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Abstract — The Autunian (Late Gzhelian-Sakmarian, ~295 Ma) of the Autun Basin (Sadne-et-Loire,
France) is well known for its lacustrine oil-shales and boghead that were exploited during the 19th and 20th
centuries. A study of the kerogen geochemistry, palynofacies, hydrocarbon (HC) distribution of pyrolysates
and kinetics on these organic-rich sediments gave indications on the control of lacustrine primary fluid
characteristics by palacoenvironmental settings. Palynofacies results have shown a Botryococcus algae
dominance in the boghead, whereas the oil-shales were dominated either by a mixing of terrestrial particles
and lacustrine phytoplanktonic/bacterial organic matter (OM), or by a lacustrine OM that suffered
biodegradation within the water column. During the Autunian, an increasing trend of degraded lacustrine
OM concentration is observed in the successive oil-shales. Geochemical and kinetics analyses showed that,
except for the boghead, hydrogen index values were <700 mg/g TOC and activation energies diagram
showed multi-energetic profiles, unexpected for such a lacustrine OM. Along with pyrolysates primary
fluids ones, these results unraveled two groups of oil-shale samples. On the one hand, samples dominated
by well-preserved lacustrine and terrestrial OM produced primary fluids dominated by n-alkanes with (#-Cg-
n-Cyy) /n-C4, n-alkanes ratio depending on the proportion of terrestrial OM. They were only encountered
in the three oldest oil-shales. On the other hand, the HC profile of fluids originating from samples dominated
by degraded lacustrine OM, which was obtained for the first time in this study, show low n-alkanes
concentrations and a relatively prominent hump. These samples were only present in the three youngest oil-
shale levels. Finally, the boghead showed a link between strong concentration of the Pila genus of
Botryococcus algae and a primary fluid dominated by n-Cg-n-C,4 n-alkanes.

By comparing these data with published palaeoenvironmental studies, it appears that the kind of dominant
OM, and thus the HC distribution of primary fluids, is controlled by the lake level: a lower depth preventing
the settlement of anoxic conditions in the bottom waters, and the subsequent good preservation of the OM.
During the Autunian, the lake level decreased, consequence of a reduced tectonic activity and of the
beginning of a dryer period. Finally, these changes will have caused a strong decrease of the nutrient influx to
the lake, favoring the bloom of Botryococcus algae that accumulated to form the boghead.

Keywords: oil-shale / lacustrine environment / Type I kerogen / boghead / primary fluids / organic geochemistry

Résumé - Controle paléoenvironnemental des caractéristiques des fluides primaires de roches
meres lacustres dans le Bassin permien d’Autun (France). L’ Autunien (Gzhélien terminal-Sakmarien
~295 Ma) du Bassin d’Autun (Sadne-et-Loire) est bien connu pour ses niveaux de schistes bitumineux
lacustres et son boghead qui furent exploités durant les 19° et 20° siécles. Ces sédiments riches en matiére
organique ont fait 1’objet d’une étude géochimique, cinétique, des palynofaciés et de la distribution des
hydrocarbures (HC) des pyrolysats afin d’obtenir des indications sur le controle exercé par les conditions
paléoenvironnementales sur les caractéristiques des fluides primaires. Les palynofaciés ont montré une
dominance d’algues Botryococcus dans le boghead, tandis que les schistes bitumineux étaient dominés soit
par un mélange de maticre organique (MO) végétale et phytoplanctonique/bactérienne lacustre, soit par une
MO lacustre biodégradée au sein de la colonne d’eau. Au cours du remplissage du bassin, on note une
tendance a 1’augmentation de la proportion de MO lacustre dégradée. Les résultats géochimiques et
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cinétiques ont montré que, excepté pour le boghead, les valeurs d’index d’hydrogéne étaient < 700 mg/g
COT et les énergies d’activation montraient des profils pluri-énergétiques, inhabituels pour une MO
lacustre. Ajoutés a ceux des fluides primaires de pyrolysats, ces résultats ont mis en évidence deux groupes
d’échantillons de schistes-bitumineux. Le premier est marqué par une dominance de la MO lacustre
et terrestre bien préservée et produit des fluides primaires dominés par les n-alcanes avec des rapports (7-Cg-
n-Cyyq) /n-C4, corrélés a la proportion de particules végétales. Ces échantillons proviennent des trois plus
anciens niveaux de schistes bitumineux. Le deuxiéme groupe est marqué par une dominance de la MO
lacustre dégradée, dont les profils des HC de fluides primaires, obtenus pour la premicre fois dans cette
étude, montrent de faibles concentrations de n-alcanes et une rampe proéminente. Ce groupe ne se retrouve
que dans les trois schistes bitumineux les plus récents. Enfin, le boghead montre un lien entre dominance des
algues Botryococcus du genre Pila et un fluide primaire marqué par de fortes concentrations en n-Cg-n-C14.
En comparant ces données avec des études paléoenvironnementales publiées sur le bassin d’Autun, il
apparait que le type de MO dominante, et donc la distribution des HC dans les fluides primaires, est controlé
par la hauteur d’eau dans le lac : une profondeur plus faible empéchant la mise en place de conditions
anoxiques dans les eaux profondes, auxquelles est souvent associée une bonne préservation de la MO.
Pendant I’ Autunien, cette tranche d’eau diminue, conséquence d’une baisse de 1’activité tectonique et de la
mise en place d’un climat plus sec. Finalement, ces changements vont entrainer une importante diminution
de la quantité de nutriments apportée dans le lac, favorisant la prolifération d’algues Botryococcus qui
constituent le boghead.

Mots clés : schistes-bitumineux / environnement lacustre / kérogéne de Type I / boghead / fluides primaires /

géochimie organique

1 Introduction

For many years, lacustrine environment has been recog-
nized as important for the preservation of oil-prone organic
matter (Bohacs et al., 2000; Jarvie, 2012; Powell, 1986). These
environments are especially known to allow the deposition
of many rich oil-shales such as, the Green River shales in USA
(Ruble et al., 2001) the Pointe-Noire Formation in Congo
(Harris et al., 2004) or the Lunpola one in the Tibetan Plateau
(Ma et al., 2015). Furthermore, lacustrine petroleum systems
account for a significant proportion of past and current
worldwide hydrocarbon production and also represent new
challenges for shale oil exploration (Bohacs ef al., 2000;
Furmann et al., 2015; Katz, 1995; Ma et al., 2015).

