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marker distributions. Coals deposited in swamps contain humic OM formed under oxic conditions. Bog-
head coals and black shales deposited in lakes contain a mixture of algal and humic OM formed under
reducing conditions. Diterpanes and previous palaeobotanic studies constrain the species of plants living
near the lacustrine shore or in the swamp during deposition, allowing the palaeoclimate to be inferred.
During the Carboniferous, the climate was not always tropical wet, as some periods of dryness are evident
from the sedimentology, palaeobotany and organic geochemistry. During the Permian, the climate was
not always tropical dry as some periods of wetness associated with the monsoons are recorded (Roscher,
M., Schneider, J.W., 2006. Permocarboniferous climate: Early Pennsylvanian to Late Permian climate
development of central Europe in a regional and global context. In: Lucas, S.G., Cassini, G., Schneider,
J.W. (Eds.), Non-Marine Permian Chronology and Correlation, vol. 265. The Geological Society of London,
pp. 95-136). The appearance of xerophyte plants from the Stephanian was also recorded by way of aro-
matic hydrocarbons, retene for gymnosperms and arborane/fernane for cordaites and probably seed
ferns. Cycles of wetness and dryness for Europe during the Carboniferous and Permian are proposed
on the basis of comparison of aliphatic and aromatic hydrocarbons.
3D values provided information on the palaeotemperature of the air in the swamps and water in lakes, as
well as palaeoclimate. Values of ca. —100%0 seen in the Carboniferous coals and Permian limnic deposits are
indicative of a tropical climate, in contrast to a glacial or temperate climate, where the values are ca. —200%.
The value for Carboniferous coals could result from high evapotranspiration of plants living under a wet
tropical climate vs. a temperate climate. During the Early Permian the climate was dry tropical. For such
samples, the 8D values for the n-alkanes derived from lacustrine algae were depleted in D relative to the
values for the n-alkanes derived from terrestrial higher plants, attributed to the higher evapotranspiration
on land than evaporation from the lake. Alternatively, the xerophytic plants that drifted into the lake via a
river could have grown during a dry phase and the autochthonous algae bloomed during a wet phase.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction Carboniferous to Early Permian when the climate cycled through a

wet/dry tropical state. Shifts in climate occurred as the European

This study investigates the interaction between climate and plate drifted towards the north, as exhibited by maps of the Mosco-

organic matter (OM) in western and eastern Europe during the Early vian (Late Carboniferous, Fig. 1: Dercourt et al., 2000) and Artinski-

an (Early Permian, Fig. 2: Dercourt et al., 2000). The goal of this

study was to determine whether palaeoclimatic and palaeobotanic
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Fig. 1. Location of basins on the Moscovian map (modified after Dercourt et al. (2000)). AS, Asturias; DO, Donets; LOR-SA, Lorraine-Saar; MO, Moscow; RU, Ruhr.

The basins of western and eastern Europe were located at 10°S
during the Viséan, between the Equator and 5°N during the Mosco-
vian, and between 5°N and 10°N during the Early Permian
(Golonka et al., 1995; Dercourt et al., 2000). During the Moscovian,
the Euramerican flora (Izart et al., 1998; Vai, 2003) in the basins
was related to the equatorial and a tropical ever-wet biome
(Ziegler, 1990), with a rainforest of hygrophytic plants fitting well
with the palaeoequatorial belt in the Moscovian map. During the
Early Permian, the Euramerican flora was related to the tropical
and subtropical summer wet biome, with alternation of hygro-
phytic and xerophytic plants, and limnic black shales explained
by a dryer climate with a monsoon period (Roscher and Schneider,
2006). Palaeobotany shows the presence of land plants consistent
with a wet tropical climate (arborescent ferns, pteridosperms and
lycopods) during the Late Carboniferous and the progressive
appearance of dry tropical plants (conifers) during the Late Carbon-
iferous (Kasimovian, Gzhelian, Stephanian and Autunian) and their
predominance during the Early Permian (Asselian, Late Autunian).

On different timescales, from years to million of years, proof of
climatic change has been observed in the Carboniferous and Perm-
ian sediments. Laminated black shale of perennial lakes deposited
during the Permian in the Saar Basin has been interpreted as the
result of annual changes in wet and dry seasons of a monsoonal cli-
mate (Schneider et al., 2006). Miiller et al. (2006) showed that
changes in 8'3C and §'80 values for dolomites deposited in Perm-
ian lakes from the Saar Basin reflect an increase in water input or
an increase in evaporation. Lake level increased from low at the
base to high at the middle, then decreased to a low level at the
top of the black shale. Twenty black shales are known in the Glan
group of the Saar Basin corresponding to a cyclicity of ca. 400 ka.

Cecil et al. (2003) modelled the global palaeoclimate during the
Middle Pennsylvanian (306 Ma). Within a glacial interval with con-

tinental ice in the southern hemisphere, climatic conditions lim-
ited the southern excursion of the intertropical convergence zone
(ITCZ) during the southern hemisphere summer (northern hemi-
sphere winter) and created a relatively narrow equatorial low pres-
sure rainy belt (doldrums). For this reason, coals and the
weathering of palaeosol associated with a wet period can be ob-
served during lowstands in the northern American basins. Within
an interglacial interval, the annual cross-equatorial movement of
the ITCZ towards the north during the north hemisphere summer
and towards the south during the south hemisphere summer re-
sulted in a significant increase in both dryness and seasonality of
the rainfall in low latitudes. For this reason, marine limestones
associated with a dry period can be observed during transgression
and highstands in the northern American basins.

An ever-wet tropical zone was not developed at low latitude
from Stephanian to the Permian. The seasonality within the tropics
was reported by Ziegler (1990) and modelled by Parrish (1993,
1995) and Kutzbach and Ziegler (1993, 1994). The wide shift in
the ITCZ caused equatorial drought in summer and winter. During
spring and autumn, a wet period occurred, while the ITCZ was cen-
tred over the equator. The occurrence of coals decreased during
this period. Laminated black shale of perennial lake origin was
interpreted as a result of annual changes in the wet and dry sea-
sons of the monsoonal climate (Schneider et al., 2006). Miiller
et al. (2006) showed that the level of the Permian lake changed
and was at a maximum in the middle part of black shale. Dry
and wet phases described by Roscher and Schneider (2006), and
confirmed by our study, fit well with, respectively, glaciation and
deglaciation phases on Gondwana (Lopez-Gamundi, 1997; Visser,
1997; Bangert et al., 1999; lannuzi and Résler, 2000; Stollhofen
et al,, 2000). The biomarker distributions for high frequency se-
quences from the Donets Basin (Izart et al., 2006) support the
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Fig. 2. Location of basins in the Artinskian map (modified after Dercourt et al. (2000)). AU, Autun and Buxieres; DO, Donets; LO, Lodéve; LOR, Lorraine; PU, Puertollano; SA,

Saar.

palaeoclimatic model of Cecil et al. (2003): an intermediate climate
during a lowstand system tract (LST, sandstone), a wet climate dur-
ing early transgressive system tract (palaeosol and coal), a dry cli-
mate during late transgressive system tract (TST, limestone),
maximum flooding surface (MFS, claystone) and highstand system
tract (HST, deltaic siltstone). The biomarker distributions for sec-
ond order sequences (10 Ma), third order sequences (1 Ma) and
fourth order sequences (400 ka) during coal deposition in the
Donets Basin showed a dry palaeoclimate during LST, intermediate
or wet during TST and MFS, and wet during HST.

The alternation of wet and dry seasons in the tropical zone was
modelled by Kutzbach and Ziegler (1993, 1994) and Parrish (1993,
1995) and explained by way of the wide shift in the ITCZ. Gibbs
et al. (2002) modelled the Permian climate during the Sakmarian
(280 Ma) and Wordian (260 Ma) and found distinctive seasonality
and high aridity on the continents. Using sedimentological and pal-
aeontological arguments, Schneider et al. (2006) and Roscher and
Schneider (2006) determined successive periods of dryness and
wetness during the Permian. Roscher et al. (2008) also modelled
a tropical seasonal climate for western Europe during the Permian.
Peyser and Poulsen (2008) modelled the controls on Permo-
Carboniferous precipitation over tropical Pangea. They showed
that the precipitation rate (PR) in the equator and northern hemi-
sphere (10°N) depended on the significant extension of ice on
Gondwana. Significant extension of ice occurred with a high PR
of 1000 to 1400 mm yr~' during the Carboniferous. Low extension
of ice occurred with low PR of 800-1000 mm yr~' during the Early
Permian. Either deglaciation or a CO, increase could have caused a
dry climate in low latitudes. Berner (1998) modelled an effectively
low level of CO, during the Carboniferous as a result of the storage
of CO; in coal and an increase during the Permian resulting from

the release of CO, to the atmosphere following heating of coal
and gas migration in coal basins. The radiochronological data chart
from Menning and Hendrich (2002) was used for the Carboniferous
and Permian.

2. Samples and analytical methods

Table 1 lists the samples and their location, as well as the mac-
erals, vitrinite reflectance, Rock-Eval data and biomarker ratios.
The samples are either humic coals representative of swamp
deposits, or boghead (algal) coals and black shales representative
of lake deposits.

Two bogheads (4525 a and b) were studied from the Early
Carboniferous (Viséan) from the Moscow Basin (Russia) deposited
in a lake during a period of alternating dry and humid tropical
climate (Scotese and McKerrow, 1990). Five bogheads (E48985-
E48989) from the Moscow Basin with diverse proportions of
vitrinite and algae were analyzed by Armstroff (2004) and
Armstroff et al. (2006) and are listed in Table 1 for comparison.
The Moscow Basin (Figs. 1 and 2) was a marine platform during
the Carboniferous and Early Permian (Makhlina et al., 1993; Izart
et al., 1998, 2003) with alternating continental deposits during
low stands and carbonated marine deposits formed during a
transgressive and sea level high stand. Volkova (1975) studied
the Kimov coal seam (Fig. 3) that contains vitrinite, fusinite and
liptinite (spores and algae) macerals. Our two samples from the
Volkova (1975) study were located in this column.

Coals rich in vitrinite and other sediments from the Donets Basin
(Ukraine; Figs. 4 and 5) from the Early Carboniferous (Serpukhovian)
to the Late Carboniferous (Bashkirian, Moscovian, Kasimovian and
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Table 1
Biomarker, Rock-Eval and petrography data.?

