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Characterization of Tertiary Catalan lacustrine oil shales: Discovery of extremely organic
sulphur-rich Type I kerogens
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Abstract—The kerogens of three Tertiary Catalan lacustrine o1l shales were analyzed by light microscopy,
flash pyrolysis-gas chromatography-mass spectrometry, and bulk composition methods (elemental analysis,
Rock Eval pyrolysis). Two of the three kerogens ( Ribesalbes and Campins) are extremely rich 1n organic
sulphur (atomic S,/ C ratio > 0.04) and hydrogen (atomic ratio H/C ratio > 1.5) and are, consequently,
classified as Type I-S kerogens. Very characteristic distribution patterns of flash pyrolysis products (e.g.,
alkan-9- and -10-ones, alkadienes) of the Ribesalbes kerogen revealed that it 1s predominantly composed
of fossilized organic.matter of the freshwater alga Botryococcus braunii. These two findings demonstrate
that sulphurization of organic matter may also occur in lacustrine sediments provided that sulphate 1s
supplied by external sources. Data on the third kerogen sample (Cerdanya) suggest that the freshwater
alga Pediastrum may contain a (partly) aromatic biomacromolecule that 1s selectively preserved upon
diagenesis. These findings testify to the large variability in palaecodepositional conditions in lacustrine
environments. A comparison of the biomarker composition of the extract of the Ribesalbes o1l shale with
the kerogen composition indicate that biomarkers often cannot be used to assess the major sources of
organic matter in such settings. A similar conclusion can be drawn from a comparison of literature data

concerning the Messel Oil Shale.

INTRODUCTION

IN RECENT YEARS THERE 1s a growing interest in lacustrine
source rocks and crude oils generated from them (e.g., FLEET
et al.. 1988: KATZ, 1990). In certain geographical areas, la-
custrine source rocks account for a significant part of the ol
reserves. For example, lacustrine source facies are responsible
for 95% of the hydrocarbon production of China (HALBOUTY,
1980). The classical example of a lacustrine oil shale 1s the
Green River Formation. This particular oil shale contains
hydrogen-rich (atomic H/C ratio 1s ca. 1.5), low sulphur
kerogen representing the Type I kerogen (ESPITALIE et al.,
1977: TisSOT and WELTE, 1984). A number of other well-
known lacustrine oil shales (e.g., Messel shale, Germany;
Autun boghead, France; Tasmanites, Coorongites, and Tor-
banites from various geographical locations) also contain
Type I kerogen (TI1SSOT and WELTE, 1984 ). This has brought

about a widespread belief that Type I kerogens are typical of

lacustrine source rocks in general (TALBOT, 1988). However,
Rock Eval data of source rocks from various Chinese and
African lakes { YANG et al., 1981; TALBOT, 1988; KATZ, 1988)
indicate that Type II and III kerogens are often present in
lacustrine sediments as well. Large differences in the com-
position of organic matter in lacustrine sediments are to be
expected, considering the large variations in depositional
conditions in lakes (KELTS, 1988). The kerogen type can
also vary within a basin: YANG et al. (1985) report that 1n
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the case of the Songliao Basin there 1s a gradation from Type
[1I organic matter at the edge of the lake sequence to Type |
in the central deep-lake facies.

Most undegraded oils generated from lacustrine source
rocks are extremely paraffinic and waxy (POWELL, 1986).
This observation was perplexing because the most aliphatic
kerogens from which these waxy oils were generated formed
in the lake centres, remote from the sources of terrestral
higher plant organic matter which was considered to be the
precursor for waxy oils (POWELL, 1986; KELTS, 1988). Recent
findings have indicated that this apparent paradox could be
explained by the fact that many common lacustrine algal
species (e.g., Botryococcus braunii, Tetraedron minimum)
contain cell walls comprised of highly aliphatic biomacro-
molecules, called algaenans, which could be selectively pre-
served in the fossil record (for a review see DE LEEUW and
LARGEAU, 1993). Kerogens which are comprised substan-
tially of these algaenans are highly aliphatic and yield waxy
oils upon thermal stress. Extremes in this respect are Coo-
rongites and Torbanites, which are almost exclusively com-
posed of remains of the outer cell walls of B. braunii (LAR-
GEAU et al., 1986; DUBREIL et al., 1989), and a very common
facies in the Messel oil shale, which consists almost exclusively
of cell wall remains of the green microalga 7. minimum
(GOTH et al., 1989).

The finding that the organic matter of the Messel O1l Shale
is mainly derived from the alga 7. minimum seems to con-
tradict other conclusions on the origin of this o1l shale. ROB-
INSON et al. (1989 ) concluded from a study of the extractable
lipids that the major sources of organic matter in the Messel
oil shale were dinoflagellates and bacteria, especially cyano-
bacteria. FREEMAN et al. (1990) studied the carbon isotopic
composition of individual branched and cyclic aliphatic hy-
drocarbons and demonstrated the presence of aerobic meth-
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anotrophs and other bacteria in Lake Messel, which 1n their
view was at variance with the results obtained by GOTH et
al. (1989). It should be recognized, however, that the ex-
tractable organic matter of the Messel o1l shale represents at
best a few percent of the total organic matter, whilst the ker-
ogen represents often 95% or more. Furthermore, the bio-
marker fractions of the solvent extract studied by ROBINSON
et al. (1989) and FREEMAN et al. (1990) represent only a
small part of the total extract. Hence, their conclusions with
respect to the bulk of the organic matter (e.g., sources of
organic matter ) probably suffer from a severe bias. This dem-
onstrates that interpretation of biomarker data with respect
to major sources of organic matter should be performed with
great caution.

To validate and evaluate the large differences in palaeo-
depositional conditions in lakes it is necessary to study the
molecular composition and origin of kerogen of a wide variety
of lacustrine source rocks. In this paper, we report on the
morphology and chemical structure of kerogens from three
lacustrine basins belonging to the most southern part of the
European rift system (Catalonia, Eastern Iberian). In this
rift system, fault-bounded basins developed in which many
lacustrine o1l shale deposits have been deposited from late
Eocene to late Miocene times (ANADON et al., 1989). Two
of these lacustrine basins contain kerogen with an unprece-
dented high amount of organic sulphur and lend further sup-
port to the large vanability in palaeodepositional conditions
In lacustrine environments.

SAMPLES: SOURCE AND DESCRIPTION

Ribesalbes o1l shale was deposited during the Middle Miocene
(Serravallian). The sample investigated is a laminated dolostone ob-
tained from an outcrop of Unit B (ANADON et al., 1989) basically
composed of Mg-poor dolostones. Very well preserved delicate fossils
(e.g., insects, amphibian, higher plant leaves), the absence of ben-
thonic fauna, and the lamination of the dolostones suggest an anoxic
depositional environment and stratification of waters during their
formation. The high sulphate content of the water was due to the
weathering of a surrounding Triassic (Keuper) evaporitic gypsum
(ANADON et al., 1989).