The lacustrine organic matter (OM), often referred as Type
I kerogen, is thought to have the highest activation energies, to
be mono-energetic and to produce fluids rich in medium-heavy
paraffins (i.e. n-alkanes with a number of carbon > 14, also
called n-Cy4, [Behar et al., 2010; Burwood, 1999; Derenne
et al., 1994; Ruble et al., 2001; Tissot and Welte, 1984]).
However, past studies of lacustrine source-rocks showed that a
variation of medium-heavy paraffins concentration (i.e. n-C4,
/n-C¢,) may be encountered within a single source-rock
formation (Burwood, 1999; Burwood et al., 1992; Gaglianone
and Trindade, 1988; Tissot and Welte, 1984). Furthermore, as
lakes contain much smaller volumes of water and sediments
than oceans, their environments is much more sensitive to
climate, accommodation and river discharge changes (Bohacs
et al., 2000; Johnson et al., 1987; Perlmutter and Matthews,
1990). As a consequence of these variations, the lacustrine
living organisms may disappear or bloom (Bohacs et al.,
2000). Then, one can ask if such palacoenvironmental varia-
tions have an effect on medium-heavy paraffins concentration
of primary fluids originated from lacustrine OM.

Here we present a multi-proxy geochemical study of the
lacustrine Autun Basin oil-shales, which are known as the first
industrially produced oil-shales (Alpern, 1981). The sedimen-

tary succession and fossil record of this basin have been
studied for palacontology, palacoenvironmental and stratigra-
phy purposes since the 19th century (e.g. Heyler, 1969;
Marteau, 1983; Mayer-Eymar, 1881), but no study specifically
focused on the study of the fluids generated by the oil-shales
beds and their relation to palacoenvironmental settings. In this
study, palynofacies will provide indications on paleoenviron-
ments, whereas gas chromatograph analyses of primary fluids
obtained by closed system pyrolysis will give the hydrocarbon
profiles (i.e. chromatograms of aliphatic and aromatic com-
pounds), which are sensitive to OM inputs and biodegradation
(Peters et al., 2005). Moreover, kinetic analyses will give clues
about the OM sources and the maturity. A comparison of these
results will then help to determine if there is a link between
palaeoenvironmental settings, OM sources and primary fluids
properties for lacustrine source-rocks.

2 The Autun Basin oil-shales

The Autun Basin (Fig. 1) is located in Sadne-et-Loire
(Burgundy, France) in the north-eastern part of the Massif
Central. It is an intra-cratonic lacustrine basin with a hemi-
graben shape linked to the Autun fault, which marks the
southern boundary of the basin (Marteau, 1983) (Fig. 2). The
Autun Basin is part of a series of Variscan intra-montaneous,
foreland basins that can be found in the Massif Central in
France (Schneider et al., 2006). It is mainly filled with
lacustrine and fluvial-deltaic Permian sediments of the
Autunian local stage equivalent to a late Gzhelian-Sakmarian
age (~295 Ma) (Broutin et al., 1999), which can have a
maximum thickness of 1300m (Marteau, 1983), and that
disconformably overlies Late Carboniferous sediments of the
Stephanian local stage (Fig. 3). In the Autun Basin, the base of
the Autunian is defined by the coal measure of Moloy (Fig. 3),
whereas the top is marked by the Curgy arkoses and
conglomerates that are covered by Mesozoic sediments
(Delfour et al., 1991; Marteau, 1983).

Page 2 of 13



S. Garel et al.: BSGF 2017, 188, 29

The sedimentary succession of the Autunian is subdivided
into four formations, which all show at least one oil-shale interval
(Chateauneuf and Farjanel, 1989; Marteau, 1983). The lower
Autunian is composed of (i) the Igornay Formation marked by
the Moloy coal measure and the Igornay oil-shale bed that are
surrounded by sandstones and conglomerates; and (ii) the Muse
Formation that shows the Lally oil-shale bed at the base and
the Muse oil-shale bed, which are intercalated with sandstones,
conglomerates and clays (Fig. 3). The upper Autunian is com-
posed of (i) the Surmoulin Formation that begins with the

Post- Stephanian &
Permian |:| Autunian

- Crystalline Devonian &
basement Lower Carboniferous

Fig. 1. Location of the Autun Basin in northeastern part of the Massif
Central, France (Gand et al., 2007, modified).

Plio-Quaternary
Mesozoic

Millery / Surmoulin Fms

Permian

Muse / Igornay Fms
Stephanian

Basement
Westphalian granites and Visean tuffs

~ Fault
Boghead bed
Qil-shale bed
Coal seam

City/village

fault

+m i\

Sampling sites

\wairer,

; PN e CO”C/?s- River. Lally ’Q
7 D
l Lally Bed 1N, & M
S )
AT s S
L

Surmoulin oil-shale bed, which is overlaid by mudstones and
shales with scarce intercalations of sandstones and limestones;
and (ii) the Millery Formation, with, at its base a dozen of oil-
shale levels, “Les Télots measures”, topped by the Margenne
boghead bed, overlaid by calcareous mudstones and terminated
by the Curgy arkoses and conglomerates (Fig. 3). The oil-shale
beds have variable thicknesses throughout the basin but are at
least 5 m thick, except for the “Les Télots” measures where each
bed isapproximately 2 m thick (Marteau, 1983). The Igornay and
Lally oil-shales are thought to be early mature, whereas the other
oil-shale beds are thought to be immature (Marteau, 1983). The
boghead bed has a thickness of 30 cm and is supposed to be
immature (Marteau, 1983).