Sample Locality Age Lithology Climate M VR Tpmax HI Ol Ali Aro Pol A B C D Pr/Ph Pr/C17 Ph/C18 CPI
LC1A Lodeve Autunian LBS HDT LV 428 153 28 23 53 24 0.6 0.45 0.39 1
LC3A Lodeve Autunian LBS HDT LV 460 54 58 13 43 44 076  0.37 0.45

LC4 Lodeve Autunian LBS HDT LV 425 268 23 52 25 23 122 132 0.67 0.7
LC17A Lodeve Autunian LBS HDT LV 439 68 134 16 69 15 0.63 0.09 0.07 1
LC23A Lodeve Autunian LBS HDT LV 436 179 18 52 24 24 1.09 059 0.58 1.2
LC24A Lodeve Autunian LBS HDT LV 438 247 22 47 24 29 1.57 06 0.6 1.2
LC28 Lodeve Autunian LBS HDT LV 432 105 89 45 27 28 1.09 0.68 0.48

LC30A Lodeve Autunian LBS HDT LV 440 287 19 46 19 35 089 0.57 0.61 1
MA1 112.5  Miinster Autunian LBS HDT LV 0.6 423 108 42 28 28 25 19 138 1.15 1.47 1.4
MA1 114.0  Miinster Autunian LBS HDT LV 0.6 431 121 18 30 29 25 16 1 0.23 0.23 1.2
MA1 114.23 Miinster Autunian LBS HDT LV 0.6 431 122 16 28 39 17 1.2 0.3 0.22 1.2
MA1 114.38 Miinster Autunian LBS HDT LV 06 433 167 11 45 12 43 28 26 29 17 1 0.25 0.3 1.2
MA1 114.74 Miinster Autunian LBS HDT LV 0.6 434 349 13 19 24 35 22 02 0.05 0.23 1.1
MA1 114.95 Miinster Autunian LBS HDT LV 0.6 435 487 13 18 27 36 19 124 0.19 0.14 1.1
MA1 116.33 Miinster Autunian LBS HDT LV 06 431 242 39 25 32 26 17 131 051 0.5 1.2
MA1 118.66 Miinster Autunian LBS HDT LV 0.6 436 55 15 22 20 24 34 197 0.82 0.48 1.4
GW1449.70 Gehrweiler Autunian LBS HDT LV 0.6 438 70 15 55 12 33 8 20 38 34 1.04 022 0.16 1.1
OH46.01 Odernheim  Autunian LBS HDT LV 0.6 436 160 23 14 56 19 11 1.1 0.27 0.25 1.2
OH46.40 Odernheim Autunian LBS HDT LV 0.6 436 160 20 21 24 34 21 1.1 0.5 0.4 1.1
OH47.69 Odernheim Autunian LBS HDT LV 0.6 435 330 31 9 13 45 33 094 0.16 0.15 1.2
AU1 Autun Autunian BC HDT LV 055 452 779 16 33 10 57 30 22 25 23 136 053 0.37 0.9
BX3 Buxieres Autunian HC HDT \Y 043 430 334 34 8 35 57 9 11 27 53 1037 7.2 1.08 1.4
BX7 Buxieres Autunian LBS HDT LV 435 464 14 25 28 47 13 17 36 34 243 33 135 1.3
P29960 Puertollano Stephanian HC HT VILS 0.64 8 18 74 45 29 26 9.1 9.69 1.27 1.4
P29950 Puertollano Stephanian HC HT VILS 0.67 7 19 74 41 27 32 872 6.6 0.71 1.5
P29945 Puertollano Stephanian HC HT VILS 0.69 12 15 73 37 33 30 583 213 0.42 14
PB Puertollano Stephanian LBS HT L 0.43 40 25 35 7 13 28 52 222 143 0.57 1.2
p5 Lug Donets Gzhelian HC HDT \% 433 325 21 32 47 44 22 23 11 38 5.2 1.9 14
02 Svet Donets Kasimovian HC HDT \% 0.48 441 55 2 1 97 8 16 29 47 49 7.9 1.9 1.2
n36MC Donets Kasimovian HC HDT \% 0.63 431 243 9 32 59 22 8 21 49 89 1.4 1.2
n23MC Donets Kasimovian HC HT \% 0.65 431 231 7 39 54 23 9 20 48 73 13 1.2
n22MC Donets Kasimovian HC HT v 0.7 432 258 8 45 47 19 32 24 25 1 1.2
5n1But Donets Myachkovian HC HT \Y 0.63 436 305 8 37 55 31 28 29 12 93 10.8 1.1 1.2
4n1But Donets Myachkovian HC HT \% 0.75 438 244 3 14 83 35 32 24 9 76 5.5 0.7 1.1
3n1But Donets Myachkovian HC HT \% 0.79 444 262 5 29 66 34 37 22 7 7.7 34 0.5 1.2
2n1But Donets Myachkovian HC HT \Y 0.83 442 255 6 22 72 36 34 22 8 73 43 0.6 1.2
1n1But Donets Myachkovian HC HT \% 0.84 437 254 5 25 75 30 35 23 12 69 3.1 0.5 1.2
m3Trudo Donets Podolskian HC HT \% 0.39 418 219 14 31 55 45 15 24 16 55 7.3 1.6 1.5
m2Bel Donets Podolskian HC HT \% 0.71 433 290 6 34 60 48 22 20 10 9 133 1.6 1.2
14 Trudo Donets Kashirian HC HT \% 0.52 431 165 10 32 58 53 14 18 15 106 14 1.6 1.4
911 Dim Donets Kashirian HC HT \% 0.71 442 245 6 28 66 28 32 27 13 6 5.4 0.9 1.1
811 Dim Donets Kashirian HC HT \% 0.72 443 224 6 14 80 16 20 26 38 6.2 5.8 1 1
611 Dim Donets Kashirian HC HT \Y 0.74 442 242 5 25 70 39 21 25 15 6.6 4.5 0.7 1.2
511 Dim Donets Kashirian HC HT \% 0.73 442 248 6 26 68 33 31 24 12 76 5.8 0.8 1.2
411 Dim Donets Kashirian HC HT \% 0.76 441 250 6 31 63 36 33 20 11 7.2 43 0.7 1.1
311 Dim Donets Kashirian HC HT \Y 0.77 439 263 9 30 61 17 30 35 18 5.8 5.6 0.8 1.1
211 Dim Donets Kashirian HC HT \% 0.76 440 253 6 27 67 11 32 40 17 52 6.1 0.8 1.2
111 Dim Donets Kashirian HC HT \% 0.74 438 248 4 7 25 68 29 36 25 10 6.6 6.1 1 1.1
1k8 Nov Donets Kashirian HC HT \% 0.62 429 282 5 19 76 10 32 39 19 42 7.6 13 1.2
2 k22 Ka Donets Vereian HC HDT \% 1.03 468 157 13 52 35 11 36 37 16 22 0.5 0.3 1.1
1 k22 Ka Donets Vereian HC HDT \% 1.04 464 95 9 58 34 58 19 16 7 2 0.7 0.3 1.1
3 h10 Pe Donets Bashkirian HC HDT \Y 0.63 438 243 22 39 39 14 8 29 49 75 0.8 1.4
2 h10 Pe Donets Bashkirian HC HDT \% 0.62 441 304 12 36 52 31 10 24 35 79 0.7 1.2
c11YD Donets Serpukhovian HC HDT \% 0.7 436 249 12 34 54 3 18 47 32 59 105 1 1.2
2 c10 YD Donets Serpukhovian HC HDT \% 0.62 430 260 5 4 24 72 18 9 33 40 219 0.3 13
1c10YD Donets Serpukhovian HC HDT VLS 0.63 431 229 11 38 51 17 34 37 12 95 3.8 0.4 1.6
4525 a Moscow Visean BC HDT LV 035 438 435 63 6 92 8 10 18 64 1.17 032 0.32 1.4
4525 b Moscow Visean BC HDT LV 035 439 426 67 7 5 88 4 7 19 70 178 0.3 0.28 1.6
E48985 Moscow Visean BC HDT LV 0.42 1 4 31 64 05 0.74 1.25 1.6
E48986 Moscow Visean BC HDT LV 0.39 2 10 18 70 1 0.37 0.35 1.7
E48987 Moscow Visean BC HDT LV 0.32 1 7 36 56 0.8 0.16 0.15 1.8
E48988 Moscow Visean BC HDT LV 0.41 3 36 34 27 06 0.84 0.96 0.9
E48989 Moscow Visean BC HDT LV 0.37 1 1 3 95 08 0.45 0.53

@ A, Ci2_16 n-alkanes; Ali, aliphatics; Ar, aromatics; B, C;7_19 n-alkanes; BC, boghead coal; C, C9_24 n-alkanes; D, C»5_35 n-alkanes; DT, dry tropical climate; HC, humic coal;
HDT, humid-dry tropical climate; HI, hydrogen index (mg HC/g TOC); HT, humid tropical climate; L, liptinite (algae); LBS, lacustrine black shale; LS, liptinite (spores); M,
macerals; Ph/C18, phytane/n-Cyg; Pol, polars; Pr/C17, pristane/n-Cy7; Pr/Ph, pristane/phytane; Tnax, Rock-Eval Tpax (°C); V, vitrinite; VR, measured vitrinite reflectance (%).

Gzhelian) were studied by Sachsenhofer et al. (2003) and Izart et al.
(2006). They were deposited in swamps during a period of a humid
tropical climate. Of the 52 coals previously studied using molecular
approaches, 29 samples of lower maturity are listed in Table 1. The
Donets Basin (Figs. 1 and 2) was a paralic coal basin and a rift devel-
oped during the Carboniferous and Early Permian (Izart et al., 1998,

2003, 2006; Alsaab et al., 2008), resulting in a thick sequence
(15 km) of alternating continental deposits (fluvial sandstone and
coal) during low stands and marine deposits (limestone, claystone
and deltaic siltstone) during transgressive and high stands.

Three coal samples (P 29960, 29950 and 29945) studied by us
and one black shale (PB) studied by Kruge and Suarez-Ruiz
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Fig. 3. Lithostratigraphic column of Viséan coals from Moscow Basin (modified
after Volkova (1975)). BPy/Ca, benzopyrenes/cadalene; Pr/Ph, pristane/phytane;
Rait, diterpanes ratio; Re/Ca, retene/cadalene.

