150 m in the CHE-1 core (Figure 4).
This pattern was already observed by Algeo et al. (2008), who
assume that the recovery of the negative carbon-isotope
excursion demands more time than that of the nitrogen
positive excursion. In this study, positive nitrogen-isotope
are restrained to retrogradational cycles
(i.e, periods preceding the MFS) and to MFSs (periods of
lowest sediment supply favouring dysoxic/anoxic conditions),
and disappear during progradational cycles (i.e., periods
following the MFS). By contrast, negative carbon-isotope
excursions persist during a part of the progradational cycle,
which is also observed in the CHE-1 core between ~150 and
130 m. This can be due to an increasing reoxygenation of the
bottom waters when the lake level begins to fall (chemocline
demise, high clastic inputs), minimizing denitrification and
anammox processes.

The Lucenay-lés-Aix area represents the proximal pole on a
depositional environment profile compared to the sections of
the Autun Basin, with the presence of supralittoral deposits
(coal-bearing  sequences  deposited in  floodplain
environments) indicating periods close to the emersion.
High 613C0rg values of the enclosing background
sedimentation (~-20 to -22%o) indicate the mixture
between a lacustrine OM and material derived from
terrestrial OM, as observed at a macroscopic scale.
However, the Johnston et al. (2012) model previously
discussed highlights a higher proportion of Type III OM
compare to Type I OM. This feature is consistent with the
more proximal depositional environment (i.e., increased
terrigenous fluxes) of the Lucenay-lés-Aix area compare to
those of the Autun Basin. The coal levels of the Lucenay-lés-
Aix area are represented by slight negative carbon-isotope
excursions (Figure 9) indicating strong OM accumulation and
storage of lighter carbon. The 8" Npuc values do not show
significant fluctuations, indicating that the nitrogen cycle is
not perturbed, unlike in the Autun OSBs formed in the distal
part of the depositional environment profile. Such a
geochemical feature is consistent with the absence of a
developed chemocline in the environments characterized by
very thin water column required for peat accumulation.

excursions

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

Paleoclimate Control
This work shows that it is not simple to assess direct paleoclimate

from continental late Paleozoic sedimentary
successions based solely on OM geochemistry, including
carbon and nitrogen isotopes, Rock-Eval and palynofacies
analyses, as these signals are highly affected by OM-sources
and autocyclic and secondary processes (e.g., variations in
intensity of the primary productivity, secondary productivity
overprint, OM remineralization). Moreover, in the context of
the European Permian basins, the high sedimentation rates (e.g.,
300 m/Ma in the Saar-Nahe Basin, Stollhofen et al., 1999),
probably linked to the dismantling of the Variscan belt, induce
fast-changing depositional environments along the sedimentary
sections, thus adding complexity to record and decipher long-
term paleoclimate modifications.

Although the infilling of European Carboniferous to Permian
basins is synchronous of the peak icehouse period of the LPIA
(Crowley and Baum, 1992; Isbell et al., 2003; Montafiez et al.,
2007; Fielding et al., 2008; Isbell et al., 2012; Montafiez and
Poulsen, 2013; Soreghan et al, 2019), some of them record

variations

relatively short-term climate variations. Retallack (2013)
evidenced two “greenhouse crises” during the Asselian,
associated  with increasing global temperatures and

precipitations. Roscher and Schneider (2006) suggest wet
phases during late Carboniferous and Permian in Europe,
including one at the base of the Asselian, also recognized by
Triimper et al. (2020) in Germany. Retallack et al. (2011) also
indicate that negative 613C0rg excursions in Australian Permian
sediments are synchronous with warmer and wetter periods. In
the Autun Basin, palynology analyses of Doubinger and Elsass
(1975) indicate alternating wet and dry periods during the whole
filling of the basin. However, these climate variations are likely
occurring at longer time scale than the carbon and nitrogen
isotope trends presented in our study, but it seems that some
shorter-term climate modifications can also be inferred from our
sedimentary successions, when 1) taking into account sequence
stratigraphy features, and 2) comparing our dataset to previous
studies and discussions.