Campins o1l shale was deposited during the Late Oligocene ( Stam-
pian). It 1s a laminated mudstone with minor dolostones (less than
50% ). It was sampled from an outcrop of the lacustrine unit. It has
similar characteristics to the Ribesalbes basin such as well preserved
fossils and good lamination, suggesting a similar depositional envi-
ronment. Sulphate-rich waters originated from weathering of pyrite
of granitoids from the surrounding area (ANADON, 1986).

Cerdanya oil shale was deposited during the Late Miocene ( Tor-
tonian). It is a mudstone which is considered an anapaite vein because
of 1ts high amount of phosphorous ( 15.0% P,Os) that appears in the
diatomaceous lacustrine unit. Rare bioturbation and fine laminations,
as well as good fossil preservation, are also the main characteristics
of this sedimentary unit, which is similar to the Eocene Messel Oil
Shale (DE LAS HERAS et al., 1989).

EXPERIMENTAL

Preparation of Samples

Lumps of rock were washed with dichloromethane (DCM ), freeze
dried, powdered in a disc mill, and extracted for 36 h in a Soxhlet
apparatus with DCM methanol (2:1 v/v). The extracted and dried
powder was decarbonated using S N hydrochloric acid to remove
carbonates, washed 4 times with bi-distilled water and re-extracted
(X3) with DCM and methanol using ultrasonication. The decarbon-
ated samples were dried in a vacuum stove at 30°C and used for
pyrolysis. For elemental analysis, the rocks were demineralized with
HC1/HF under standard conditions (DURAND, 1980). For palynol-

ogical investigation, the minerals present in the powdered rock sam-
ples were removed by HCI (30%) and HF (38%). The washed and
dried residues were subjected to ultrasonical sieving over a 10 um
sieve (VAN BERGEN et al., 1990). Slides for microscopy were prepared
in DEPEX (BDH Limited) to prevent fluorescence of the mounting
medium. The samples were examined with normal transmitted light
and under incident blue light. The assessment of the different types

of organic matter was performed according to VAN BERGEN et al.
(1990).

Curie Point Pyrolysis-Gas Chromatography-Mass Spectrometry

Kerogens were thermally degraded using a Curie point pyrolyser
(FOM 3-LX) and ferromagnetic wires with a Curie temperature of
610°C. The pyrolyser was directly connected to a gas chromatograph
(Hewlett-Packard 5890) in tandem with a magnetic sector mass
spectrometer ( VG-70S) by direct insertion of the capillary column
into the 10n source. The gas chromatograph was fitted with a fused
silica capillary column (25 m X 0.32 mm 1.d.) coated with CP Sil-5
CB (film thickness 0.40 mm) in an oven that was temperature pro-
grammed from 0°C to 300°C at 3°C min~'. The oven was first held
at 0°C for 5 min and finally at 300°C for 15 min. Helium was used
as carrier gas. The mass spectrometer was set at an 1onizing voltage
of 70 eV, and operated at a cycle time of 1.8 sec over the mass range
m/z 40-800 at a resolution of 1000. Data acquisition was started |
min after pyrolysis.

Desulphurization of Macromolecular Aggregates

The Ribesalbes o1l shale was extracted ultrasonically, using mixtures
of methanol and dichloromethane. The extract was fractionated into
apolar and polar fractions; the latter fraction was desulphurized with
Raney Ni and the hydrocarbons obtained were isolated (KOHNEN et
al., 1991b).

RESULTS

Bulk Geochemical Data

Elemental analysis of the isolated kerogens from the sam-
ples studied revealed that the Ribesalbes and Campins ker-
ogens are highly aliphatic (high to very high atomic H/C
ratios) and can be classified as Type I kerogens (Table 1).
The Cerdanya kerogen has a lower atomic H/C ratio and a
much higher atomic O/C ratio and would plot as an im-
mature Type II/III kerogen in a van Krevelen diagram. It is
difficult to precisely determine the amount of organic sulphur
In kerogen because of the intimate association of pyrite with
the organic matter (DURAND and MONIN, 1980). By mea-
suring the amount of iron present in the kerogen concentrate
and assuming that all the iron is pyritic, an estimation of the
content of inorganic sulphur is obtained and, thus, by simple
substraction, so 1s an estimation of the organic sulphur con-
tent. This exercise revealed that both the Ribesalbes and
Campins kerogens are extremely rich in organic sulphur. In
the case of the Ribesalbes kerogen, the value obtained for the
atomic S,/ C ratio must be considered accurate because the
amount of iron present is low, which is in agreement with
the low ash content (<1 wt%). In the case of the Campins
kerogen, the procedure for determining the organic sulphur
content described above seems to be problematic since the
estimated amount of pyrite present (19.0 wt% ) is higher than
the measured ash content (13.3 wt% ). As a consequence, the
reported atomic S, /C ratio is a minimum value. Neverthe-
less, this minimum value, just as the value for the Ribesalbes
kerogen, is very high for Type I kerogens, since values larger
than 0.02 (ORR and SINNINGHE DAMSTE, 1990: Ti1SSOT and
WELTE, 1984) have not been reported, to the best of our
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Table 1. Elemental composition of the isolated kerogens and TOC and Rock Eval data for the extracted whole rocks

C H N O Sis Fe ashi ~H/C < {Q/c IS /et = TOE M HIFAOI T,
Wt %) (Wt%) (Wt%) Wt%) (Wt%) (Wt%) (wt%) (Wt %)
Ribesalbes  69.1 1035  0.70 8.9 10.5 0.21 <10 180 009  0.056° 103 1001 35 434
Campins 55.2 7.06 1.49 9.1 17.6 8.85 133 © 1.53° G123 0:051° 6.0 823 26 434
(0.089)¢
Cerdanya 55.1 6.03 1.68 17.0 8.0 7.05 121 © 131 0231 0.000° 1.3 108 162 440
(0.020)°

% assuming that all the iron is present as pyrite.

® a5 2 however the assumed amount of pyrite (wt %) is in that case higher than the ash content.

© assuming that §;; . (Wt %) = Fe (wt %) - ash (Wt %).

knowledge. In the Cerdanya kerogen the organic sulphur
content is low since most of the sulphur 1s present as inorganic
sulphur. The determination of the organic sulphur content
suffers from the same problems as experienced with the
Campins kerogen (Table ).

Rock Eval data (Table 1) are in agreement with the ele-
mental composition data. Both the Ribesalbes and Campins
kerogens have high hydrogen indices (HI), testifying to their
highly aliphatic nature. Their oxygen indices (OI) are low.
The hydrogen index of the Cerdanya kerogen 1s much lower
and the oxygen index much higher than those of the other
two kerogens. The T,..x values are in the range of immature
kerogens.

Palynology

Three different organic matter types were observed in the
visible organic particles, from which the relative amounts of
each type were estimated (Table 2).

Ribesalbes

The dominant acid-resistant organic matter type recog-
nized with normal transmitted light in the Ribesalbes sample
is yellow-brown structureless organic matenal (SOM).
Transparent SOM is a major constituent. In addition, few
Botryococcus spp. and bisaccate pollen grains were recognized.
Under incident blue light, the organic material displays a
very bright white/yellow to yellowish brown fluorescence.
The fluorescence is remarkably similar to the fluorescence of
the recognizable Botryococcus spp. present in the sample.
Furthermore, it is noteworthy that separate particles recog-
nized with normal transmitted light are composed of clusters
of organic material when examined under incident blue hight.