Two samples of the Igornay (IG1 and IG2) and two of the
Surmoulin (SU1 and SU2) oil-shales were sampled in 2009 on,
respectively, the Saint-Léger-du-Bois and Surmoulin outcrops
(Fig. 2). In the early 1980’s, the CA.1 and BM.1 cores (Fig. 2)
were drilled by the French geological survey and stored in the
Natural History Museum of Autun. The CA.1 core, from which
two samples were taken (LA1 and LA2 respectively at a depth
of 10 and 19 m), encompasses the Lally oil-shale bed. Four
samples were taken from the BM.1 core (MUI to MU4
respectively at a depth of 16, 21, 25 and 30m), which
penetrated Muse oil-shale bed with a net thickness of 6 m.

As aresult of the oil-shale exploitation during the 19th and
20th centuries, most of the boghead level and the totality of
the outcropping “Les Télots” measures were consumed. Thus,
no samples from “Les Télots” measures were analysed.
Nevertheless, one piece of the Millery boghead, which was
sampled near the village of Margenne (Fig. 2), has been
provided by D. Chabard, chief curator of the Natural History
Museum of Autun.

Yoy
723,
y@s \\

—

4a prée R/ve,
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»./Creusefond .v

Morlet Massif
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Fig. 2. Simplified geological map of the Autun Basin and location of sampling sites (Gand et al., 2007, modified).

Page 3 of 13



S. Garel et al.: BSGF 2017, 188, 29

c
s ) S 2
g - S ol Sce
g £ 2 g ST E
& = £ a =2
9 5 g =
1| Curgyarkosesand conglomerates __ |
. Calcareous mudstones
Millery
Formation Margenne boghead bed 400
Les Télots oil-shal (10 beds)
5 TOC: 1.5-33 % HI: 110 - 930 mg HC/g TOC
[} I e WSS [
Qo
S Mudstones with
Surmoulin scarce sandy beds and
Formation thin calcareous intercalations 250
b
< Surmoulin oil-shale bed
= TOC: 6 - 21 % ; Hl: 385 - 640 mg HC/g TOC
S —p—————— At - m - —m - - - - —
'_
2
udstones, sandstones
< Mudst dst
with conglomeratic and
Muse calcareous intercalations
Formation 400
-
v Muse oil-shale bed
2 TOC: 5-32 % HI: 150 - 650 mg HC/g TOC
[e] Sandstones (Lally Sandstones)
- and conglomerates
Lally oil-shale bed
/T0C:2- 24 % ; H: 140- 830mg HO/gToC_ | _ _ _ _ |
Conglomerates, sandstones, mudstones,
and rare dolomitic horizons
Igornay E 250
Formation —%—d Igornay oil-shale bed
= =4 TOC:3-25%;HI:220-630 mg HC/g TOC
Moloy coal measures ~ — — ~ T T T 7]
Conglomeratic sandstones
i Mon(]-PeIe Fm. SSand?ones and
conglomerates,
STEPHAN'AN Epinac coal measures

Shale/mudstone E Shaly sandstone Sandstone
E Shaly limestone Q Limestone E Dolomite

B Conglomerate

I coal/oil-shale bed

Fig. 3. Stratigraphy and lithology of the Stephanian and Autunian
series of the Autun Basin (Marteau, 1983, modified).

3 Methods

Before analyses, the outer rim (0.5 to 1 cm) of every sample
was removed in order to minimize contamination. Two kerogen
isolation procedures were performed using HCl and HF using the
protocol described in Durand and Nicaise (1980). The first one
was carried at ambient air on crushed sample for palynofacies
analyses. The second one was conducted on powdered samples
under a nitrogen atmosphere to prevent any organic matter
oxidation and their soluble OM was removed with dichloro-
methane. These kerogens were then used for Rock-Eval 6
analyses and artificial maturation in closed pyrolysis system.

3.1 Palynofacies analyses

Palynofacies observations were carried out on all samples
with an Axioplan2 Imaging Zeiss microscope under transmit-
ted light and under UV excitation (Zeiss HBO 100 Microscope
[luminating System, mercury short-arc lamp) with a magni-
fication of 630. About 2000 surface units were counted per
sample on non-filtered slides to estimate the relative % of each
organic group.

3.2 Rock-Eval 6 analyses

Depending on the OM content, between 2 and 50 mg of
dried and powdered bulk rocks and kerogens were used for

Rock-Eval 6 analyses to obtain: (i) Total Organic Content
(TOC, %), which accounts for the quantity of OM present in
the sediment; (ii) Hydrogen Index (HI, mg/g TOC), which is
the amount of hydrocarbonaceous products released during
pyrolysis normalized to TOC; (iii) Oxygen Index (OI, mg CO,/
g TOC), calculated from the amounts of CO and CO, released
during pyrolysis, which is the labile oxygen content of the OM;
and (iv) Tmax (°C), which is the temperature of the pyrolysis
oven recorded at the maximum of HC production. Tmax is a
good indicator of OM maturity in ancient sediments (Espitalié
et al., 1985). However, this parameter cannot be used to assess
the maturity of Type I OM (often linked to lacustrine settings)
as they display a narrower distribution of Activation energies
(Ea) that also display higher values (Behar er al., 2010).
Indeed, when the Ea distribution is broad like in Type III, this
means that there is a large spectrum of chemical bonds that
will break at different temperatures. Therefore, this kind of
OM will show a significant Tmax increase during thermal
maturation, which is not the case of Type I OM.

3.3 Closed system pyrolysis and primary fluid
analysis

Gold tubes reactors (6 cm x 1.6 cm) were used to perform
closed pyrolysis on 220 to 350 mg of kerogen. The filling and
sealing of the tubes were carried out inside a glove box under
nitrogen atmosphere. The sealed gold reactors were then
placed into an autoclave for heating at 325°C during 24 h. At
the end of the pyrolysis time, the autoclave was slowly
depressurized and cooled in a water-bath.