In the Autun Basin, OSBs correspond to maximum flooding
intervals, underpinning an increase in the relative lake level,
either due to 1) a subsidence increase (i.e., tectonic-control
hypothesis), or 2) wetter periods (i.e. climate-control
hypothesis). Given the radiometric ages obtained for the lower
Autunian in the Autun Basin by Pellenard et al. (2017), the whole
studied sedimentary successions of IG-1 and CHE-1 wells
necessarily correspond to a time-interval shorter than 10°yr,
thus reflecting geochemical perturbations within a range of
~10%yr. As tectonic processes occur on a longer time scale
(10°-10%yr), the subsidence hypothesis appears unlikely, and
climate forcing may thus explain part of the lake-level variations
and OM-rich level deposits. Moreover, the results of
cyclostratigraphy tests, notably performed on the TOC values
of the CHE-1 core, show a cyclic pattern (Schnyder et al., 2020),
that would suggest that the OM accumulation and the local and
secondary processes may have been indirectly controlled by
climate variations. Such an hypothesis is consistent with the
work of Izart et al. (2012), who analyzed biomarkers in several
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Carboniferous to Permian European basins, and shown that in
the Autun and Saar-Nahe basins, 8D values of mid- and long-
chain n-alkanes coming from vascular land plants are higher than
6D values of short-chain n-alkanes coming from algal OM. This
pattern, also discussed in modern and recent sediments, in the
Jurassic and in the late Paleozoic (Dawson et al., 2004; Sachse
et al., 2004; Tramoy et al., 2016b), seems to indicate that black
shales deposits would form during wetter periods occurring in an
overall dry tropical, ie., during more sustained monsoonal
episodes, thus linking OM-rich deposits with wet climate
episodes. A high-resolution dedicated study on deuterium
isotope of biomarkers in the Autun and Decize-La Machine
basins may therefore represent an interesting perspective.

CONCLUSION

This study evidences perturbations in the carbon and nitrogen cycles
in the late Carboniferous to early Permian Autun and Decize-La
Machine continental basins located in the eastern Pangea. These
biogeochemical variations have been attributed to diverse physical
and chemical lacustrine conditions in relation with depositional
environments. At first order, increases in TOC and TN contents
are associated with periods of enhanced OM storage in sediments
during high lake level events. These events are accompanied by
negative carbon-isotope excursions, and sometime positive nitrogen-
isotope excursions. Long-term variations in 83 Corg values indicate
changes in OM sources to the basin through time, with very low
values (~—29 to —23.5%o) associated with in-situ lacustrine
production (autochthonous Type I OM) and higher values (~—22
to —20%o) with terrestrial input (allochthonous Type III OM). This
interpretation is consistent on a regional scale (i.e., when comparing
with the contemporaneous German Saar-Nahe Basin). Variations of
the 8" Ny signal inform on the chemical stratification of the water
column, with high values reflecting denitrification or anammox
processes occurring in anoxic water bodies, below a well-
developed chemocline. Associated with black shale deposits, this
water stratification prevents the equilibrium between the §"°C of the
dissolved carbon in bottom waters and the §'">C of the atmospheric
CO,. This feature is due to the secondary productivity metabolisms
driving the low 513Corg signal of anoxic sediments (probable bacterial
methanogenesis and/or sulfate reduction).

Low sedimentary 613C0rg values associated with constant
8" Ny values indicate periods of high primary productivity of
surface waters and spatially-decoupled nitrogen and carbon cycles
(i.e., the nitrogen cycle recording the water column processes while
the carbon cycle records sedimentary processes and diagenesis
imprints). For more proximal environments (i.e., swamps in
floodplain environments), negative 613C0rg excursions are
explained by Type III OM accumulation as coal deposits.

Finally, this work demonstrates that in lake-dominated
paleocenvironments, global paleoclimate reconstructions based on
organic carbon and nitrogen biogeochemical cycles can only be
attempted when the OM source mixing and the secondary processes
(i.e., occurring in the water column and the sediments and linked to
various internal factors) are precisely determined, and that
geochemically-based interpretations can help to detail or refine

Carbon and Nitrogen Cycles in Late-Paleozoic Lakes

previous sedimentologically-based paleoenvironment reconstructions.
Even if some studies indicate that negative carbon-isotope excursions
can be accounted during wetter climate intervals, and therefore that the
imprint of climate was probable on OM sedimentation in the Autun
and Decize-La Machin basins, complementary methods should be used
to deconvolute in detail the influence of OM origins and water-column
reprocessing on the C and N sedimentary isotope signals, linked to local
controls, from climate variations.
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