(1991), Del Rio et al. (1994) and Jimenez et al. (1999) are from the
Late Stephanian in the Puertollano Basin (Spain; Fig. 6). Three sam-
ples, a coal (BX3), a boghead coal (AU1) and a black shale (BX7) are
from the Late Carboniferous and Early Permian (Autunian) in
France (Autun and Buxieres basins; Fig. 7). Twelve black shale sam-
ples are from the Early Permian (Autunian) in Germany (Saar Ba-
sin; Fig. 8). Six are from studies of n-alkanes conducted by
Miiller et al. (2006) and Miiller (2007) and six from our studies
of samples from the Miinsterappel 1 (MA1), Gehrweiler 1 (GW1)
and Odernheim-Hellersberg (OH) boreholes described by Miiller
et al. (2006). Samples of black shales from the Late Autunian of
the Lodéve Basin (Fig. 9) are from studies of n-alkanes, hopanes
and steranes by Schlepp et al. (2001), who subdivided their sam-
ples in two groups named A and B. The Autun, Buxieres, Puertollan-
o, Lorraine, Saar and Lodéve basins (Figs. 1 and 2) are limnic
intramontane basins, with deposits of coals, detritic rocks and
lacustrine black shales during the Carboniferous and Permian (Izart

et al,, 1998, 2003, 2005; Jimenez et al., 1999; Schneider et al.,
2006). Coals from the Westphalian and Stephanian in the Lorraine
Basin were studied by Fleck (2001), Fleck et al. (2001) and Izart
et al. (2005) and in the Saar Basin by Vliex et al. (1994). The OM
was deposited in rare swamps and abundant lakes during a period
of a dry tropical climate with alternating monsoons during the Late
Stephanian and Early Permian.

Macerals and vitrinite reflectance at random orientation of par-
ticles (VRr) were studied in the Leoben laboratory using a Leitz
microscope for the Donets coals (Sachsenhofer et al., 2003) and
in the Oviedo laboratory using a MPV-Combi Leitz microscope for
the bogheads and coals from the other basins. Rock-Eval pyrolysis
was performed using a Rock-Eval 2+ instrument in the Leoben lab-
oratory for the Donets coals and a Vinci Rock-Eval 6 instrument at
the ISTO laboratory (Orléans, France) for the limnic samples. Rock-
Eval data for the black shales from Saar came from Miiller (2007).
To characterize the molecular distributions, the powdered whole
sediments were extracted with CH,Cl, using a Dionex ASE instru-
ment programmed at 100 °C. The extracts were fractionated using
liquid chromatography on a silica column into saturated and aro-
matic hydrocarbon and polar fractions. Gas chromatography-mass
spectrometry (GC-MS) analysis of the saturated and aromatic
hydrocarbons fractions was performed at the UMR G2R laboratory
(Nancy, France) using a Hewlett—-Packard 5890 Series II gas chro-
matograph coupled to a HP 5971 mass-selective detector (MSD),
operating in full scan (FULL) mode or single ion monitoring (SIM)
mode. Peak areas from the SIM mass chromatograms were mea-
sured and the ratios of various biomarkers calculated (Tables 1
and 2). Representative chromatograms for saturated and aromatic
fractions from coals, bogheads and black shales are shown in
Fig. 13 and peak assignment for the hopanes and steranes are listed
in Table 3. Others chromatograms for saturated hydrocarbons from
coals from the Donets Basin and black shales from the Lodéve Basin
can be found in Sachsenhofer et al. (2003), Izart et al. (2006) and
Schlepp et al. (2001).

An Isoprime isotopic ratio mass spectrometer coupled to a HP
6890 GCinstrument was used to measure the stable hydrogen isoto-
pic values of n-alkanes at the CRPG laboratory (Nancy, France). Four
coal samples from the Late Carboniferous Donets Basin (2h10Pe,
111Dim, 1n5But and P5Lug) and one lacustrine sample from the
Early Permian Autun Basin (AU1) were analyzed. Separation was
achieved using a 30 m fused silica column (DB5-MS, 0.32 mm i.d.,
0.25 um film thickness). The oven temperature programme was:
50 °C (1 min) to 350 °C (held 29 min) at 5 °C/min. Ultra-high purity
He was used as carrier gas at a constant flow of 0.5 ml/min. Samples
were injected in the split mode with a split ratio of 1:1 and the injec-
tor temperature was 310 °C. Separated components were instanta-
neously converted to H, using a high temperature conversion
system with chromium as catalyst at 1050 °C (Dawson et al., 2004)
prior to analysis. All 8D values are expressed in %o relative to the
Vienna standard mean oceanic water (V-SMOW). In addition, three
lacustrine samples from the Early Permian Saar Basin were mea-
sured at the Jena laboratory for 8D values using an isotope ratio mass
spectrometry (IRMS) instrument (Delta™* XL, Finnigan MAT,
Bremen, Germany) coupled to a HP 5890 GC instrument.

The Hj factor was determined in each run by observing the
influence in the (m/z 3)/(m/z 2) signal ratio of H, for pulses at dif-
ferent pressure obtained by adjustment of the variable volume of
the spectrometer. This factor was used to calculate a new (m/z 3)
signal. The 8D values were then obtained by integration of the
ion beam signal collected on m/z 2 and corrected m/z 3 signal. A
laboratory standard was used daily to calibrate the 8D values of
samples to the V-SMOW scale and to monitor the stability of the
system (furnace and isotope ratio mass spectrometer).

Analytical uncertainty was estimated from replicate analyses.
The laboratory standard was injected daily (6x) and the value used
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Fig. 4. Lithostratigraphic column from Donets Basin (modified after Izart et al. (2006)).

if necessary to correct the samples from H, reference gas drift in
the dual-inlet. The uncertainty was estimated after three to five
replicates. Total uncertainty was obtained after combining stan-
dard uncertainty (G standara) and peak uncertainty (o peax) according
to the following equation:

Otot. = \/(O-standard)2 + (O-peal()2 (l)

Here uncertainty is reported with 95% confidence limit on the basis
of the uncertainty for both standard and peak (2¢).

3. OM type and maturity from Rock-Eval pyrolysis, organic
petrography and molecular analysis

Three types of OM were identified (Fig. 10; Table 1) on the basis
of the hydrogen index (HI), oxygen index (OI) and maximal tem-
perature of the S2 peak (Tyax) following the interpretations of
Espitalié et al. (1985a,b, 1986) (Fig. 11):

(i) Samples with Type I (lacustrine) OM are characterized by
HI > 800 mg/g as personified by the Green River oil shale
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(USA) containing Botryococcus braunii (Espitalié et al.,
1985a). However, except for the Autun sample, the lacus-
trine samples had HI values between 100 and 500 mg/g,
intermediate between Type Il (marine) and Type III (humic).
Such values were observed by Meyers and Lallier-Verges
(1999) for lacustrine OM from the Late Quaternary and could
be explained by way of a mixture of algal and higher plant
OM in the lacustrine sediments and a mineral matrix effect.
Buillit et al. (1997) described HI values between 100 and
300 mg/g for recent sediments from the Annecy Lake, with
higher values correlating with algal blooms. Bechtel and
Schubert (2009b) described values close to 120 mg/g during
the maximum eutrophication in Lake Lugano and 50 mg/g in
the oligotrophic Lake Brienz. OI values were low for the
Autun, Saar and Buxieres samples, low and high for the
Lodéve samples and high for the Moscow samples. Ty,x val-
ues ranged from 420 to 452 °C and VRr from 0.4% to 0.8%,
indicating an immature kerogen for the bogheads from the

(ii)

Moscow Basin (Wollenweber et al., 2006) and oil window
maturity for the bituminous shales and bogheads from the
Saar (Miiller, 2007), Autun (Doubinger and Elsass, 1975)
and Lodéve (Schlepp et al., 2001) basins. The bogheads from
the Autun and Moscow basins (Fig. 11A and B) contained
70% alginite completely composed of Botryococcus, 5% spor-
inite, 5% vitrinite, 5% inertinite and 15% mineral matter. The
black shales from the Saar Basin (Miiller, 2007) contained
alginite, vitrinite, cutinite, inertinite and mineral matter.

Samples with Type III (humic coal) OM showed HI values
from 100 to 300 mg/g and corresponded to coals from the
Donets Basin with vitrinite (100-200 mg/g) and hydrogen-
rich vitrinite (200-300 mg/g) and a high amount (%) of lipt-
inite (Sachsenhofer et al., 2003; Izart et al., 2006; Alsaab
et al., 2007). The OI values for the Donets coals were low.
Tmax Values ranged from 420 to 470 °C and VRr varied from
0.5% to 1%, indicating a maturity from immature up to the
beginning of the gas window. The Donets coals (Fig. 11C
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and D) contained 56-92% vitrinite, 4-58% inertinite, 5-26%
liptinite (mainly sporinite) and 1-20% minerals (Sachsenho-
fer et al., 2003; Izart et al., 2006). The BX3 coal contained
78% vitrinite and 22% liptinite (mainly sporinite) and VRr
was 0.43%.

(iii) Samples with Type III (dispersed humic) OM were character-
ized by HI values <100 mg/g. The OI values were low and
Tmax values from 420 to 440 °C indicated a maturity from
immature to the oil window for some bituminous shales
from the Saar Basin (Miiller, 2007).

Molecular analysis also allowed the OM maturity to be deter-
mined. Izart et al. (2006) discussed the maturity of the Donets
coals. The n-alkanes, isoprenoids, hopanes and steranes were prob-
ably weakly influenced by maturity because of the generally low

rank of the coals with VRr < 0.9%. For higher rank, Alsaab et al.
(2007) demonstrated by pyrolysis of the Donets coals that the pro-
portion of biomarkers changed. A decrease in 10% was observed for
pristine/phytane (Pr/Ph) between VRr 0.6 and 1.

Hopane [RC3;H =22S/(22S+22R)], sterane [RCyeS =20S/
(20S + 20R)] and methyl phenanthrene (MPI-1) index values are
listed and defined in Tables 2 and 3 and Fig. 12. For the Donets
coals, Izart et al. (2006) showed that there were high volatility
bituminous coals inside the oil window with RC3;H and RC,oS at
the equilibrium values. Three samples were immature and two
were at the beginning of gas window. The maximum values for
RC3;H and RG9S were close to 0.6% for VRr 0.6% and 0.8%
(Fig. 12; Peters et al., 2005). A VR could also be calculated (VR()
from MPI-1 and compared with the measured VRr value. Formulae
for the relationship between VR and MPI-1 (VRc=0.6 x
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MPI-1 + 0.4) established for the coals from the Ruhr Basin (Radke
et al., 1982) correlated better with the Donets coals. The formulae
(VRc=0.6 x MPI-1 +0.24) given by Radke et al. (2005) for the
Permian and Jurassic marine deposits (Type Il OM) correlated well
with the lacustrine deposits (Type I OM), giving a similar thermal
maturity as the other biomarkers.