For recovering the saturated and aromatic hydrocarbons,
the gold tube was pierced, cut into pieces and placed in a flask
filled with n-pentane. The flask was then constantly stirred for
l1h at reflux. After filtration, the n-pentane solution was
concentrated to 8 ml. An aliquot of 1 ml was injected into a GC
coupled with a flame ionization detector (FID) to obtain the
hydrocarbon profiles. A deuterated n-C,4 was added as internal
standard for quantification of the Cq , n-alkanes.

GC-FID analyses were performed on an Agilent 6890 gas
chromatograph. The GC was fitted with a Varian capillary
column ce-sil 5 CB (100m x 0.53mm i.d., 0.5pum film
thickness) with 1.5m of guard column. The sample was
dissolved in n-pentane and injected in a 1 pl volume. Helium
was the carrier gas.

3.4 Bulk kinetics

Five kerogens, one per oil-shale bed plus one from the
boghead, were selected for bulk kinetics analyses using a
Rock-Eval 6 according to the method described in Behar et al.
(2008). Briefly, to acquire bulk pyrolysis data (i.e. Ea and
frequency factor, A) isolated kerogens were pyrolysed using
multiple heating rates: 2, 5, 10, 15 and 25 °C/min, starting from
an isotherm at 200°C during 15min, then increasing the
temperature to 700°C. The resulting data files were then
utilized to compute bulk kinetic parameters using the Geokin
software, a kinetic simulator developed by the French
Petroleum and Renewable Energies Institute. Twenty-one
kinetic distributions coefficients were calculated for every
even-value of Ea between 40 and 80kcal/mol, each one
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Table 1. Rock-Eval 6 and palynofacies results, and hydrocarbon concentration of pyrolysate of the Autun samples. TOC: Total Organic Carbon;
HI: Hydrogen Index; OI Oxygen Index; nGP: non-gelified phytoclasts; fAOM: fluorescent Amorphous Organic Matter; dAOM: diffuse
Amorphous Organic Matter; gOM: gelified Organic Matter. * Biodegraded samples with low concentrations of n-alkanes.

Oil shale beds Igornay Lally Muse Surmoulin boghead
IGl 1G2 LAl LA2 MUl MU2 MU3 MU4 SUI SU2
TOC (%) 121 158 7.7 135 58 129 177 125 938 7.8 38.2
HI bulk (mg/g TOC) 480 650 540 490 500 490 500 560 490 520 890
Rock-Eval 6 HI kerogen (mg/g TOC) 475 690 560 520 550 560 520 570 510 570 880
OI kerogen (mg CO2/g TOC) 5 7 16 3 7 5 5 4 9 7 8
Tmax kerogen (°C) 435 443 427 438 427 431 435 429 423 421 437
nGP 53 58 56 12 43 0.9 3.2 4.8 10 1.3 0.2
spore —pollen 1 2.1 3.1 1.4 1.6 3.9 1.6 2.6 0.9 4.5 0
gOM 30 138 0 302 43 669 729 105 0.6 32 1.9
Palynofacies Botryococcus algae 6 258 23 3 3.6 32 2.4 23 14 0.6 58.5
(area %) fAOM 545 525 893 501 848 19 148 764 868 839 395
dAOM 3.1 0 0 3.3 0 6.1 5.1 32 0.4 0 0
terrestrial OM (nGP + gOM + 363 21.7 87 436 102 717 777 179 115 9 2.1
spore-pollen)
n-C6-n-C14 (mg/g) 89 180 128 32 37 325
n-C6-n-C14 / n-Co6+ (%) 42.6 573 48.7 237 248 72.2
Pyrolysate ) 144 (mg/g) 120 134 135 & 103 112 & . . 125
GC-FID n-Cl4+ / n-Co+ (%) 574 427 513 763 752 27.8
(n-C6-n-C14) /n-Cl4+ 074 134 0.9 031 033 2.6

accounting for the contribution of each reaction to the bulk
rate of petroleum formation.

4 Results
4.1 Rock-Eval 6

TOC content ranged between 5.8 and 17.7% in the oil-shale
samples and reached 38.2% in the boghead (Tab. 1). The HI bulk
values ranged from 480 to 890 mg/g TOC (Tab. 1). HI values of
kerogens are comparable to bulk rocks ones (Tab. 1). In order to
compare our results with other studies, we will only discuss the
HI values of kerogens (Tab. 1). These values range from 475 to a
maximum of 880 mg/g TOC in the boghead, with most of the oil-
shale values below 580 mg/g TOC, which is relatively low for
Type I organic matter (Espitalié et al., 1985). In kerogens, the OI
values were all below 16 mg O,/g TOC and Tmax ranged
between 421 and 443 °C with a clear correlation with the age of
the oil-shale level, the oldest (i.e. Igornay) displaying the highest
values (Tab. 1). However, the Tmax values can vary by more than
10 °C within a single oil-shale bed as in the Muse one (Tab. 1), a
variation that cannot be explain by maturity differences as the
samples have similar depth.

4.2 Palynofacies

Three main groups of particles were observed (Fig. 4): (i)
the phytoclast group, subdivided into gelified phytoclasts and
non-gelified phytoclasts (Fig. 4B); (ii) the palynomorph group,
comprising freshwater algae Botryococcus as well as spores
and pollen grains (Fig. 4E and F); (iii) the Amorphous Organic
Matter (AOM) group, subdivided into gelified AOM (Fig. 4B),

fluorescent AOM (fAOM; Fig. 4A) and diffuse non-
fluorescent AOM (dAOM; Fig. 4C). As gelified AOM and
gelified phytoclasts correspond to plant tissues that suffered
gelification (Batten, 1996), they will both be further referred
to as gelified OM (gOM).