Cerdanya

The dominant organic matter type is the multicellular
freshwater alga Pediastrum sp., which 1s difhicult to detect

Table 2. Summary of palynological results

Ribesalbes Campins Cerdanya
Palynomorphs
Botryococcus spp. I - r
Pediastrum spp. - - 60%
Pollen grains r - 5%
Structureless palynodebris
Transparent SOM 20% - 10%
Yellow-brown SOM 80% 20% 25%
Dark brown SOM - 80% -
Average fluorescence
Intensity very bright moderate weak
Colour white/yellow to yellow to yellow/green
yellowish brown  dark brown to brown

_——.—-—-—-——-——_—"—_—-—_—_

% r = rare
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FI1G. 1. (a) Total Ion Current (TIC) trace of the flash pyrolysate (Curie temperature 610°C) of the kerogen of the
Ribesalbes oil shale. Filled circles and stars indicate the homologous series of n-alk-1-enes and n-alkanes, respectively.
Their number of carbon atoms is indicated with italic numbers. Filled squares and triangles indicate homologous series
of 2-alkylthiophenes and alkylbenzenes, respectively. Bold numbers indicate compounds listed in Table 3. (b) TIC
trace of the flash pyrolysate (Curie temperature 610°C) of the kerogen of the C ampins oil shale. Peak assignments are

as in Fig. la. (¢) TIC trace of the flash pyrolysate (Curie temperature 610°C) of the kerogen of the Cerdanya oil shale.
Peak assignments are as in Fig. |a.
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with normal transmitted light. Under incident blue light,
however, its presence is obvious. Other common organic
matter types recognized with normal transmitted light are
yellow-brown and transparent SOM. Botryococcus spp. and
pollen grains are rare elements. The colour of the yellow-
brown SOM is darker than in the Ribesalbes sample. The
fluorescence of the organic particles is weak yellow/green to
brown.

Campins

In contrast to the previous samples, the Campins sample
does not contain recognizable palynomorphs. The organic
matter assemblage is dominated by SOM which 1s dark brown
and contains abundant pyrite inclusions. The fluorescence
of the organic material is moderate yellow to dark brown. In
addition. similar to Ribesalbes, separate particles recognized
in normal transmitted light are composed of clusters of or-
ganic particles when examined under incident blue light.

Flash Pyrolysis

The three decarbonated and extracted oil shales were sub-
jected to flash pyrolysis-gas chromatography-mass spectrom-
etry (Py-GC-MS) using wires with a Curie temperature of
610°C. The total ion current ( TIC) traces of the flash pyroly-
sates (Fig. 1) reveal significant differences in general com-
position ( Table 6).

Aliphatic Hydrocarbons

Homologous series of n-alkanes and n-alk-1-enes dominate
the pyrolysates of Ribesalbes and Campins kerogens, whereas
they are much less abundant in the Cerdanya kerogen pyrol-
ysate (Fig. 1). The summed mass chromatograms of m/z
55 + 57 for the three pyrolysates reveal that both homologous
series extend up to Ci, in the Ribesalbes and Campins pyrol-
ysates (Fig. 2). The abundance of Cyy, n-alkanes and n-alk-
l-enes is typical for pyrolysates of lacustrine kerogens; in
pyrolysates of marine kerogens these homologous series gen-
erally drop off after C, (e.g., BEHAR and PELET, 1985; SOLLI
and LEPLAT, 1986; GOTH et al., 1989; HORSFIELD, 1989;
GRAY et al., 1991).

Apart from n-alk-1-enes, other linear alkenes with double
bonds in other positions also occur in the flash pyrolysates.
In the Cerdanya pyrolysate these unusual alkenes are very
abundant (Fig. 3c). For example, in the C,, cluster of alkenes
dec-1-ene is only a minor compound relative to the sum of
cis and trans dec-2-ene. The double bond position of the
other decenes in this cluster remains as yet unknown, but it
is likely on the basis of retention indices (DUBOIS et al., 1980)
that dec-3-ene, dec-4-ene, and dec-5-ene also are present. To
the best of our knowledge, this is the first time that these
homologous series of non-terminal alkenes are reported In
pyrolysates of kerogens. As clearly revealed in Fig. 3¢, some
of these series of non-terminal alkenes start to coelute with
the series of 7n-alk-1-enes with increasing number of carbon
atoms. This indicates that compounds in kerogen pyrolysates
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FIG. 2. Summed mass chromatograms of 71/z 55 + 57 revealing the distribution patterns of the homologous series
of n-alkanes and n-alk-1-enes in the flash pyrolysates of the kerogens of (a) Ribesalbes, (b) Campins, and (c) Cerdanya.
Numbers indicate total number of carbon atoms of these homologous series, which occur as doublets in the mass
chromatograms (n-alk-1-enes are the first eluting components).

attributed to n-alk-1-enes may actually be mixtures of #-alk-
I-enes and certain non-terminal alkenes.

In the Ribesalbes pyrolysate, three relatively abundant al-
kadienes were identified: 1,18-heptacosadiene. 1.20-nona-
cosadiene, and 1,22-triacontane (Fig. 1). They were identified
on basis of relative retention time and mass spectral data
described elsewhere (GATELLIER et al., 1993).

Aromatic Hydrocarbons

C,-C; alkylated benzenes are abundant compounds in all
three pyrolysates, but in the Cerdanya pyrolysate they are

the dominant pyrolysis products (Fig. 1; Table 3). These
alkylbenzenes were identified on the basis of published mass
spectral and relative retention time data (HARTGERS et al.,
1992). The summed mass chromatograms of »1/z 91 + 92
+ 105+ 106 + 119 + 120 + 133 + 134 are used to illustrate
the relative abundance of the various alkylbenzene isomers
since the ions summed are the major ions in the mass spectra
of these compounds. Although these chromatograms look at
first glance rather similar, significant differences can be noted,
especially when the Ribesalbes and Cerdanya kerogen pyrol-
ysate are compared. In the Ribesalbes kerogen pyrolysate,
the “linear alkylbenzenes” (i.e., alkylbenzenes that can be
thought of as the result of a cyclization and aromatization
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FiG. 3. Partial mass chromatograms of m/z 55 revealing the distributions of the Co—C,, alkenes in the flash pyrolysates
of the kerogens of (a) Ribesalbes, (b) Campins, and (¢) Cerdanya.

of a linear precursor) represented by the black peaks (Fig.
4) are relatively more abundant than the other alkylbenzenes.
The alkylbenzene distribution of the Campins kerogen py-

rolysate is intermediate in this respect.