The bogheads from the Moscow Basin had a lower maturity
than other samples, with a VRr of 0.4% corresponding to brown

coals (Wollenweber et al., 2006). Tr,ax and biomarker ratios are also
consistent with this maturity. The samples from the Puertollano,
Autun, Buxieres and Saar basins have a VRr from 0.6% to 0.7%
(Doubinger and Elsass, 1975; Miiller, 2007 and our data) and are
consistent with T,x and biomarker ratios for the oil window.
These biomarkers were probably weakly influenced by maturity.
Tmax and RCs; hopane values were consistent with maturity in
the oil window for the Lodéve Basin samples (Schlepp et al., 2001).
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4. Molecular analysis and palaeoenvironmental interpretation

4.1. n-Alkanes and isoprenoids - sources of OM and conditions of
preservation

Distributions of n-alkanes and isoprenoids reflect source inputs
and the conditions of deposition and preservation of the OM. Two
representative n-alkane and isoprenoid distributions are presented
in Fig. 13. The humic coal samples from the Serpukhovian, Bashki-
rian, Moscovian, Kasimovian and Gzhelian of the Donets Basin
(Sachsenhofer et al., 2003; Izart et al., 2006) contain a variable pro-
portion (Table 1) of short chain (3-58% for C;,—C;5 and 8-37% for
C17-Cq9), a high proportion of mid-chain (16-40% for Cyo—Cy4)
and a variable proportion of long chain n-alkanes (7-49% for Cy5—
Css). The distributions are generally unimodal, with a maximum
close to n-Cq7 (Fig. 13). The carbon preference index (CPI, Table 1)
ranges from 1 to 1.6. The predominance of odd and long chain n-al-
kanes can be explained by the presence of higher plants, which is
consistent with a swampy environment of deposition. The humic
coal samples from the Stephanian (Puertollano) and Autunian
(Buxieres) have unimodal or bimodal distributions with a maxi-
mum close to n-Cy7 and n-Cyg, consistent with some Stephanian

(Kasimovian) samples from the Donets Basin (0,, n3g, N33). The
occurrence of long chain n-alkanes with an odd predominance is
indicative of higher plants (Eglinton et al, 1962; Eglinton and
Hamilton, 1967; Rieley et al., 1991). The occurrence of medium
chain n-alkanes is known to be associated with Sphagnum in recent
peat bogs, with a predominance of C,3 and Cs (Bingham et al,,
2010) and in submerged/floating aquatic plants in recent peat
deposits and lake sediments (Yamamoto et al., 2010; Aichner
et al., 2010a). Mid-chain n-alkanes also can be attributed to fire
(Jaraula et al., 2010, 2011). The occurrence of short chain n-alkanes
with an even predominance also is known for higher plants and
soils from Australia under a semi-arid climate (Kuhn et al., 2010).
For a swamp, there are many hypotheses to explain the presence
of short and medium chain n-alkanes: high water level in the
swamp with an algal bloom, the presence of Sphagnum and other
mosses (Muscites is known during the Carboniferous) or higher
plants that produced such n-alkanes. The origins of even and odd
n-alkanes in plants have been studied by Zhou et al. (2010) who
proposed different pathways for their biosynthesic precursors.
The boghead samples from the Viséan of the Moscow Basin and
black shales from the Late Stephanian of the Puertollano Basin, the
Autunian of the Buxieres Basin and Saar Basin (Odernheim black
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shales) and the Permian from the Lodéve Basin have unimodal dis-
tributions with a maximum at n-Cy5 or bimodal distributions with
maxima at n-C;s and n-C,q or n-Cy3 (Fig. 13). They contained a var-
iable proportion of short chain (1-30% for C{,-C;¢ and 1-56% for
Cy17-Cy9), mid-chain (3-45% for Cy0-Cy4) and long chain (7-95%
for C,5—-C35) n-alkanes. The samples from the Autunian of Autun
and Saar basins exhibited a similar abundance for each class,
whereas those from the Viséan of the Moscow Basin have a pre-
dominance of long chain n-alkanes. CPI values (Table 1) range from
1 to 1.8, revealing a slight predominance of odd n-alkanes for the
Moscow, Puertollano, Buxieres, Saar and Lodéve samples. A CPI va-
lue of 0.9 revealed a slight predominance of even n-alkanes for the
Autun sample. The predominance of odd long chain n-alkanes can
be explained by the presence of higher plants. The predominance
of even short chain n-alkanes can be explained by the presence
of phytoplankton. These two cases are compatible with the types
of OM in a lake, with a mixture of algae in the water column and

higher plant material transported from the land. In recent lacus-
trine deposits, short and medium chain groups (C;,-C,;) are from
algae, C;,—Cyg probably from submerged plants and Cy7-Css from
higher plants. A mixture of terrestrial humic and algal OM was ob-
served for the Odernheim Lake, and submerged plants (Palaeocha-
ra) were reported during the Carboniferous and Permian. Ficken
et al. (2000) and McKirdy et al. (2010) used the Paq ratio as
(Ca3 + Cy5)/(Ca3 + Cy5 + Co9 + C31) to determinate the presence of
terrestrial plants (<0.1), emergent aquatic plants (0.1-0.4) and
non-emergent (submerged and floating leaves) plants (0.4-1).
The ratio, ranging from 0.4 to 0.8 for our coals, bogheads and limnic
shales, seems not to be valid for our samples.

B. braunii is known to be present in the Autun and Moscow bog-
heads and Puertollano and Odernheim black shales, but only the
Autun and Odernheim samples had a predominance of short chain
n-alkanes. These n-alkanes were observed by Derenne et al. (1994),
Han et al. (1995, 1999) and Han and Kruge (1999) in boghead coals.



Table 2

Biomarker and mean 8D data.?

Sample Locality Lithology Rait Co7 Cas Cag Co7p9 RCGye HIS  RGz Cagz0 Caspza Cazppr Coaps CH G MPI1 VRc Re/Ca BP/Ca Ar/Ca 08DCig21 8D Cya26 8D Ca7o3s
LC1A Lodeve LBS 085 33 23 44 075 047 058 0.7 0.57 0.62 0.2 1.9 0.8 072 0.54 0.24

LC3A Lodeve LBS 0.96 0.85 0.82 0.1 066 084 23 29 0.2

LC4 Lodeve LBS 1.05 15 28 56 0.27 0.5 052 0.68 0.48 0.22 0.7 738 0

LC17A Lodeve LBS 087 29 25 46 0.63 0.53 058 0.73 046 011 15

LC23A Lodeve LBS 127 11 27 62 0.18 0.5 052 138 0.25 0.3 0.59 591 0 062 061

LC24A Lodeve LBS 112 15 29 56 027 0.49 0.5 0.73 0.76 0.59 8.9 13 048 053 22 0.41

LC28 Lodeve LBS 0.97 0.55 0.24 0.72 54 0

LC30A Lodeve LBS 113 19 36 45 042 0.53 0.6 0.73 0.29 0.24 0.63 52 0 064 062 0.55 0.38

MA1112.5 Miinster LBS

MA1114.0 Miinster LBS 079 34 29 37 09 059 10 059 04 1.07 5.02 0.2 445 066 064 1.14 6 0

MA1 114.23  Miinster LBS

MA1 114.38 Miinster LBS 084 32 32 36 09 0.6 6 0.6 0.44 135 458 037 465 063 062 22 10.8 0

MA1114.74  Miinster LBS 1.05 33 34 33 1 0.6 8 0.6 0.33 1.52 5.81 027 49 064 062 22 9.8 0

MA1114.95  Miinster LBS -98.67 -84.45 -104.59
MA1116.33  Miinster LBS 117 31 28 41 08 0.6 2 0.58 0.69 116 4.36 1.05 446

MA1118.66  Miinster LBS

GW1449.70  Gehrweiler  LBS 096 29 28 43 07 0.6 6 054 0.39 227 472 052 5.2 053 056 3.2 21 0

GW1450.9 Gehnwiler  LBS -108.66  -93.47 -81.84
OH46.01 Odernheim  LBS 095 33 29 38 09 0.6 11 059 0.31 1.86 656 016 397 066 064 1.3 6 0

OH46.40 Odernheim  LBS

OH47.69 Odernheim  LBS -99.32 -88.98 -80.95
AU1 Autun BC 32 21 48 31 068 045 173 054 1 0.51 0.09 0.19 114 182 051 055 0.6 0.48 1.87 -67.25 -55.36 -41.35
BX3 Buxieres HC 1.5 17 32 51 033 037 933 0.58 056 0.5 061 06 0.29 0.22 1.51

BX7 Buxieres LBS 2 31 23 46 0.67 039 182 0.58 0.67 0.85 077 0.7 0.85 0.16 5.42

P 29960 Puertollano HC 114 23 24 53 045 0.2 119 048 039 063 0.28 0.17 0.15

P 29950 Puertollano HC 155 26 25 49 052 0.2 10 0.47 051 075 0.16 0.42 0.35

P 29945 Puertollano  HC 1.9 28 33 39 07 0.2 7 0.5 032 068 0.17 0.8 0.19

PB Puertollano  LBS 40 30 30 133

p5 Lug Donets HC 13 24 34 42 057 052 153 0.59 048 069 0.5 3 0.16 -144.2 -77.8
02 Svet Donets HC 1.1 12 37 51 023 0.16 11.1 0.26 016 05 1.42 1 3.28