The main palynofacies results are shown in Table 1. The
oil-shale samples are dominated by fAOM with relative
concentrations > 50% except for MU2 and MU3 samples that
displayed a gOM relative concentration > 65%. Concerning
the fAOM, the fluorescence intensity was weaker in samples
LA1, MU1, MU4, SU1 and SU4 than in other samples. The
concentration of terrestrial OM was obtained by summing
nGP, spore-pollen and gOM. Its values varied between 2.1 and
78% (Tab. 1), with four samples having concentrations > 35%,
indicating strong inputs of terrestrial materials in the lake
environment (Batten, 1996; Tyson, 1995). Samples 1G2, LA2
and SUI displayed significant differences in the organic
content with, strong concentration in Botryococcus algae
(26%) in the former, and in nGP (> 10%) in the 2 others. The
boghead is dominated by Botryococcus algae (58.5%) and
fAOM (39.5%) with almost no terrestrial particles. Finally,
diffuse AOM was found in minor concentrations (< 7%) in
Igornay, Lally and Muse samples, generally associated with
relatively high terrestrial OM concentrations (> 17%).

4.3 Hydrocarbon composition of pyrolysates

Hydrocarbon distributions of Autun pyrolysates showed 4
kinds of profiles (Fig. 5): (i) one with a dominance of n-Cg to
n-Cy4 and low relative concentrations of #n-Ci4, (28% of
total n-alkanes concentrations; Tab. 1), which characterize the
boghead; (ii) a second with a dominance of n-Cg¢ to n-Cy4 but
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Fig. 4. Palynofacies main categories: (A) fluorescent amorphous
organic matter under UV; (B) non-gelified phytoclast (nGP) and
gelified amorphous organic matter (gAOM); (C) degraded amorphous
organic matter; (D) gelified phytoclast; Botryococcus algae under UV
(E) and transmitted light (F); and a gelified cuticle in transmitted light
(G) and under UV (H).

with significant concentrations of #-C4, (43%) only seen in
IG2 (iii) a third dominated by n-C;4, and showing various
relative concentrations of n-Cg to n-Ci4 (from 25 to 49% of
total n-alkanes) in IG1, LA1, MU2 and MU3; and (iv) a last
one characterized by low n-alkanes concentrations compared
with other compounds such as iso-alkanes and cycloalkanes
and displaying a chromatographic baseline hump (ie.
unresolved complex mixture; UCM) seen in SU samples,
LA1, MUl and MU4. Such characteristic is generally
explained by a slight to moderate biodegradation of the OM
(Wenger and Isaksen, 2002; Peters et al., 2005). Similar
profiles are also seen in pyrolysates of Botryococcus algae
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Fig. 5. GC-FID of hydrocarbons obtained during closed system
pyrolysis of the boghead, Surmoulin SU2, Muse MU2, Lally LA2,
and Igornay 1G2 samples, representative of the groups defined in the
results section. Numbers above peaks represent carbon number of the
respective n-alkane. IS =internal standard; UCM: unresolved com-
plex mixture.
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Fig. 6. Conversion curves of kerogens with increasing temperature of: the boghead (this study) and typical Type I from the Green River Shales
(Behar et al., 2010) and Type II from the Toarcian of the Paris Basin (Behar ez al., 2008) kerogens (A); and Autun oil-shales (B). C: kinetic

parameters diagrams of the Autun samples (this study).

races producing outer walls of the PRB L type (Derenne et al.,
1994). However, such pyrolysates show lower n-alkanes
concentrations compared to the Autun samples and no UCM.
Furthermore, palynofacies results of the 4th group samples
show only minor concentrations of Botryococcus algae
(Tab. 1), thus excluding a PRB L origin of this specific HC
distribution.

A (n-Cg¢-n-Cy4) /n-Cq44 ratio was calculated to determine
the relative abundance of light paraffins in the pyrolysates,
except for the last category of HC distribution, for which it was
not relevant. Values ranged between 0.31, for MU2 and 2.6 for
the boghead, being < 1 in samples of the 3rd group (Tab. 1).

4.4 Bulk kinetics

Main kinetic results are displayed in Figure 6. When
compared to a typical Type I from the Green River Shales
(GRS) composed of bacterial remains with similar Tmax
values (Behar et al., 2010), the Autun boghead appeared more
mono-energetic and refractory (i.e. resistant to thermal
cracking) with an Ea of 54 kcal/mol but its kerogen conversion
curve displayed a similar evolution. The Igornay sample 1G2

was the only oil-shale sample that showed a pattern with one
Ea representing more than 80 weight % like the boghead one,
while the others displayed a pluri-energetic pattern with the
dominant Ea ranging between 50 and 60 kcal/mol.

The kerogen conversion curves of the Autun samples
showed that all the samples except SU2 are more refractory
than the GRS Type 1. Three curve patterns were observed:
(i) one boghead-like pattern displayed by Igornay 1G2; (ii) one
intermediary pattern between the boghead and the GRS
corresponding to Lally LA2 and Muse MU2 samples, the latter
being less refractory; and (iii) an intermediary pattern between
Type I and Type II displayed by Surmoulin SU2 sample.

5 Organic matter sources and maturity
of oil-shales

Whatever the considered oil-shale bed, all kerogens from
the Permian Autun Basin show HI values systematically below
700 mg/g TOC, unexpectedly low for a Type I OM (Espitalié
et al., 1985) and do not display mono-energetic Ea distribution,
which characterize pure lacustrine OM (Behar et al., 2010;
Lewan and Ruble, 2002; Tegelaar and Noble, 1994; Ungerer
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and Pelet, 1987) like in the boghead sample. These chara-
cteristics could be explained by maturity and/or by mixing of
different OM types.

In Igornay, the IG2 sample shows a dominance of fAOM
and Botryococcus algae, indicative of a phytoplanktonic/
bacterial origin of OM (Batten, 1996) and a terrestrial OM
content (i.e. nGP + gOM +spore-pollen) of 21%. The pres-
ence of these 2 kinds of OM may explain the bi-energetic
activation energy diagram (Fig. 6) and the relatively low HI
values for a lacustrine OM as terrestrial OM has relatively
lower HI than algal OM (Espitalié ef al., 1985). However, the
palynofacies also show that this terrestrial OM has a dark
brown colour (Fig. 4B), which can be indicative of a low
maturity ( Batten, 1996; Staplin, 1977). This is supported by
the kerogen conversion trend of this sample, slower than the
boghead despite having similar OM assemblages (Tab. 1). It
also concords with the conclusions of Marteau (1983) on the
early maturity of the Igornay oil-shale bed. In the IG1 sample,
the lower HI values (475 mg/g TOC) can be explained by the
higher relative concentration of terrestrial OM (Tab. 1). Thus,
in Igornay, the relatively low HI values are explained by
maturity (both samples), and mixed OM sources: phytoplank-
tonic/bacterial and terrestrial (especially in IG1).