Series of long-chain alkylbenzenes were also detected 1n
the flash pyrolysates by mass chromatography of m/z 91

+ 92 (n-alkylbenzenes) and 105 + 106 (o-, m-, and p-n-
alkyltoluenes). Bar plots showing the distribution patterns
of these homologous series are shown in Fig. 5. In the Ri-
besalbes and Campins kerogen pyrolysates these series range
to C.s, whereas in the Cerdanya kerogen pyrolysate, they
stop at Cso, and C,s, members are much less abundant than
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benzene

thiophene

toluene
2-methylthiophene
3-methylthiophene
ethylbenzene
2-ethylthiophene
2,5-dimethylthiophene
m- and p-xylene

10 2,4-dimethylthiophene
11 2,3-dimethylthiophene
12 o-Xxylene

13 2-propylthiophene

14 propylbenzene

15  2-ethyl-5-methylthiophene
16 l-ethyl-3-methylbenzene
17  2,3,5,-trimethylthiophene

00 JdJ O U &H W N

O

* numbers refer to Figs. |A-C

in the Ribesalbes and Campins kerogen pyrolysates. Another
important difference is the abundance of n-alkylbenzenes
relative to n-alkyltoluenes. In the Ribesalbes kerogen pyroly-
sate, the former compounds dominate, whilst in the Cerdanya
kerogen pyrolysate the latter compounds are prominent. In
this respect, the Campins kerogen pyrolysate composition is
intermediate. The major alkyltoluene isomers are the linear
o-alkyltoluenes 1n the case of the Ribesalbes and Campins
kerogen pyrolysates, but m-alkyltoluenes in the Cerdanya
kerogen pyrolysate.

Alkylnaphthalenes were also detected in all three pyroly-
sates (' Table 1). They were somewhat more abundant in the
Cerdanya kerogen pyrolysate. The distribution patterns of
the C,-C, alkylated naphthalenes are rather similar. As an
example, the summed mass chromatogram of m/z 128
+ 141 + 142 + 155+ 156 + 169 + 170 + 183 + 184 reveals
the complicated pattern of naphthalene and the structural
isomers of C,—C, alkylated naphthalenes (Fig. 6). They were
identified by inspection of mass spectra and comparison of
relative retention time data with literature data (LEE et al..
1979; ROWLAND et al., 1984; FORSTER et al., 1989). Extended
series of 1- and 2-alkylnaphthalenes (m71/z 141) were tenta-
tively identified in the Ribesalbes kerogen pyrolysate.

Alkylindenes, -indanes, and -phenanthrenes also were en-
countered 1n all three pyrolysates (Table 6), and, as in the
case of the alkylnaphthalenes, they were more abundant in
the Cerdanya kerogen pyrolysate.

Oxygen-containing Compounds

Two classes of compounds were detected as major com-
pounds 1n the flash pyrolysates; alkylated phenols and alka-
nones. Their abundance in the pyrolysates was highly variable.

Alkylphenols were very abundant in the Cerdanya kerogen
pyrolysate, but represented trace compounds in the Ribesalbes
kerogen pyrolysate (Table 6). A partial, summed mass chro-
matogram of m/z 94 + 107 + 108 + 121 + 122 + 135
+ 136 for the three pyrolysates reveals the distribution of
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33
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Table 3. Major compounds identified in the flash pyrolysates?®

1,2,4-trimethylbenzene
phenol
1,2,3-trimethylbenzene
indane

indene

butylbenzene
2-methylphenol

3- and 4-methylphenol
1,2,3,4-tetramethylbenzene
naphthalene
4-ethylphenol
l-methylnaphthalene
2-methylnaphthalene
C,-naphthalenes
prist-]1-ene

prist-2-ene

phenol and 1ts C,-C; alkylated derivatives, the major alkyl-
phenols detected (Fig. 7). Structural isomers were identified
using the unpublished data of VAN BERGEN. There are no
major differences in the alkylphenol distributions (Fig. 7).

A homologous series of alkan-2-ones was detected in the
three pyrolysates (Fig. 8). This homologous series extends
to C;, for the Ribesalbes and Campins kerogen pyrolysate,
with decan-2-one and undecan-2-one dominating in the Ri-
besalbes kerogen pyrolysate. Monounsaturated alkan-2-ones
with the double bond in the w-position also are present, al-
though 1n lower amounts, and elute just before the alkan-2-
ones. An homologous series of alkan-3-ones as revealed by
the m/z 72 mass chromatogram is present only in the Ri-
besalbes kerogen pyrolysate, but 1s much less dominant than
the alkan-2-ones series.

In the m/z 58 mass chromatogram of the Ribesalbes and
Campins kerogen pyrolysates, a third homologous series
starting at C,, 1s detected. The compounds comprising this
series elute somewhat earlier than the alkan-2-ones. In the
Ribesalbes pyrolysate, this series is much more abundant than
1in the Campins kerogen pyrolysate and its distribution shows
marked maxima at C,; and C,9. These maxima also are ob-
served 1n the Campins kerogen pyrolysate. The mass spectra
of these compounds are characterized by ions at m/z 58,
141, 155, M*-113, and M "-127. The first three ions were
used to reveal the distribution of these series of compounds
(Fig. 9). Although the latter two mass chromatograms seem
to match perfectly, the maxima of the peaks consistently differ
one scan. A similar phenomenon has been described for the
flash pyrolysate of Balkashite and algaenan isolated from cul-
tured Botryococcus braunii race A (GATELLIER et al., 1993).
These authors have identified these homologous series as
comprising almost coeluting alkan-9-ones (giving rise to the
ions at m/z 58, 141, and M*-113) and alkan-10-ones (giving
rise to the ions at m/z 58, 155, and M *-127) using authentic
standards. Both series are accompanied by their monoun-
saturated counterparts, with the double bond in the w-position
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FIG . 4. Partial summed mass chromatograms of m/z 91 + 92 + 105 + 106 + 119 + 120 + 133 + 140 revealﬁing
the distributions of the C,-C, alkylated benzenes in the flash pyrolysates of the kerogens pf( a_) Ribesalbes, (b) Campins,
and (c¢) Cerdanya. Numbers refer to compounds listed in Table 4. Alkylbenzenes with linear carbon skeletons are

indicated in black.

(alk-1-en-w’-ones* and alk-1-en-w'’-ones), as is clearly re-
vealed in Fig. 9¢.d. It should be stressed that the Cy; and Cyg
members of these series of saturated and mono-
unsaturated “‘mid-chain’ ketones are major pyrolysis prod-

t alk-1-en-w’-ones means alkan-9-ones possessing a terminal double
bond.

ucts in the Ribesalbes kerogen pyrolysate (cf. Fig. 9a,b;
Fig. 1a).

Sulphur-containing Compounds

The pyrolysates of all three oil shales contain organic sul-
phur compounds. Alkylthiophenes are more dominant than
alkylbenzothiophenes, and alkylthiolanes and -thianes are
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Table 4. Alkylbenzenes identified in the flash pyrolysates®

toluene

ethylbenzene

m-Xxylene

p-Xylene

o-xylene

1Isopropylbenzene
propylbenzene
l-ethyl-3-methylbenzene
l-ethyl-4-methylbenzene
1,3,5-trimethylbenzene

11 l-ethyl-2-methylbenzene

12 1,2,4-trimethylbenzene

13 1,2,3-trimethylbenzene

14 | -1sopropyl-3-methylbenzene
15 |1 -1sopropyl-4-methylbenzene
16 1-1sopropyl-2-methylbenzene

\O 00 ~J O v & W N —

—
o

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

®* numbers refer to Fig. 4

only minor compounds (Table 6). The pyrolysates of Ri-
besalbes and Campins kerogens contained relatively more
sulphur compounds than that of Cerdanya kerogen (Ta-
ble 6).