H36MC Donets HC 1 24 28 48 05 037 12 0.57 056 074 1.18 2.87 4.33

H23MC Donets HC 22 25 25 50 05 04 10 0.57 042 065 1.66 1.9 0.23

H22MC Donets HC 2.2 19 28 53 036 037 0.62

5nlBnt Donets HC 1.1 38 15 47 081 056 184 0.6 032 059 0.51 0.25 0

4n1But Donets HC 1.5 28 24 48 058 0.6 215 06 0.6 0.76 0.57 1.78 0

3n1But Donets HC 1.6 31 23 46 067 0.6 208 0.6 053 072 0.74 0.14 0

2n1But Donets HC 2 25 26 49 051 0.6 223 059 062 0.77 0.04 0.45 0

1n1But Donets HC 1.7 26 28 46 056 06 17.7 059 0.6 0.76 0.25 041 0 -114.5 -110.1
m3Trado Donets HC 1.7 42 42 16 262 021 0.5 0.27 052 071 032 0.37 0

m2Bel Donets HC 1.2 45 22 33 136 06 115 0.62 062 0.77 046 0 0

14 Trudo Donets HC 1 30 33 37 081 0.19 95 047 023 054 038 0.06 0

911 Dim Donets HC 1.2 47 25 28 1.68 0.6 8.1 0.6 033 06 1.04 0.18 0

811 Dim Donets HC 1.2 43 25 32 134 06 9 0.59 029 057 1.14 0.07 0

611 Dim Donets HC 1.2 41 26 33 124 06 9.2 0.59 03 0.58 2.16 0.06 0

511 Dim Donets HC 1 38 16 46 0.82 0.6 146 059 032 059 0.96 0.08 0

411 Dim Donets HC 1.2 36 31 33  1.09 0.6 9 0.59 0.3 0.58 0.97 0.05 0

311 Dim Donets HC 1.2 42 16 42 1 0.6 14.7 058 034 06 074 0.05 0

211 Dim Donets HC 1.1 43 21 36 119 058 13 0.6 032 059 0.99 0.05 0

111 Dim Donets HC 14 42 16 42 1 059 143 0.6 028 057 038 0.05 0 -101.7 -86.4 -75.25
1k8 Nov Donets HC 1.2 56 19 25 224 06 6.3 0.6 0.3 0.58 0.52 0 0

2 k22 Ka Donets HC 0.7 30 28 42 071 053 13 0.6 1.03 1.02 031 6.19 0

1k22Ka Donets HC 0.7 24 27 49 049 0.6 1.1 0.6 1.1 1.06 0.64 14.5 0

3hlOPe Donets HC 16 39 26 35 111 058 112 0.59 032 059 1.76 1.81 0

2hlOPe Donets HC 13 33 25 42 078 0.6 179 059 032 059 142 541 0 -107.33  -60.5 -69.86
dl YD Donets HC 1 37 29 34 1.09 052 175 0.6 051 071 1.59 0.24 0
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Table 2 (continued)

3D Cyp26 3D Ca7-35

Ar/Ca  3DCy6.21

BP/Ca
7.06
0

Re/Ca
8.94

VRc

0.55

G MPI1
0.35
0.

6.09 0.2

RCye H/S RG: Cogz0 Casiza Cozpr Coapps C/H

Ca7p20
0.38
0.77
0.25
0.29

CZS CZQ

C27

Lithology  Rgj

HC
HC
BC
BC
BC
BC
BC
BC
BC

Locality

Sample

32 49
31

19
30
14
19

1.1

Donets

2dO YD
IcloYD

0.72 0.93

036 0.25

54

306 0.6

0.41
0.11

39
55

04
1.75
1.78

Donets

0.79

0.12
0.14

622 0.16 092 248 031 0.93
0.61 0.

5.95

31

Moscow

4525 a

596 0.2 0.36 0.85 3.79

43

0.17 09 2.35

0.12

64

17

Moscow

4525 b

o

Moscow

E48985

039 0.6

0.25

0.74
0.73
0.75
0.22

38
41

34
29
37

28

Moscow

E48986

043 15

0.58

0.31
0.57

0.2

30
27

Moscow

E48987

36
66

Moscow

E48988

037 04

1

19

15

Moscow

E48989

? Ar/Ca, arboranes/cadalene; BC, boghead coal; BP/Ca, benzopyrenes/cadalene; C/H, cheilanthanes/hopanes; C22/21 and C24/23, cheilanthane ratios; C,7, Co5 and Cag, C7, Cog and Cag steranes %; Cag30, C29/C30 hopanes; Cssjsq,
C35/C34 hopanes; G, gammacerane ratio; H, hopanes; HC, humic coal; H/S, hopanes/steranes; LBS, lacustrine black shale; MPI1, methylphenanthrene index; S, steranes; RCs;, C3; hopanes ratio; RCyg, Cog Steranes ratio; Ry, diterpane

ratio; Re/Ca, retene/cadalene; VR, vitrinite reflectance calculated from MPI-1 (

) after formulae from Radke et al. (1982) for Carboniferous coals from Ruhr Basin and Radke et al. (2005) for marine Jurassic and Permian shales.
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Audino et al. (2001a,b) and Grice et al. (2001) found respectively
macrocyclic alkanes and their methylated homologues, and mono-
methyl alkanes in the Botryococcus-rich bogheads from the Carbon-
iferous of Scotland and from the Permian of South Africa and
Australia. These compounds were not found in our bogheads. No
botryococcane and lycopane were found in our bogheads that con-
tained B. braunii. These compounds are known in recent and Ter-
tiary sediments and oils, but have never been found in sediments
from the Carboniferous and the Permian torbanites of Australia,
South Africa, Scotland and Autun (Derenne et al., 1994; Grice
et al.,, 2001; Audino et al., 2002; Zhang et al., 2007).

A plot of Pr/n-C;7 vs. Ph/n-C;g (Fig. 14) shows that the ratios
were higher for the coals deposited under swampy conditions than
those for the claystone deposited in lakes. Peters et al. (2005) de-
fined different fields for such a diagram: Type III, Type Il and inter-
mediary domain. From this interpretation, the conditions of
deposition of lacustrine shale are more reduced and of a swampy
coal more oxidized if it was located at the peat surface. Type I,
not located in the diagram of Peters et al. (2005), is located be-
tween Type Il (marine) and Type III (terrestrial higher plant) OM
after our lacustrine samples. These intermediate types can be ex-
plained by the presence of algae and higher plants in the lacustrine
deposits, whereas algae predominated in sample MA1 114.735,
which represents a Type Il kerogen. In the diagram, the diverse
stages defined by Miiller (2007) could be differentiated: fluvial
stage 1 (Type IIl OM), underbalanced lacustrine stage 3 with evap-
oration > input of water (intermediate type OM), balanced lacus-
trine stages 2 and 5 with evaporation equal to input of water
(intermediate type OM) and overbalanced lacustrine stage 4 with
evaporation < input of water (Type I OM with algae equivalent to
Type II). The Pr/Ph values (Table 1) showed that the conditions of
oxidation were higher for the coals than the lacustrine black shales.
Three groups could be defined: (i) Pr/Ph < 1 for Moscow bogheads
and black shales from Saar (SA4) and Lodéve (Fig. 9, group A from
Schlepp et al. (2001)); (ii) 1 < Pr/Ph < 3 for Moscow and Autun bog-
heads, black shales from Saar (SA2 and SA5), Puertollano, Buxieres
and Lodeve (Fig. 9, group B from Schlepp et al. (2001)); (iii) Pr/
Ph > 3 for Donets, Buxieres and Puertollano humic coals. Fig. 14
and Pr/Ph allowed us to differentiate swamp and lake deposits
from the type of OM deposited under an oxidizing or reducing
environment.

4.2. Terpanoid hydrocarbons and steranes - sources of OM and
conditions of preservation

Saturated biomarkers are standard tools in characterizing sedi-
mentary OM. Two hopane distributions are presented in Fig. 13. All
the samples showed similar patterns, characterized by a domi-
nance of the C3g hopane. The hopanes/steranes ratio was high in
the humic coal samples from the Donets Basin, ranging from 0.5
to 38 with a mean of 13.3 (Table 2, Fig. 5). The ratio was variable
for bogheads (6 for Moscow samples and 1.9 for Autun sample)
and high (2-18) for black shales and humic coals from the Autu-
nian Buxieres and Saar basins and Late Stephanian Puertollano
Basin. High values suggest intense reworking and high bacterial
input (Ourisson et al., 1979, 1984). Derenne et al. (1998) also
observed high values (17-43) for torbanites from the Permian of
Australia and South Africa.

A plot (Fig. 15) of C35/C34 22S homohopanes vs. norhopane/
hopane (C,9/C3p) can be used to define source facies (Peters et al.,
2005). Most oils from reduced marine carbonate source rocks show
high C35/C34 values (>0.8) combined with high C,g/C3o values
(>0.6), and oils from oxic coal/resin and lacustrine source rocks
show lower values. Black shales from the Saar and Lodéve basins
exhibited low C,9/C3q and C35/C34 values, consistent with lacustrine
deposits, and the boghead from the Moscow Basin had high C,9/C3q
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and C35/Cz4 values, consistent with marine deposits. As this coal is
located under marine limestone, the water was perhaps brackish.
The boghead from the Autun Basin showed high Cy9/C3¢ and low
C35/C34 values.

The distribution of tricyclic terpanes (cheilanthanes, Fig. 13) is
also indicative of source facies (Peters et al., 2005). Marine shale
source rocks contain high C,4/Cy3 and low Cy;,/Cy; values, and mar-
ine limestone and lacustrine source rocks high C;,/Cy; and low
C,4/Cy3 values. A plot of Cy4/Cy3 vs. C53/Cyy (Fig. 16) showed that
the lacustrine black shales from the Saar Basin exhibited high
values for the two ratios, and bogheads from the Autun and
Moscow basins and black shales from the Lodéve Basin low values.