If we consider Lally LA2 and Muse MU2 samples, they
display similar kinetic parameters: multi-energetic activation
energy profiles and kerogen conversion curves (Fig. 6).
However, the Lally sample is more refractory than the Muse
one, which, along with the higher Tmax values suggest that
this sample OM is more mature. This assumption is confirmed
by the study of Marteau (1983). Furthermore, these samples
and MU3 all display terrestrial OM content > 40% that can
explain the relatively low HI values. However, one can ask
why these values are not closer to a typical Type III OM (i.e.
150-300 mg/g TOC [Espitalié ef al., 1985]). This may be due
to the fact that the terrestrial particles of these 3 samples are
mostly non-gelified and gelified cuticles (Fig. 4 G and H),
which are known to have an HI, when immature, close to Type
II OM = 650 mg/g TOC (Tyson, 1995), much higher than the
ligneous material of Type III OM. Thus for these samples, the
relatively low HI values are explained by strong concentrations
in terrestrial OM (all samples) and maturity (Lally LA2).

Finally, 4th group, samples (i.e. LA1, MU1, MU4, SU1
and SU2) all display palynofacies dominated by fAOM
(Tab. 1). Yet, they display HI values ranging from 510 to
570 mg/g TOC despite that fAOM, originating from phyto-
plankton/bacteria (Batten, 1996), is thought to have HI values
> 750 mg/g TOC (Tyson, 1995). If maturity can explained the
relatively low HI values for Lally LA1, it is not the case of the
other oil-shale samples as they are thought to be immature
(Marteau, 1983). This is confirmed by the kerogen conversion
curve of the sample SU2 that is less resistant to thermal
cracking than a typical immature Type I kerogen (Fig. 6), and
by Tmax values below 430 °C for all samples (Espitalié et al.,
1985). These relatively low HI values may be explained by
biodegradation of the OM in the water column, or even in the
first cm of the sediments. The TOC values > 7.5% in these
samples would then be explained by high primary productivity
and a low OM dilution due to relatively low detrital inputs in
the lake. Assumption of possible biodegradation is consistent
with their HC profiles that all show a prominent hump and low
n-alkanes concentrations (Fig. 5) (Peters ef al., 2005; Wenger

and Isaksen, 2002). It is also supported by the weaker intensity
of fAOM fluorescence in these samples compared to the
other (Tyson, 1995). Finally, this hypothesis is supported by a
former study on trace elements, which showed V/Cr ratios
around 2.5 and Ni/Co ratios around 3.5 in Surmoulin samples
(Chateauneuf ef al., 1982). These values indicate dysoxic
conditions in bottom waters (Tribovillard et al., 2006), and
stronger Ni/Al and Cu/Al compared to Igornay samples,
suggestive of higher primary production during the Surmoulin
deposition (Tribovillard et al., 2006).

6 Depositional environment evolution

Marteau (1983) explained the formation of oil-shale
deposit by a temporary settlement of a swamp on lake shores,
which would trap most of the terrigenous inputs to the lake.
However, this study does not discuss about the differences
in environmental conditions during oil-shale deposition. Our
results allow to go further in the interpretation of palae-
oenvironmental conditions during deposition of these beds.

The Autun oil-shale display variable relative concen-
trations in terrestrial OM (9-78%; Tab. 1), with values > 20%
only found in Igornay, Lally and Muse beds. All Surmoulin
samples, from both present study (Tab. 1) and previous work
(Lebedel, 2009) display low concentrations in terrestrial OM.
Samples with significant proportions of terrestrial OM are
also characterized by dAOM relative concentrations > 3%.
This type of organic particle traces, when associated with
strong terrestrial OM concentration, a source from soil layers
(Sebag et al., 2006), thus indicative of detrital inputs in the
environment (Tyson, 1995). On the other hand, degraded
fAOM was only observed in Lally, Muse and Surmoulin beds.
Therefore it seems that there is an upward trend of increasing
concentration of biodegraded lacustrine OM in the Autun oil-
shales. This trend could be related to variations in redox
conditions of the water column, and a decreasing trend of
terrestrial OM contribution that could be linked to a diminution
though time of the detrital flux.

The Autun Permian lake was located near the equator in the
middle of the Variscan mountains (Schneider ef al., 2006) and
is thought to have been relatively shallow, with its depth
decreasing during the Autunian (Marteau, 1983). If this low
depth did not prevented anoxic bottom waters during Igornay
deposition (Marteau, 1983), in Lally and Muse oil-shales, the
absence of benthic fauna and the occurrence of phytoplankton
and fishes fossils suggest that the anoxic part of the water
column was very close to the bottom of the lake (Gall, 1979;
Marteau, 1983). A decrease of the lake level could thus have
caused the disappearance of anoxic conditions in the bottom
waters such as in the Lake Bosumtwi (Ghana) during the
Younger Dryas (Shanahan er al, 2006). Therefore, the
increasing trend of biodegraded lacustrine OM concentration
can be explained by the shallowing of the lake, which would
have, in fine, prevented the presence of perennial anoxic
bottom waters.

The HI values ~ 700 mg/g TOC and a dominance of fAOM
found in Igornay IG1 suggest that the OM did not suffer from
severe biodegradation (Tyson, 1995), confirming Marteau,
(1983) assumption that the water column was partly anoxic.
The significant proportions of terrestrial OM seen in Igornay
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samples, indicating relatively high detrital inputs, can be
linked to the strong tectonic activity and the moister climate of
the lower part of the Autunian (Broutin et al., 1990; Galtier,
1980; Marteau, 1983), which could have increased the
weathering in the catchment area of the Autun Permian lake,
thus increasing the terrestrial inputs.