The distributions of the C,-C¢ alkylated thiophenes were
determined by summed, accurate mass chromatogram of
mfz97+98+ 111 + 112+ 125+ 126 + 139 + 140 + 153
+ 154 + 167 + 168 (Fig. 10). Alkylthiophenes were identified
using data published by SINNINGHE DAMSTE et al. (1988a).
Alkylthiophenes with a linear carbon skeleton (i.e., 2-alkyl-
and 2,5-dialkylthiophenes) are much more dominant in the
Ribesalbes (Fig. 10a) than in the Cerdanya kerogen pyrolysate
(Fig. 10c). Also, in the latter pyrolysate C,~Cg, alkylthio-
phenes are much less abundant than in the Ribesalbes kerogen
pyrolysate. In both aspects of the distributions of the C,-Cs
alkylated thiophenes, the pyrolysate of the Campins kerogen
1s intermediate (cf. Fig. 10b with 10a and 10c¢).

Homologous series of long-chain alkylthiophenes occur in
all three pyrolysates. They extend to Cs, in the Ribesalbes
and Campins kerogen pyrolysate. The 2-alkylthiophene and
2-alkyl-5-methylthiophene series are the most abundant, but
the 2-alkyl-5-ethylthiophene series is present also. The ac-
curate mass chromatograms of m/z 97 (Fig. 11) show the
distnibutions of the 2-alkylthiophenes in the three pyrolysates.
[n the Ribesalbes kerogen pyrolysate, the higher molecular-
weight compounds are much more abundant than in the
Cerdanya kerogen pyrolysate, in which they extend to C,;.
The Campins kerogen pyrolysate is, once again, intermediate
In this respect. The same holds for the 2-alkyl-5-methylthio-
phenes (Fig. 12).

Alkylthiolane and -thianes were present only in significant
amounts in the Ribesalbes and Campins kerogen pyrolysate.
The mass chromatograms of m/z 87 reveal the distribution
of the 2-alkylthiolanes, which extends to Cs, (Fig. 13). The
higher molecular-weight 2-alkylthiolanes are much more
abundant in the Ribesalbes kerogen pyrolysate. The higher
molecular-weight 2-alkyl-S-methylthiolanes and 2-alkylthi-
anes also are more abundant in the Ribesalbes kerogen py-
rolysate, although not as pronounced as in the 2-alkylthiolane

1,3-diethylbenzene
l-methyl-3-propylbenzene
l-methyl-4-propylbenzene
1,4-diethylbenzene
butylbenzene
1,2-diethylbenzene
l-ethyl-3,5-dimethylbenzene
l-methyl-2-propylbenzene
2-ethyl-1,4-dimethylbenzene
| -ethyl-2,4-dimethylbenzene
l-ethyl-3,4-dimethylbenzene
2-ethyl-1,3-dimethylbenzene
|-ethyl-2,3-dimethylbenzene
1,2,4,5-tetramethylbenzene
1,2,3,5-tetramethylbenzene
1,2,3,4-tetramethylbenzene

distribution (Fig. 14). The even-over-odd carbon number
predominance of the C,,, alkylthianes is observed in both
pyrolysates and 1s absent in the 2-alkyl-5-methylthiolane dis-
tribution.

In all three kerogen pyrolysates, alkylbenzothiophenes
could be i1dentified. Their abundance relative to other py-
rolysis products varies (Table 6). The distribution patterns
of the alkylbenzothiophenes with up to three carbon atoms
in their side chain(s) are rather similar for the three kerogen
pyrolysates (Fig. 15). However, alkylbenzothiophenes with
linear carbon skeletons are more dominant in the Ribesalbes
kerogen pyrolysate and less dominant in the Cerdanya ker-
ogen pyrolysate.

DISCUSSION
Ribesalbes Kerogen

The organic matter in the Ribesalbes oil shale is derived
mainly from remains of the freshwater alga Botryococcus
braunii. Evidence for this conclusion is based on the pyrolysis
results. The distributions of n-alkanes, n-alkenes, n-alka-
dienes, n-alkan-9-ones and -10-ones, and of their unsaturated
counterparts in the flash pyrolysate of the Ribesalbes kerogen,
i1s strikingly similar to that reported for a Coorongite (Bal-
kashite; GATELLIER et al., 1993). Balkashite is a Recent sed-
iment found on the shorelines of Lake Balkash (Kazachstan )
and 1s composed mainly of remains of B. braunii race A.
Flash pyrolysis of this latter sediment after extraction also
generated a pyrolysate consisting of many homologous series
of n-alk-1-enes, n-alkadienes, and »n-alkanes and abundant
C,; and Cyy n-alkadienes, n-alkan-9-ones, n-alk-1-en-w’-ones.
n-alkan-10-ones, and n-alk-1-en-w'°-ones (GATELLIER et al.,
1993; cf. Figs. 1a and 16). The series of n-alk-1-enes, n-
alkadienes, and n-alkanes are the major pyrolysis products
of the aliphatic biomacromolecule algaenan of the outer cell
walls of B. braunii, as demonstrated by Py-GC-MS analysis
of the algaenan isolated from a strain of B. braunii race A
(GATELLIER et al., 1993). The abundant C,; and C,o -
alkadienes, n-alkan-9-ones, n-alk-1-en-w’-ones, n-alkan-10-
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FIG. 6. Partial summed mass chromatograms of m/z 128 + 141 + 142 + 155 + 156 + 169 + 170 + 183 + 184
llustrating the distribution of naphthalene and C,-C, alkylated naphthalenes in the Cerdanya kerogen pyrolysate.

Numbers refer to compounds listed in Table 5.

ones, and n-alk-1-en-w '’-ones are thought to be derived from
an 1nsoluble polymeric fraction consisting of C,,, C»o. and.
to a lesser extent, Cs, n-alkadienes and -trienes and dialkenyl
ether lipids (METZGER et al., 1992) cross linked with each
other by ether bridges located at positions 9 and 10 of the
linear n-alkyl building blocks. These lipids are abundant
components (40-60% of the dry biomass) of B. braunii race
A (METZGER et al., 1992), and are thought to be mopped
up 1n a polymeric fraction during deposition of this material
on the shores of Lake Balkish under oxidative conditions
(GATELLIER et al., 1993). Studies with model compounds
(1.e., 1solated ether lipids of B. braunii race A) have dem-

Table 5. Alkylnaphthalenes identified in the flash pyrolysates®

onstrated that C,; and C,4 n-alkadienes, n-alkan-9-ones, and
n-alk-1-en-w’-ones, and n-alkan-10-ones and 7-alk-1-en-w '°-
ones, are generated from ether-bound C,; and C,, n-alkenes
by flash pyrolysis (Gatellier et al., unpubl. data). Abundant
C,; and Cyg n-alkan-9-ones, n-alk-1-en-w’-ones, n-alkan-10-
ones, and n-alk-1-en-w '’-ones have so far not been found in
other kerogen pyrolyzates and are thus very characteristic
markers for fossilized remains of B. braunii.