No cheilanthanes were detected in the coals. Cheilanthanes
are derived primarily from algal or bacterial sources (Kruge
et al.,, 1990; Revill et al., 1994; Nabbefeld et al., 2010b). The
cheilanthanes/hopanes (C/H) ratio is low for Moscow, Saar and
Lodeve (group B, Fig. 9) samples and high for the sample MA
116.3 from the Saar Basin (stage 2 of deposition) and the Autun
and Lodeve (group A, Fig. 9) samples. A decametre-thick sequence
corresponding to a high frequency sequence from the Lodeve Basin
exhibited from base to top (Fig. 9): fluvial sandstone and then black
shales with low C/H values (group B), then high C/H (group A) and
finally low C/H (group B). These changes were explained by Schlepp
et al. (2001) by way of an alternation of fresh water (group A)

Table 3

Peak assignments in chromatograms and formula for calculation of ratio.
Peak Assignment Cho
Diterpanes (m/z = 123)
1 Labdane
2 19-Norisopimarane
3 ent-Beyerane
4 iso-Pimarane
5 16p-Phyllocladane
6 160-Kaurane
7 16a-Phyllocladane
8 16|3-Kaurane
Raic=(2+4+6)[(3+5+7)
Steranes (m/z=217)
1 140(H), 170(H) - cholestane (20S) Cyy
2 14p(H), 17p(H) - cholestane (20R) Cy7
3 14B8(H), 17p(H) - cholestane (20S) Cyy
4 140(H), 170(H) - cholestane (20R) Cyy
5 24-Methyl-14a(H), 170(H) - cholestane (20S) Cos
6 24-Methyl-14B8(H), 17p(H) - cholestane (20R) Cag
7 24-Methyl-14B(H), 17B(H) - cholestane (20S) Cas
8 24-Methyl-14aaH), 170(H) - cholestane (20R) Cas
9 24-Ethyl-140(H), 17o(H) - cholestane (20S) Cag
10 24-Ethyl-14p(H), 17B(H) - cholestane (20R) Cao
11 24-Ethyl-14B(H), 17p(H) - cholestane (20S) Cao
12 24-Ethyl-140(H), 17a(H) - cholestane (20R) Cag
Hopanes (m/z=191)
1 18a(H)-22, 29, 30-trisnomeohopane (Ts) Cy7
2 170(H)-22, 29, 30-trisnorhopane (Tm) Cyy
3 17B(H)-22, 29, 30-trisnorhopane Cyy
4 17a(H), 2ip(H)-30 norhopane Cao
5 hop-17(21)-ene C3o
6 17B(H)-21 o(H)-normoretane Cao
7 17a(H), 2ip(H)-hopane C3o
8 neohop-13(18)-ene Cso
9 17B8(H)-2ip(H)-30-norhopane + 17B(H)-210(H)-moretane Cy9 + C3p
10 17a(H), 21B(H) - 30 homohopane (22S) C3q
11 17a(H), 21p(H) - 30 homohopane (22R) Csy
12 17B8(H)-2ip(H)-hopane C3o
G Gammacerane C3g
13 17a(H), 21B(H) - 30 bishomohopane (22S) Csy
14 17a(H), 21B(H) - 30 bishomohopane (22R) Csz
Aromatics
1 Naphthalene (m/z =128)
2 Methyl-naphthalene (m/z = 142)
3 Dimethyl-naphthalene (m/z =156)
4 Trimethyl-naphthalene (m/z=170)
5 Cadalene (m/z=183)
6 Dibenzothiophene (m/z=184)
7 Phenanthrene (m/z=178)
8 Methyl-phenanthrenes (m/z = 192)
9 Dimethyl-phenanthrene (m/z = 206)
10 Pyrene (m/z=178)
11 Retene (m/z=219)
12 Chrysene (m/z = 228)
13 Benzofluoranthene (m/z = 252)
14 Benzo[a + e]pyrenes (m/z = 252)
15 MATH (m/z = 393, 255)
16 MAPH (m/z =377, 239)
17 DAPH1 (m/z =374, 221)

MPI1 = 1.5(2-MP + 3-MP)/(P + 1-MP + 9-MP)
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Fig. 10. Rock-Eval data. A: HI (mg/g TOC) vs. Tiax (°C) and B: HI (mg/g TOC) vs. Ol (mg/g TOC) for humic coals and lacustrine deposits. AU, Late Autunian boghead from Autun;
BX3 and BX7, Early Autunian coal and black shale from Buxieres; DON 1 + 2 + 3, humic coals from Donets (respectively Serpukhovian, Bashkirian and Moscovian, Kasimovian
and Gzhelian); LO, Lodéve black shales; MO, Viséan bogheads from Moscow Basin; PB and PU, Late Stephanian black shale and humic coals from Puertollano. The Odernheim
black shale samples (SA, Autunian from Saar) were labelled after the hydrological stages described by Miiller (2007; see our Fig. 8): stage 1, fluvial; stages 2 and 5,
evaporation = input of water to lake; stage 3, evaporation > input of water to lake; stage 4, evaporation < input to water in lake. Type [ OM, lacustrine OM; Type Il OM, marine
OM; Type IlId OM, dispersed humic OM; Type lllc, coal humic OM (after Espitalié et al. (1985a,b, 1986)).

Fig. 11. Photographs of bogheads from Autun and Moscow basins, and Donets humic coals. A, Viséan boghead (sample 4225b) from Moscow; B, Autunian boghead from
Autun; C and D, Moscovian 11Dim humic coal from Donets. Bo, Botryococcus; I, inertinite; MM, mineral matter; S, sporinite; V, vitrinite. The width of the thin sections is
200 pm.

and marine water (group B). Yawanarajah et al. (1993) proposed in Poland. However, sediments from the Lodéve Basin contained no
the same interpretation for the Permian black shales from Sudetes evidence for marine conditions. Another possibility would be the
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Fig. 12. RCyg steranes (RC»9S) vs. RCs, hopanes (RC3;H). AU, Late Autunian boghead from Autun; BX3 and BX7, Early Autunian coal and black shale from Buxieres; DON
1 +2 + 3, humic coals from Donets (respectively Serpukhovian, Bashkirian and Moscovian, Kasimovian and Gzhelian); LO, Lodéve black shales; MO, Viséan bogheads from
Moscow Basin; PU, Late Stephanian humic coals from Puertollano. The samples from the Odernheim black shale (SA, Autunian from Saar) were labelled after the hydrological

stages described by Miiller (2007; see our Fig. 8). VR, vitrinite reflectance.
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Fig. 13. Examples of n-alkane (m/z 57), diterpane (m/z 123), hopane (m/z 191) and aromatic (ARO) distributions from humic coals, bogheads and lacustrine deposits. Peaks

are identified in Table 3.

Gammacerane was only observed in black shales from the Saar
and Lodéve (only group B) basins and bogheads from the Autun
and Moscow basins. It is known to reflect stratification of the water

formation of algal and bacterial blooms during the deposition of
group A, linked with a period of maximum eutrophication, as ob-
served for Lake Lugano (Bechtel and Schubert, 2009a,b).
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Fig. 14. Pr/n-Cy7 vs. Ph/n-Cyg for humic coals and lacustrine deposits. AU, Late Autunian boghead from Autun; BX3 and BX7, Early Autunian coal and black shale from
Buxieres; DON 1 + 2 + 3, humic coals from Donets (respectively Serpukhovian, Bashkirian and Moscovian, Kasimovian and Gzhelian); LO, Lodéve black shales; MO, Viséan
bogheads from Moscow Basin; PB and PU, Late Stephanian black shale and humic coals from Puertollano. The samples from the Odernheim black shale (SA, Autunian from
Saar) were labelled after hydrological stages described by Miiller (2007; see our Fig. 8): stage 1, fluvial; stages 2 and 5, evaporation = input of water to lake; stage 3,

evaporation > input to water in lake; stage 4, evaporation < input to water in lake.
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Fig. 15. C35/C34 homohopanes (22S) vs. Cp9 (norhopane)/Cso (hopane). AU, Late Autunian boghead from Autun; BX3 and BX7, Early Autunian coal and black shale from
Buxieres; LO, Lodéve black shales; MO, Viséan bogheads from Moscow Basin; SA, samples from Odernheim black shale (Autunian from Saar) labelled after hydrological stages

described by Miiller (2007; see our Fig. 8).
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Fig. 16. C,4/Cy3 vs. C»3/Cy; cheilanthanes (CH). AU, Late Autunian boghead from Autun; LO, Lodéve black shales; MO, Viséan bogheads from Moscow Basin; SA, samples from
Odernheim black shale (Autunian from Saar) labelled after hydrological stages described by Miiller (2007; see our Fig. 8).

column in lakes (Sinninghe Damsté et al., 1995; Grice et al., 1998;
Peters et al., 2005). The gammacerane index, G [10 x gammacera-
ne/(gammacerane + C3o hopane)], was calculated after Peters et al.
(2005). There was no difference in gammacerane content between
the different stages of deposition for the Saar black shale. The

origin of gammacerane is uncertain, but it may form via reduction
of tetrahymanol, linked to the presence of planktonic ciliates,
which are bacteriovorous (Grice et al., 1998). High tetrahymanol
abundance occurs in sediments from the eutrophic Lake Lugano
(Bechtel and Schubert, 2009b). This was also the case for the Saar
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black shales, while a medium abundance occurred in the Lodéve
black shales. The degree of eutrophication could explain these
differences.

While Cyg steranes are derived mainly from higher plants and
C,7 and C,g are commonly associated with the phytoplankton
and zooplankton from lacustrine deposits (Huang and Meinschein,
1976, 1979; Philp, 1985), there are many sources of C,; and Cyg
steranes and interpretation of their origin must be made with cau-
tion (Volkman, 2005). The distribution by sterane carbon number
is shown in a ternary plot for humic coals from the Donets Basin
(Fig. 17A) and humic coals and lacustrine deposits from the Mos-
cow, Puertollano, Autun, Buxieres, Saar and Lodéve basins
(Fig. 17B). The Cy7/Cyg ratio for the humic coal samples from the
Donets Basin ranges from 0.23 to 2.6. C,9 steranes were more
abundant than C,; and C,g steranes in the coals of the Bashkirian,
Kashirian and Podolskian, but less abundant in the Serpukhovian,
Vereian, Myachkovian, Kasimovian and Gzhelian coals. The petro-
graphic observations for these samples confirmed only the pres-
ence of vitrinite (higher plants) and not the presence of algae in
these coals. The Cy7/Co9 and C,g/Cyg ratios for the Viséan from
the Moscow Basin, humic coals and black shale from the Late
Stephanian Puertollano Basin, the Autunian boghead from the Au-
tun Basin and the Autunian black shale and humic coal from the
Buxieres, Saar and Lodéve basins ranged from 0.3 to 1.3. The petro-
graphic observations for these samples revealed the presence of
vitrinite and alginite (Botryococcus), confirming the standard inter-
pretation. The ratio values were high in the Puertollano and Saar
black shales, peculiarly during the stages 4 and 5 of the lake.
McKirdy et al. (1986) indicated a low content of steranes in B. brau-
nii, which therefore does not contribute to the sterane content of
sediments. Grantham and Wakefield (1988) and Schwark and
Empt (2006) studied, respectively, variation in the sterane carbon
number distributions of marine source rock-derived crude oils
and marine source rocks through geological time. They showed
that the C,7/Cyg ratio did not change and the C,5/C,g ratio increased
from the beginning of Mesozoic. This increase is concomitant with
an increase in green algae and diverse groups of phytoplankton.
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Fig. 17. Sterane plots for humic coals and lacustrine deposits. A, Coals from the
Donets Basin; B, Coals and black shale from the Viséan (M, Moscow), Stephanian
(Puertollano) and Autunian (AU, Autun; BX, Buxieres; Lodéve and Saar).