Concerning the Lally and Muse oil-shale beds, they are
thought to have been deposited during an interval marked by
a transitional climate with alternation of wet and dry periods
(Marteau, 1983; Parrish, 1993; Ziegler, 1990). In these
samples, the palynofacies are either dominated by degraded
fAOM (i.e. LAl, MUI, MU4) or characterized by high
terrestrial OM concentrations (i.e. LA2, MU2, MU3; Tab. 1),
thus reinforcing their transitional imprint between Igornay
and Surmoulin oil-shales. These variations of palynofacies
assemblages within a single bed, may be explained by a
variation of climatic conditions. Indeed, samples dominated
by biodegraded lacustrine OM would have been deposited
during a dryer period, thus decreasing the lake level and
preventing the presence of anoxic bottom waters. The other
samples would then be linked to wetter conditions, allowing
anoxic conditions in the hypolimnion, and causing an increase
of detrital influx, and thus of terrestrial OM inputs in the
environment.

It is also known that the tectonic activity was very low
since the Surmoulin Formation deposition (Marteau, 1983),
causing a diminution of the accommodation space in the
basin. Furthermore, micro- and macro-flora studies suggest
that the climate was dryer during the upper Autunian (Galtier,
1980; Marteau, 1983). These climatic and tectonic changes are
thought to be responsible of the decrease of the lake depth
and area since the Surmoulin bed deposition (Marteau, 1983),
a depth that would not be sufficient to allow the presence
of anoxic bottom waters. This would have permitted the
biodegradation of the lacustrine OM within the water column.
Moreover, the dryer climate and lower tectonic activity could
explain the relatively low concentration of higher plant OM
observed in the Surmoulin oil-shale, as it caused a decrease in
terrestrial inputs. A decrease that also supports the hypothesis
of a lower OM-dilution during the deposition of this bed as
discussed above.

Finally, the dominance of Botryococcus algae in the
boghead level indicates that the competitiveness between
species was low during its deposition (Tyson, 1995). This can
be a result of a higher salinity or of a lack of nutrient in the
environment (Tyson, 1995). The nearly absence of phytoclasts
and gOM in the boghead (Tab. 1) indicate that the terrestrial
organic inputs to the lake were very low during its deposition,
and thus support the hypothesis of an oligotrophic environ-
ment. Low nutrients content in the environment is often linked
to low detrital influx, which may be related in Autun to the
end of both tectonic activity and high subsidence rate in the
basin that occurs during the deposition of the Millery
Formation (Marteau, 1983).

Thus, it seems that the differences between the Autun oil-
shale OM compositions are directly related to the variation of
the lake depth, which is linked to the evolution of the climatic
conditions and of the tectonic activity. The diminution of this
activity and the settlement of a dryer climate went along with
a decrease in terrestrial OM and nutrient inputs that caused,
in fine, the settlement of oligotrophic conditions.

7 Relation between primary fluids
hydrocarbon distribution and
palaeoenvironmental settings

In Autun, 4th group pyrolysates (i.e. LA1, MUI, MU4,
SU1 SU2) show a relatively prominent hump but are still
dominated by light hydrocarbons including iso- and cyclo-
alkanes (Fig. 5), which is generally associated with slight to
moderate biodegradation (Meyers and Eadie, 1993; Peters
et al., 2005; Wenger and Isaksen, 2002). Indeed, past studies
on the fate of OM particles in oxygenated lake water column
and sediments showed a degradation of algal lipids with a
preference for n-alkanes and some of their precursors like n-
alkanoic acids (Kawamura ef al., 1987; Meyers and Eadie,
1993; Meyers and Ishiwatari, 1993). In aerobic environment,
biodegradation of resistant compounds such as hydrocarbons
is possible through incorporation of oxygen to form alcohols
and carboxylic acids to be consumed as food or converted as
biolipids by bacteria (Fritsche and Hofrichter, 2000; Peters
et al., 2005). Concerning the Autun samples, as discussed
above, it is likely that these samples were deposited in an
environment with strong primary productivity but with
dysoxic to oxic conditions, allowing a significant aerobic
biodegradation within the water column and/or sediments
causing a decrease in n-alkanes concentrations. Thus, for the
first time, our study shows that the typical HC distribution of
pyrolysates originating from biodegraded lacustrine OM is
marked by very low concentrations of n-alkanes C4—C;4 and
consequently a dominance of other light hydrocarbons and a
prominent hump.

The 5 other oil-shale pyrolysates (i.e. 1G1, IG2, LA2,
MU2, MU3) show an HC distribution marked by significant
concentrations or the dominance of n-C,4, compounds (Fig. 5;
Tab. 1). The heavy paraffins in oils are generally linked to
the presence of either bacterial or terrestrial waxes in the
kerogen (Tissot and Welte, 1984). In Autun, the samples
display variable proportions of terrestrial OM (22 to 78%;
Tab. 1) and (n-C4-n-C4) /n-C4, ratio ranging from 0.31 to
1.34. Moreover, these parameters seem correlated as the
strongest relative concentration of terrestrial OM displays the
lowest n-alkane ratios and vice versa. This suggests that the
medium-heavy paraffins concentrations in the Autun pyroly-
sates are directly linked to terrestrial contribution to the OM
assemblage.

Thus, this study confirms that different HC distributions
can be encountered within a single lacustrine formation, and
even within a single oil-shale bed. On one hand, in the Autun
Basin, primary fluids with low n-alkanes concentrations and
prominent hump are linked to a lacustrine OM biodegraded
within the water column and/or the sediments, which was an
indirect consequence of particular climatic and tectonic
conditions. On the other hand, the presence of medium- and
heavy-paraffins in the pyrolysates are directly linked to
the concentration of terrestrial OM in the kerogen, and
probably to depositional environment conditions allowing
optimal OM preservation. However, this may not explain the
dominance of C;4, compounds in other lacustrine forma-
tions, such as the GRS one and the Bucomazi Formation
(Angola) where there is a lack of terrestrial OM (Burwood,
1999; Ruble et al., 2001).
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Fig. 7. Views of a Botryococcus Pila colony from above and in a
vertical-radial section (after Bertrand and Renault, 1892; Bertrand,
1930 in Alpern, 1981) and one cell of a colony seen in transmitted
light and under UV.