The conclusion that the organic matter of the Ribesalbes
o1l shale is derived for a significant part from the aliphatic
biopolymer of fossilized outer cell walls of B. braunii is sup-
ported also by the bulk and, to some extent, by the palyno-

] naphthalene 19 1,3,5-trimethylnaphthalene

2 2-methylnaphthalene 20 2,3,6-trimethylnaphthalene

3 l-methylnaphthalene 21 1,2,7-trimethylnaphthalene

4 2-ethylnaphthalene 22 1,6,7-trimethylnaphthalene

5 2,6-dimethylnaphthalene 23 1,2,6-trimethylnaphthalene

6 2,7-dimethylnaphthalene 24 1,2,4-trimethylnaphthalene

7 1,3-dimethylnaphthalene 25 1,2,5-trimethylnaphthalene

8 l,7-dimethylnaphthalene 26 1,2,3-trimethylnaphthalene

9 1,6-dimethylnaphthalene 27 C,-naphthalenes

10 2,3- and 1,4-dimethylnaphthalene 28 1,3,5,7-tetramethylnaphthalene
11 1,5-dimethylnaphthalene 29 1,3,6,7-tetramethylnaphthalene
12 1,2-dimethylnaphthalene 30 1,2,4,7-tetramethylnaphthalene
13 2-propylnaphthalene 31 1,2,5,7-tetramethylnaphthalene
14 l-propylnaphthalene 32 2,3,6,7-tetramethylnaphthalene
15 ethylmethylnaphthalenes 33 1,2,6,7-tetramethylnaphthalene
16 1,3,7-trimethylnaphthalene 34 1,2,3,7-tetramethylnaphthalene
17 1,3,6-trimethylnaphthalene 35 1,2,3,6-tetramethylnaphthalene
18 1,4,6-trimethylnaphthalene 36 1,2,5,6-tetramethylnaphthalene

* numbers refer to Fig. 6

ﬁ
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FiG. 7. Partial summed mass chromatograms of m/z 94 + 107 + 108 + 121 + 122 + 135 + 136 _revealmg the
distributions of phenol and C,-C; alkylated phenols in the flash pyrolysates of the kerogens of (a) Ribesalbes, (b)
Campins, and (c) Cerdanya. Key: 1 = phenol, 2 = 2-methylphenol, 3 = 4-melhylphenol, 4 = 3-methylphenol, 5
= 2.6-dimethylphenol, 6 = 2-ethylphenol, 7 = 2,4-dimethylphenol, 8 = 2,S-d1methylphenol, § = 4-ethylphenol, 10
= 3-ethylphenol, 11 = 3,5-dimethylphenol, 12 = 2 .3-dimethylphenol, 13 = 3,4-dimethylphenol, and 14 = C;-phenols.

logical data. The very high atomic H/C ratio 1s consistent GATELLIER et al.. 1993). Furthermore, microscopic exami-
with that reported for algaenan isolated from extant B. braunii nation of the Ribesalbes kerogen revealed the presence‘of few
(1.78: LARGEAU et al., 1986) and that of Balkashite (1.82; B. braunii spp., whilst the fluorescence of the SOM 1s very
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FIG. 8. Accurate (mass window 0.02) mass chromatograms of 71/z 58.06 revealing the distributions of the n-alkan-
2-ones in the flash pyrolysates of the kerogens of (a) Ribesalbes, (b) Campins, and (¢) Cerdanya.

similar to that of the B. braunii spp. This indicates, in our
opinion, that a substantial part of the kerogen is composed
of outer cell walls of B. braunii, although the morphology of
most of the outer cell walls cannot be recognized anymore
by light microscopy, most likely due to diagenetic alteration.
This 1s further supported by micrographs obtained by scan-
ning electron microscopy (Fig. 17) of the Ribesalbes kerogen
and the Pliocene Pula alginite from Hungary (S. Derenne
and C. Largeau, unpubl. data). This latter sample is composed
almost exclusively of well-preserved B. braunii colonies in
which the morphology is very close to that of extant B. braunii
colonies (DERENNE et al., 1992). The B. braunii colonies
can still be recognized in the Ribesalbes kerogen despite the

fact that the initial morphology seems to be markedly affected
(Fig. 17).

Circumstantial evidence for diagenetic alteration of the
fossilized lipids and algaenan of B. braunii is provided by the
abundance of alkylbenzenes and sulphur compounds in the
flash pyrolysate of the Ribesalbes kerogen (Fig. 1; Table 6).
It 1s known that these compounds are only minor compounds
In pyrolyzates of algaenans isolated from cultured B. braunii
(LARGEAU et al., 1986; GATELLIER et al., 1992), indicating
that the moieties from which these compounds are derived
must have been formed during sediment diagenesis. Inorganic
sulphur species (e.g., HS ", HS. ) can react with functionalized
lipids during early diagenesis and lead to the formation of
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FiG. 9. Partial TIC trace (a) and mass chromatograms of 71/z 58 (b); 141 (¢);and 155 (d) illustrating the distributions
of the n-alkan-2-ones (open triangles), n-alk-w-en-2-ones (closed triangles), n-alkan-9-ones (open squares), n-alk-1-
en-w’-ones (closed squares), n-alkan-10-ones (open circles), and n-alk-1 -en-w'’-ones (closed circles) in the flash pyrolysate
of the Ribesalbes kerogen. Numbers indicate total number of carbon atoms of these homologous series. Stars indicate
n-alkanes. The number of carbon atoms is indicated with italic numbers.

low molecular-weight sulphur compounds and sulphur-con-
taining moieties in high molecular-weight substances, de-
pending on the precursor substrates (for a review see SIN-
NINGHE DAMSTE and DE LEEUW, 1990). Incorporation of
sulphur in aliphatic biopolymers has been documented
(DERENNE et al., 1990b; DOUGLAS et al., 1991, 1992), and
leads to the formation of macromolecularly bound thiophene,
thiolane, thiane, and benzothiophene moieties with linear
carbon skeletons. The distribution of C,-Cg alkylthiophenes
in the Ribesalbes kerogen pyrolysate (Fig. 10a) is dominated
also by alkylthiophenes with linear carbon skeletons (1.e., 2-

alkylthiophenes and 2-alkyl-5-methylthiophenes) derived
from precursor moieties with linear carbon skeletons via B-
cleavage of the alkyl side-chain (SINNINGHE DAMSTE et al.,
1989a: EGLINTON et al., 1992). Since it is well known that
the lipids and the algaenan biosynthesized by B. braunii con-
tain double bonds ( BERK ALOFF et al., 1983; KADOURI et al.,
1988: GATELLIER et al., 1992) which may act as sites for
sulphur addition, diagenetic modification of the structure of
the sedimentary algaenan and cross-linked lipids by sulphur
incorporation is not unlikely. Another possibility, instead of
the addition of sulphur to the double bonds present, is Cy-
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clization and aromatization leading to the formation of mac-
romolecularly bound alkylbenzene moieties (DERENNE et al..
1989, 1990b; DOUGLAS et al., 1991). Upon flash pyrolysis
“linear” alkylbenzenes are generated from these moieties.
The distnibution of the C,-C¢ alkylbenzenes in the Ribesalbes
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Table 6. Gross composition of flash pyrolysates®