4.3. Diterpanes - plant speciation and palaeoclimate

Diterpanes are diagnostic of OM sources and palaeoclimate.
Schulze and Michaelis (1990) used the diterpanes in a study of
German coals, whereby there were differences between the propor-
tion of ent-beyerane and ent-kaurane in the Late Carboniferous
Ruhr and Saar basins (Fig. 18). Philp (1994) described in terms of
frequency the relationship between plants and diterpane skeletons
as follows: (i) pimaranes occur in gymnosperms and pre-gymnosperms
(cordaites) for the Carboniferous, angiosperms, pteridophytes and
bryophytes; (ii) ent-beyerane in gymnosperms, pre-gymnosperms
and angiosperms; (iii) kaurane in angiosperms, gymnosperms, pre-
gymnosperms, pteridophytes and bryophytes; and (iv) phyllocladanes
in gymnosperms and pre-gymnosperms. Fleck (2001) calculated
the diterpane ratio Rgi, as (19-norisopimarane +isopimarane +
160-kaurane)/(ent-beyerane + 16B-phyllocladane + 16a-phyllocladane)
for the Late Carboniferous coals from the Lorraine Basin.
Piedad-Sanchez et al. (2004) also used the ratio for the Late
Carboniferous coals of the Asturias Basin.

Two representative distributions are illustrated in Fig. 13 and
diterpane ratios are plotted vs. geological age in Fig. 18. The ratio
for the Late Carboniferous humic coal samples from the Donets Ba-
sin (Izart et al., 2006; Figs. 5 and 18) changes from 0.4 to 2.2. Three
groups could be defined for these coals: (i) group 1 with Ry < 1.1
and a predominance of phyllocladanes and ent-beyerane
(Fig. 13), (ii) group 2 with Ry, > 1.5 and a predominance of kaurane
and isopimarane (Fig. 13) and (iii) group 3 with Ry from 1.1 to 1.5
and no dominance of diterpanes. Following the systematics in
Fleck (2001), when Rg;; is >1.5, pteridophytes dominate pre-gym-
nosperms, which would be linked to a high water table in the
swamp. These coals are from the Bashkirian, Podolskian, Myachko-
vian and lowermost Kasimovian. The climate was probably wetter
during these periods. When Rg;; is <1.1, pre-gymnosperms domi-
nate pteridophytes, which would be linked to a low water table
in the swamp and the climate was probably drier during these
periods. These coals are from the Serpukhovian, Vereian, lower
Kasimovian and Gzhelian. If we compare these data for humic coals
from Donets Basin with the Asturias, Ruhr, Lorraine and Saar basins
(Fig. 18), the climate was tropical humid during the Moscovian
(Westphalian C and D), then dry during the Kasimovian (Early
Stephanian).

Rqit also can be used for lacustrine deposits, but in this case it
conveys information on terrestrial plants living around the lake
or aquatic plants as well as palaeoclimate. For the Visean bogheads
from the Moscow Basin the ratio was ca. 1.8, corresponding to
group 2 with a predominance of kaurane. The Late Stephanian hu-
mic coals for Puertollano (Fig. 6), the Autunian boghead from the
Autun Basin (Fig. 13) and the Autunian black shales and humic coal
from the Buxieres Basin (Fig. 18) range from 1.2 to 3.2, correspond-
ing to groups 2 and 3 with a predominance of kaurane. The values
for the lacustrine Autunian from the Saar Basin (Figs. 8 and 13)
range from 0.8 to 1.1, corresponding to group 1 with a predomi-
nance of kaurane or phyllocladane. The values for the lacustrine
Autunian from the Lodéve Basin (Fig. 9) range from 0.8 to 1.3 with
a predominance of kaurane or phyllocladanes corresponding to
groups 1 and 3. Group 1 could often be correlated with group A
biomarkers defined by Schlepp et al. (2001) as those with high che-
ilanthane values.

The source of diterpane contributions in a lake depends on the
type of higher plants living in a swamp around the lake and in lake
water, which is species dependent on climate. The periods of dry-
ness and wetness (Fig. 18) defined by diterpanes can be compared
with the palaeoclimatic periods defined by Schneider et al. (2006)
and Roscher and Schneider (2006) from using sedimentology and
palaeontology. A wet tropical climate is indicated to have occurred
during the Viséan in the Moscow Basin, Late Stephanian (wet B,
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Fig. 18. Changes in diterpanes ratio (Rq;r) in West Europe (AS, Asturias; AU, Autun; BU, Buxieres; K, Kasimovian; LO, Lodéve; LOR, Lorraine; PU, Puertollano; Ruhr, Saar) and
East Europe (Moscow, Donets), M, Myachkovian; P, Podolskian; V, Vereian. Wet-dry phases were determined after Rqgi; and A, B, C, D and E corresponds to the wet phases from
Roscher and Schneider (2006). G and IG correspond respectively to glacial phase and interglacial phase from Gondwanaland.

Gzhelian) in the Puertollano Basin, and late Autunian (wet D peri-
od, Asselian/Sakmarian) in the Buxieres and Autun basins as group
2 and pteridophytes predominate. The contribution from aquatic
plants to the diterpanes is certainly higher than from terrestrial
plants in the case of the Autunian sample. As group 1 and pre-
gymnosperms predominate, there was probably a dry climate during
the Mid-Autunian in the Saar Basin, corresponding to the dry period
between the wet C and D periods. As there was an alternation of
groups 1 and 3, there was probably a dry climate between the wet
D and E periods during the Late Autunian in the Lodéve Basin.

All samples showed good agreement between the diterpane ra-
tio and the palaeoclimatic periods defined by Schneider et al.
(2006) and Roscher and Schneider (2006). The presence of lacus-
trine deposits during the dry period of the mid-Autunian in the
Saar Basin is not incompatible, since Miiller et al. (2006) and
Miiller (2007) showed from isotope changes that there are different
stages in the lacustrine deposits from the Saar Basin (Fig. 8). The

diterpanes do not change after the hydrological stages (St 2-5,
Fig. 8) defined by Miiller et al. (2006), as we observed group 1 cor-
responding to a dry period for stages 2 and 5 with evaporation
equal to water input in lake, stage 3 with evaporation > input
and stage 4 with evaporation < input. The contribution of aquatic
plants to diterpanes is certainly lower than the terrestrial plant
contribution in the case of the Saar samples. Group 1 in the Saar
Basin increases in cheilanthanes during all the stages (Fig. 16).
Groups 1 and 3 in the Lodéve Basin increase in cheilanthanes
(Fig. 16) due to a higher productivity from algal blooms and the,
development of eutrophic conditions in the lake. The period of
higher algal productivity in recent lakes under a temperate and
tropical climate is known to result in an increase in P and N content
as a result of soil leaching during a wet climate or during an arid
climate when the OM is dominated by land-derived OM (Meyers
and Lallier-Verges, 1999; Loizeau et al, 2001; Manalt et al.,
2001). Small high frequency cycles of dryness and wetness were
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recorded in the cheilanthanes and diterpanes during the late Autu- determine the relative conifer input (Jiang et al., 1998; Van Aarsen
nian dry phase in the Lodéve Basin. Also, the Autunian black shales et al., 2000; Hautevelle et al., 2006). The retene/cadalene ratio
from the Saar Basin corresponded to high frequency wet phases (Fig. 19) was calculated after Hautevelle et al. (2006). Benzo[a and
during the mid-Autunian arid phase. e|lpyrenes were measured as markers of combustion of wood
during forest and peat fires (Jiang et al., 1998; Nabbefeld et al.,

4.4. Aromatic biomarkers - plant speciation and palaeoclimate 2010a). Benzo[e]pyrene was also attributed to algae by Grice et al.
(2007). The ratio benzo[a and e] pyrenes/cadalene was measured.

Numerous aromatic hydrocarbons were identified (Fig. 13, The arborane/fernane triterpenoid group was also investigated

Tables 2 and 3). Retene and cadalene were measured to after the study of Vliex et al. (1994) of the Saar Basin (Fig. 19)
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Fig. 19. Change in aromatic ratios during Carboniferous and Permian. AU, Autun; BPy, benzo(a + e)pyrene; BU, Buxieres; Ca, cadalene; DON, Donets; LO, Lodeve;
MATH + MAPH, arboranes/fernanes (MATH, MAPH); MO, Moscow; PU: Puertollano; Re, retene; SA, Saar; SAAR, curves from the Saar Basin (Vliex et al., 1994). Wet-dry phases
were determined after Ry;; and A-E corresponds to the wet phases from Roscher and Schneider (2006). G and IG correspond respectively to glacial phase and interglacial
phase from Gondwanaland.
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and results that showed the appearance of this group from the
Stephanian and their probable link with the increase in
gymnosperms (Fig. 8) during this period. Monoaromatic tetracyclic
hydrocarbons (MATHs) and monoaromatic pentacyclic hydrocarbons
(MAPHs) were measured relative to cadalene (MATH + MAPH/
cadalene) (Fig. 19). The methyl phenanthrene index (MPI-1) was
calculated for maturity.

The first and second maximum in the retene/cadalene ratio
(Fig. 19) occurred during the Serpukhovian and Bashkirian, corre-
sponding to the presence of pre-gymnosperms and cordaites in
the Donets Basin (Fig. 5), which was also noted in England (Armstr-
off, 2004). The third maximum could be correlated with the appear-
ance of gymnosperms during the Early Stephanian (Kasimovian) in
the Donets Basin (Fig. 5) and the fourth maximum during the mid-
Autunian in the Saar Basin concomitant with the increase in gymno-
sperms (Fig. 8). The Lodéve Basin showed during the Late Autunian
alternating low and high values of the ratio (Fig. 9). The Viséan of the
Moscow Basin, the Moscovian of the Donets Basin (Fig. 5) and the
Autunian of the Autun and Buxieres basins (Fig. 7) showed values
<1, when cordaites and conifers were absent or in low abundance
during the Viséan and Moscovian, and were present during the
Autunian but with a lower contribution than in the Saar Basin.