8 The particular case of the Autun boghead

The hydrocarbon distribution of the boghead primary
fluids (Fig. 5) only shows very low amount of Ci4,
compounds when compared to other torbanites (i.e. Botryo-
coccus-rich oil-shales), which generally show a dominance
of Cy4, compounds (Derenne et al., 1994). A previous study
suggested that the particular HC distribution of Autun
pyrolysate was a result of its higher maturity compared to
other torbanites (Derenne et al., 1994; Largeau ef al., 1986).
However, the strong yellow fluorescence (Fig. 4) of the
Botryococcus as seen in palynofacies and the HI of almost
900 mg/g TOC does not support this hypothesis (Espitalié¢
et al., 1985; Teichmiiller and Durand, 1983; Teichmiiller and
Wolf, 1977). Nevertheless, the Autun boghead is known since
the 19th century for being composed of a particular genus of
Botryococcaceae: Pila bibractensis, known for their cells that
are radially disposed and pyramidal in shape (Bertrand and
Renault, 1892). Their internal cells also have the particularity
to be polygonal in outline (Fig. 7), which is not the case
of Botryococcus braunii that compose most of the world
torbanites (Alpern, 1981; Tyson, 1995). As this boghead has
been deposited in an oligotrophic lacustrine environment and
as Pila bibractensis have not been observed in the Autun oil-
shale beds (i.e. the Botryococcus seen in these beds are like
Fig. 4 E and F), it is likely that this particular genus of
Botryococcaceae was adapted to such conditions. Moreover,
the difference in HC distribution of the Autun boghead
primary fluid compared to other torbanite may be due to a
particular Pila bibractensis cell composition that do not
produce medium- and long-chain hydrocarbon during
pyrolysis like the ones of Botryococcus braunii. The

torbanites composed of this species is often related to a
brackish environment, which supposes that the Botryococcus
produce cell-walls with long chain molecules, like isoprenoid
algaenan, to stabilize their osmotic pressure (Killops and
Killops, 2005). These molecules would then derive into
medium- and heavy-paraffins during pyrolysis. As, the Autun
Permian lake was a freshwater one (Becq-Giraudon et al.,
1996; Marteau, 1983), it is likely that Pila bibractensis
colonies did not had to produce long chain molecules to
protect themselves from brackish environmental conditions.

9 Conclusions

Typical lacustrine OM was usually considered to have
high HI values, to produce primary fluids with strong
concentrations in medium/heavy n-alkanes and to be mono-
energetic. However, our study shows that these characteristics
can be variable within lacustrine oil-shales of a single basin.
In Autun oil-shales, unexpectedly low HI values (< 700 mg/g
TOC) for a lacustrine OM are caused by early maturity, a
mix phytoplanktonic/bacterial and terrestrial material and/or
by the biologic degradation within the water column of
phytoplanktonic/bacterial OM. This mixing of organic parti-
cles and/or the biodegradation are also responsible for the bi-
to pluri-energetic activation energy diagrams observed in the
oil-shales.

Figure 8 presents a sketch of the evolution of the paleo-
Autun lake during oil-shale deposition. The OM assemblage in
oil-shales seem to be controlled by the terrestrial influx and by
the level of the lake, which are both controlled by tectonics and
climate conditions. Thus, during the Autunian, the decrease of
the tectonic activity and the change from a humid climate to a
dryer one caused the diminution of the terrestrial OM inputs
to the environment and the shallowing of the paleo-Autun
lake, which in fine prevented anoxia in bottom waters and,
consequently, permitted the biodegradation of lacustrine OM.
Consequently, the oldest oil-shale bed (i.e. Igornay) is
characterized by significant terrestrial inputs and a dominance
of non-degraded phytoplanktonic/bacterial OM (Fig. 8),
whereas the youngest bed studied here (i.e. Surmoulin) shows
a dominance of biodegraded lacustrine OM and low
proportions of terrestrial particles (Fig. 8). The intermediate
oil-shale beds, Lally and Muse, show an alternation of
dominating particles between terrestrial and biodegraded
lacustrine ones, which is probably the result of a transitional
climate marked by succession of dry and wet periods that
would have impacted the lake level.

These tectonic and climatic conditions indirectly influ-
enced the HC distributions of oil-shales samples as they are
linked to the OM assemblage. Thus, samples with no
biodegraded-lacustrine OM display (n-Cg-n-Cy4) /n-Cigy
ratios that are anti-correlated with terrestrial particles
concentration (Fig. 8). However, pyrolysates originated from
biodegraded lacustrine OM, obtained for the first time in this
study, show a prominent hump and low r-alkanes concen-
trations.

Finally, the Autun boghead, the latest organic-rich layer
of the basin, is characterized by a dominance of Botryo-
coccus of the genus Pila bibractensis, and was likely
deposited in an oligotrophic environment, consequence of
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Fig. 8. Palacogeographic sketch of the Autun lake evolution during oil-shale and boghead deposition compared with OM content and HC

distribution. IS =internal standard; UCM: unresolved complex mixture.

the low detrital inputs to the lake. It produces primary fluids
strictly dominated by n-alkanes n-Cg4 to n-C;4, which is not
the case of bogheads composed of Botryococcus braunii
(Derenne et al., 1994). This is probably linked to the fact
that Pila bibractensis colonies did not had to produce long
chain molecules to protect themselves from the environmen-
tal conditions as the paleo-Autun lake was not brackish like
most of the environment associated with Botryococcus
braunii.

Our study thus shows how important it is to characterize
source rock formations to make accurate predictions of fluid
characteristics that could be trap within the oil-shales in deeper
part of a basin, and evaluate the economic potential of an
unconventional petroleum system.
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