Ribesalbes Campins Cerdanya

n-alkanes
n-alk-1-enes
n-alk-1,w°-dienes
alkylbenzenes
alkylnaphthalenes

alkylindenes

alkylphenanthrenes/alkylanthracenes

alkylphenols

alkan-2-ones

alkan-3-ones

alkan-9-(and 10)-ones
alken-9-(and 10)-ones
alkylthiophenes

alkylthiolanes and alkylthianes

alkylbenzothiophenes

+++ R ++
vt - -
+4+ + -
++++ +4 44
et ++ ++
+ ++ ++
+ + -
+ +4 +++
++ + +
+ it =
+4+ - -
++ + -
s ot +
+ 44 -
+4 KRS -

® as judged from the relative concentration in the total ion current of the
most abundant component of a compound class. Key: ++++ = compound class
which comprises the most abundant component in the pyrolysate; +++ = 50-
100 % of the most abundant component; ++ = 10-50 % of the most abundant
component; + = <10 % of the most abundant component; - = concentration

below detection limit.

kerogen pyrolysate (Fig. 4a) reveals a dominance of linear
alkylbenzenes, especially when compared to alkylbenzene
distributions of other kerogen pyrolysates (HARTGERS et al..
1992, 1993). Furthermore, 1n the long-chain alkylbenzene
distributions, the “‘linear” o-alkyltoluenes dominate over

Table 7. Alkylthiophenes identified in the flash pyrolysates®

2-methylthiophene
3-methylthiophene
2-ethylthiophene
2,5-dimethylthiophene
2,4-dimethylthiophene
2,3-dimethylthiophene
3,4-dimethylthiophene
2-propylthiophene
2-ethyl-5-methylthiophene
2-ethyl-4-methylthiophene
ethylmethylthiophene
2,3,5-trimethylthiophene
2,3,4-trimethylthiophene
3-1sopropyl-2-methylthiophene
2-methyl-5-propylthiophene
2,5-diethylthiophene
2-butylthiophene
2-ethyl-3,5-dimethylthiophene

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

— —

ethyldimethylthiophene
5-ethyl-2,3-dimethylthiophene
ethyldimethylthiophene
ethyldimethylthiophene
ethyldimethylthiophene
2,3,4,5-tetramethylthiophene
2-ethyl-5-propylthiophene
3,5-dimethyl-2-propylthiophene
C.-thiophene
2-butyl-5-methylthiophene
2-pentylthiophene
2,3-dimethyl-5-propylthiophene
ethyltrimethylthiophene
ethyltrimethylthiophene
2-butyl-5-ethylthiophene
2-butyl-3,5-dimethylthiophene
2-methyl-5-pentylthiophene
2-hexylthiophene

* numbers refer to Figs. 10 and 11
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mass chromatogram of m/z 97.01 + 98.01 + 111.03

4+ 11203 + 125.03 + 126.03 + 139.03 + 140.03 + 153.03 + 154.03 + 167.03 + 168.03 illustrating the distribution
of the C,—C, alkylated thiophenes in the flash pyrolysates of the kerogens of (a) Ribesalbes, (b) Campins, and (c)
Cerdanya. Numbers refer to compounds listed in Table 7. Peaks corresponding to alkylthiophenes with linear carbon

skeletons are indicated 1n black.

other structural isomers (Fig. 5), lending further support to
the idea that cyclization and aromatization in the sedimentary
algaenan and cross-linked lipids has occurred. These two
processes (1.e., sulphurization and cyclization /aromatization )

have altered the structure of the biosynthesized algaenan and

also may have led to modification of the morphology.
Sulphur incorporation into organic matter during early

diagenesis requires the amount of reduced inorganic sulphur
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FIG. 11. Accurate mass chromatograms ( mass window 0.03) of m1/z 97.01 showing the distributions of 2-alkylthio-

phenes in the pyrolysates of the kerogens of (a) Ribesalbes, (b) Campins, and (¢) Cerdanya. The mass chromatograms
are normalized to 2-ethylthiophene. Roman numbers refer to compounds listed in Table 7. Italic numbers indicate

total number of carbon atoms of 2-alkylthiophenes.

species generated by sulphate-reducing bacteria to be higher
than necessary for the conversion of active iron species into
iron sulphides. In lacustrine depositional environments, these
conditions are quite rare, since sulphate reduction is often
limited by the low amounts of sulphate (GRANSCH and POs-
THUMA, 1974). In the depositional palacoenvironment of
the Ribesalbes o1l shale this was obviously not the case, most
likely due to an input of sulphate by weathering of surround-
ing gypsum rocks (ANADON et al., 1989). These rather un-
usual circumstances led to euxinic conditions in the mer-
omictic lacustrine basin which, in turn, favoured the sul-
phunzation of organic matter produced in the photic zone

of the freshwater part of the water column. Input of active
iron species was low since the amount of pyrite in the sedi-
ment 1S low. These conditions led to a very high organic
sulphur content and, consequently, to a high atomic S,,/C
ratio (0.056) of the sedimentary organic matter. In this con-
text, 1t should be noted that ORR (1986 ) has defined organic
sulphur-rich Type Il kerogens as Type II-S kerogens when
atomic S,/ C ratios were greater than 0.04. Following the
same definition, we propose here to classify the Ribesalbes
kerogen as a Type I-S kerogen characterized by both high
atomic H/C and S,,,/C ratios.

The fact that the kerogen 1s comprised mainly of fossilized
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FiG. 12. Bar plot showing the distributions (measured from peak heights in m/z 111 mass chromatograms) of 2-
alkyl-S-methylthiophenes in the pyrolysates of the kerogens indicated.

organic matter of B. braunii reveals that this alga was the parent from the biomarker composition data (DE LAS HERAS,
major contributor of organic matter to this sediment. It 1s, 1989). It 1s well known that B. braunii algae biosynthesize
therefore, quite remarkable that such a conclusion 1s not ap- large amount of hydrocarbons (for a review see METZGER et
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FIG. 13. Mass chromatograms of m/z 87 (major homologous series) showing the distributions of 2-alkylt_hiolanes
and 2-alk-w-enylthiolanes (eluting just before the 2-alkylthiolanes) in the pyrolysates of the kerogens of (a) Ribesalbes
and (b) Campins. Numbers indicate total number of carbon atoms.
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FI1G. 14. Bar plots showing the distributions ( measured from peak heights in mass chromatograms m1/z 101) of the
homologous series of 2-alkyl-5-methylthiolanes and 2-alkylthianes present in the flash pyrolysates of the kerogens of

(a) Ribesalbes and (b) Campins.