The first, second and third maximum in the benzopyrenes ratio
(Fig. 19) occurred in the Serpukhovian, Bashkirian and lower part
of the Moscovian, the fourth during the Kasimovian (Early Stepha-
nian) in the Donets Basin and the fifth during the Mid-Autunian in
the Saar Basin simultaneously with an increase in inertinite in the
coals (Figs. 5 and 8). The ratio corresponds to an increase in peat
fires (Jiang et al., 1998) and an increase in combustion temperature
in fire (Finkelstein et al., 2005) which is certainly consistent with a
dry period. The black shales from the Saar Basin showed high val-
ues with low differences between the lacustrine stages. The black
shales from the Lodéve Basin exhibited low values.

Arboranes and fernanes occurred in samples n3.6 MC and 02 Svet
(Fig. 13, Kasimovian, Early Stephanian) from the Donets Basin and
the Saar Basin (Vliex et al., 1994), the samples from the Puertollano
Basin (Late Stephanian), samples AU1, BX3 and BX7 (Autunian) from
the Autun and Buxieres basins but not in the Viséan from the Mos-
cow Basin, the Moscovian (Westphalian) samples from the Donets
(Fig. 13) and Saar basins and in the mid-Autunian of the Saar Basin.
The maximum in the arboranes/fernanes ratio is linked with the
presence of cordaites and gymnosperms (Figs. 5-8), except for the
Autunian of the Saar Basin, where Miiller (2007) described miosp-
ores from cordaites and conifers in black shales. Coals n2.2 and
n2.3, located under coal seam n3.3, where the first xerophilous
plants (Autunia and Lodevia) appeared in the Donets Basin, do not
contain MATHs and MAPHSs, whereas coal n3.6, located above n3.3
coal, showed their first occurrence in the Donets Basin. Auras et al.
(2006a,b) showed that these compounds can probably be linked to
cordaites and not gymnosperms (Walchia). However, some pterido-
sperms (seed ferns), such as Autunia and Lodevia observed in the
Donets and Autun basins and not studied by these authors, could
probably also contribute to the occurrence of these compounds. If
we compare the dryness and wetness periods defined by the diter-
panes and aromatics, we find the same periods of dryness and wet-
ness (Figs. 18 and 19) as described by Schneider et al. (2006) and
Roscher and Schneider (2006). When there is a maximum in diter-
panes (Figs. 5, 18 and 19), there is a minimum in benzopyrenes
and retene, and vice versa.

5. 8D of n-alkanes
5.1. Description of 5D diagrams from n-alkanes

Three groups of n-alkanes were observed (Fig. 20 and Table 2):

(i) Group 1 from Cy3 to Cy;: the mean 3D value is —67%o for the
lacustrine sample AU1 (algae, boghead) and range from
—102%0 to —144%. for the coal samples (higher plants,
swamp). The three lacustrine samples from the Saar Basin
measured in the Jena laboratory have 8D values from
—99%0 to —109%o.. All samples are depleted in D vs. the
two other groups.

(ii) Group 2 from Cy; to Cye: The lacustrine sample AU1 showed
a mean 3D value of —55%., while the mean value for the coal
samples ranged from —60%. to —86%.. Three samples from
the Saar Basin showed a mean value from —84%o to —93%e.
All samples in group 2 are slightly enriched in D and inter-
mediate between the two other groups.

(iii) Group 3 from C,; to Css: For the lacustrine sample AU1, the
3D mean valuewas —41%.. For the coal samples, the mean
value varied from —70% to —110%.. The three Saar Basin
samples had a mean from —81%. to —104%.. All samples in
group 3 are enriched in D vs. groups 1 and 2, except for
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The lacustrine samples from the Autun and Saar basins have
values more enriched in D for groups 2 and 3 (terrestrial plants)
and more depleted in D for group 1 (algae). The coal sample values
are depleted in D for groups 1 and 3 from Cs; to C35 and enriched in
D for groups 2 and 3 due to C,; to C3g n-alkanes originating from a
terrestrial higher plant source.

5.2. Interpretation of 6D values from n-alkanes

Temperature changes from lake water or the atmosphere in a
swamp are recorded by 8D values of n-alkanes for recent and an-
cient sediments (Sauer et al.,, 2001; Sachse, 2004; Sachse et al.,
2004; Dawson et al., 2004). A question remains, however, concern-
ing the impact of maturity on the values. This does not appear to be
a problem for samples with VR < 1, a criterion set for our samples
(Schwarzkopf and Schoell, 1985; Schimmelmann et al., 2006).
Radke et al. (2005) showed a correlation between hydrogen isotope
ratio and maturity measured by way of MPI-1 or VRr. The short
chain n-alkanes are more enriched in D with increasing maturity.
The 3D values are —126%. and —108%., respectively, for a VRr of
0.6% and 0.8% if we use the equation for the Permian Kupferschie-
fer sample. As the analyzed samples are in this range of VRr, the
impact of maturity is certainly low and we conclude that the 6D
values of the n-alkanes (Fig. 20) provide reliable information on
the palaeotemperature of the air in the swamps and water in the
lakes, as well as palaeoclimate.

If we compare our results with those of Dawson et al. (2004),
the values of ca. —100%. for Carboniferous coals and Permian lim-
nic deposits were close to those for a tropical climate (boghead
from Early Carboniferous from Scotland). In constrast, 3D values
were ca. —200%o, for a glacial or temperate climate (boghead from
Permian from Australia). The value for Carboniferous coals could
result from extensive evapotranspiration for plants living under a
wet tropical climate vs. a temperate climate. This interpretation
is confirmed by the potential evapotranspiration measured (Ahn
and Tateishy, 1994) for tropical (1500 mm H,0 yr~1!), arid (700-
1000 mm) and temperate climates (<500 mm). The fact that long
and mid-chain n-alkanes are more enriched in D than short chain
n-alkanes could be explained by a difference in the sources of these
compounds which are, respectively, trees (arborescent ferns for the
Carboniferous swamp) vs. mosses and Sphagnum (Muscites is
known during the Carboniferous). In addition, trees show far great-
er evapotranspiration than moss. In modern forested wetland peat,
Sphagnum is like a sponge for water and there is a lower evapo-
transpiration for moss under the cover of trees than in the trees
themselves (Munro, 1984).

During the Early Permian the climate was dry tropical. For such
samples, the 3D values for the n-alkanes derived from lacustrine
algae were depleted in D relative to the n-alkanes derived from ter-
restrial higher plants and attributed to the higher evapotranspira-
tion on land than the evaporation from lakes. The values from the
Autun and Saar basins exhibit enriched values in D for mid-chain
and long chain n-alkanes, as for an arid site on the Tibetan plateau
(Miigler et al., 2008, 2010; Aichner et al., 2010b), but with a higher
enrichment for mid-chain and long chain n-alkanes than for short
chain n-alkanes. A similarity between the relationship of aridity
and altitude exists between the Permian lakes located at high alti-
tude in the Hercynian chain and the recent lakes of the Tibetan pla-
teau. Feakins and Sessions (2010) showed that the transpiration
factor is more important for D enrichment of leaf water in a
semi-arid to arid climate. An alternative hypothesis could be that
the xerophytic plants could have drifted via river to the lake and
have grown during a dry phase, with an autochthonous algal
bloom occurring during a wet phase. Alternating hygrophytic and
xerophytic plants have been observed for the Stephanian and

Autunian in Europe (Broutin et al., 1986, 1990) and explained by
monsoon and dry periods.

6. Conclusions

Organic petrography, Rock-Eval data and biomarkers allowed
us to characterize the type of OM in swamp and lake sediments
from the Carboniferous and Permian in Europe. The coals deposited
in swamps had humic OM formed under oxic conditions. The bog-
head coals and black shales deposited in lakes showed a mixture of
algal and humic OM formed under reducing conditions. Examina-
tion of selected diterpanes and aromatic hydrocarbons and the
3D of n-alkanes provides a further refinement of the depositional
setting and palaeoclimate.

A diterpane ratio Rgj; proposed by Fleck (2001) was compared
against the plants known from palaeobotanical studies to be in
the swamp or close to the shore of the lake. By knowing the
plants in the swamp or close to the shore of the lake, the water
table and the palaeoclimate could be determined. When Ry
was >1.5, pteridophytes dominated pre-gymnosperms, a condi-
tion that would be linked to a high water table in the swamp.
When Ry;; was <1.1, pre-gymnosperms dominated pteridophytes,
a condition that would be linked to a low water table in the
swamp.

The retene/cadalene ratio used by Hautevelle et al. (2006) as a
proxy for conifer input in Jurassic sediments was tested for Car-
boniferous and Permian deposits. We find that the appearance of
xerophytic plants in the Stephanian is recorded in the aromatic
hydrocarbons with the retene diagnostic for gymnosperms. We
also note that the arborane/fernane ratio is diagnostic for cordaites
and probably seed ferns.

During the Carboniferous, the climate was not always tropical
wet since some periods of dryness were also evident from the
sedimentology, palaeobotany and organic geochemistry. During
the Permian, the climate was not always tropical dry, since some
periods of wetness associated with monsoons were also recorded.
Comparison of aliphatics and aromatics allowed us to propose cy-
cles of wetness and dryness for Europe and a chemostratigraphy
during the Carboniferous and Permian, and comparison with the
cycles proposed by Roscher and Schneider (2006).

3D measurements of n-alkanes can provide information on the
palaeotemperature of the air in the swamps and water in the
lakes, as well as palaeoclimate. Values of ca. —100%. for the Car-
boniferous coals and Permian limnic deposits are close to those
reported for a boghead coal from a tropical climate in Scotland
(Dawson et al., 2004). These values could result from extensive
evapotranspiration for plants living under a wet tropical climate
vs. a temperate climate. During the Early Permian the climate
was dry tropical. For such samples the values for the n-alkanes
derived from lacustrine algae were depleted in D relative to the
n-alkanes derived from terrestrial higher plants, and attributed
to the more extensive evapotranspiration on land than evapora-
tion from lakes. An alternative hypothesis could be that xero-
phytic plants could have drifted via river to the lake and grown
during a dry phase, with an autochthonous algal bloom occurring
during a wet phase.
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