al., 1992). The structures of the hydrocarbons produced de-
pend on the race. Race A biosynthesizes large amounts of
(C,3-C5, n-alkadienes and trienes dominated by the C,,; and
C,9 members (METZGER et al., 1985, 1986), whereas race B
produces C;,—C5; triterpenoid hydrocarbons, the botryococ-
cenes of general formula C,H>,.;,o (METZGER et al.. 1985:
DAVID et al., 1988). The L race 1s characterized by the pro-
duction of lycopa-14,18-diene (METZGER and CASADEVALL.
1987; METZGER et al., 1988). None of these alkenes have
been 1dentified in the Ribesalbes oil shale (DE LAS HERAS,
1989 ). Although C,;-C;, n-alkanes are present in the Ribes-
albes o1l shale (DE LAS HERAS, 1989). their distribution is
more consistent with an origin from epicuticular waxes from
higher plants (EGLINTON and HAMILTON, 1963) than from
hydrogenated n-alkadienes and trienes from B. braunii. Ly-
copadiene was not expected to be found because the algaenan
of B. braunii race L is composed of isoprenoid alkyl chains
(METZGER and CASADEVALL, 1987; DERENNE et al., 1989.
1990a) and, thus, has a completely different structure from
those from races A and B (LARGEAU et al., 1986;: KADOURI
et al., 1988) and the kerogen of Ribesalbes oil shale. However,
biomarkers of race A or B should be highly abundant. An
explanation for this observed discrepancy could be that the

n-alkadienes and -trienes or botryococcenes have been sul-
phurized completely during early diagenesis so that their car-
bon skeletons are not present in the hydrocarbon fraction of
the sediment extract.

DE LAS HERAS (1989) has analyzed the low molecular-
weight organic sulphur compounds but could not find organic
sulphur compounds possessing such carbon skeletons. The
possibility remains that these alkenes have become part of
the macromolecular aggregates which are formed by inter-
molecular sulphur cross linking of lipids during early dia-
genesis (SINNINNGHE DAMSTE et al., 1988b; KOHNEN et al..
1991a,b; DE GRAAF et al., 1992). Therefore, the polar fraction
of the sediment extract containing these aggregates was de-
sulphurized with Raney Ni. A very high yield (ca. 60%) of
saturated hydrocarbons was obtained. C;s hopanes (IV and
V, Fig. 18), n-alkanes, phytane (II), Cy (1), and C,s (III)
highly branched isoprenoid alkanes, and C,; and Cs
da(H),14a(H),17a(H)-, and 58(H),14a(H),17a(H)-ster-
anes are abundant. The distribution of the n-alkanes is dom-
inated by the C,; and C,9 members, clearly indicating that
the long-chain n-alkadienes and -trienes biosynthesized by
B. braunii race A have become sulphurized during the early
stages of diagenesis. It is worthy of note that the organic matter
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FIG. 15. Partial, accurate (mass window 0.03) mass chromatograms of m/z 134.02 + 147.02 + 148.02 + 161.02
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the flash pyrolysates of the kerogens of (a) Ribesalbes, (b) Campins, and (c¢) Cerdanya. Key: 1 = benzo[b]thiophene,
2 = 7-methylbenzo[b]thiophene, 3 = 2-methylbenzo[b]thiophene, 4 = 5-methylbenzo[b]thiophene, 5 = @-methyl-
benzo[b]thiophene, 6 = 4-methylbenzo [ #]thiophene, 7 = 3-methylbenzo [ 5] thiophene, 8 = C,-benzo[b]thiophenes,
9 = 2-ethylbenzo[b]thiophene, 10 = 4-ethylbenzo[b]thiophene, 11 = 2.4-dimethylbenzo[ b]thiophene, 12 = 2_.3-
dimethylbenzo[b]thiophene, and 13 = C;-benzo[b]thiophenes. Peaks corresponding to alkylbenzothiophenes with
linear carbon skeletons are indicated in black.

409




410 J. S. Sinninghe Damsté et al.

Balkashite
saturated and unsaturated
/7 /7] alkan-9- and 10-ones and TlC
alkadienes
A
10
2 —
7 ®
o
& |
s | @ |
C b 15 |
D @ @ O = |
> c S i |
— ® X !
o d e © !
D "% @
— X % 20
| 4 K X K i
' §
[ i H
Al
1R
A0 I
LN
4T
f )

0 500 1000 1500

I
2000

s LS B e AT T o e
2500 3000 3500 4000

= Scan number

FI1G. 16. TIC trace of the flash pyrolysate (Curie temperature 610°C) of the extracted Balkashite (modified from
GATELLIER et al., 1993). Peak assignments are as in Fig. 1a. a = nona-2-one, b = nonanal, ¢ = decan-2-one, and d

= undecan-2-one.

consists for the far greater part (estimated to be >95%) of
preserved material of one organism (1.e., B. braunii race A),
whilst the biomarker composite, including the sulphurized
biomarkers, contains signals from many other organisms [e.g..
higher plants, (cyano)bacteria (IV and V), diatoms (III).
other green algae (I)] in the same order of magnitude as that
from B. braunii. This can only be explained by the fact that
certain organisms contain highly resistant macromolecular
material and lipids which are selectively preserved as such
or after sulphurization (TEGELAAR et al., 1989), whilst other
organisms lack these matenals.

These findings are 1n good agreement with observations
made for the Messel Oil Shale (see introduction ) and illustrate
that low molecular-weight biomarkers cannot always be used
to assess the major contributors of organic matter to sedi-
ments. It should be noted that the Messel Oil Shale is not
rich 1n organic sulphur, indicating that natural sulphurization
was not an important mechanism for “hiding” biomarkers
from the alga 7. minimum. Therefore, biomarkers can also
give a biased view of the major sources of organic matter in
depositional environments where sulphurization of organic
matter 1S not an important process.

The abundance of the C,; and C,¢ n-alkanes in the desul-
phurized polar fraction of the extract of the Ribesalbes sed-

iment indicates that sulphurization of free lipids of B. braunii
was an important process 1n the depositional environment.
Therefore, 1t 1s likely that free lipids (alkadienes and -trienes,
ether lipids) were also incorporated 1n the kerogen fraction.
Sulphurization of these components probably occurred dur-
ing settling of dead algal bodies through the anoxic part of
the water column or in the sediment. This mechanism of
incorporation of lipids of B. braunii into the kerogen is ba-
sically difterent, as in the case of Coorongite formation where
floating B. braunii cells are pushed on the shorelines of the
lake by the wind forces and oxidative polymerization of free
lipids leads to the formation of insoluble resistant material.
These different mechanisms essentially lead to oxygen cross
links 1n Balkashite and sulphur cross links in the Ribesalbes
kerogen. This hypothesis 1s also consistent with the higher
atomic O/C ratio of Balkashite (0.14; GATELLIER et al.,
1993) compared to that of the Ribesalbes kerogen (0.09;
Table 1). Because thermal degradation 1n both cases proceeds
mainly via reactions associated with the bond between the
hetero atom and a carbon atom, the pyrolysis products are
similar. In case of the pyrolyzate of the Ribesalbes kerogen,
the C,; and C,y n-alkan-9-ones, n-alk-1-en-w’-ones, n-alkan-
10-ones, and n-alk-1-en-w '°~ones must be related to sulphur-
bound ether lipids since oxidative polymerization of free lip-
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F1G. 17. Scanning electron micrographs of the isolated Ribesalbes kerogen (left panels) and the Pliocene Pula alginite
from Hungary (right panels).

ids, also giving rise to moieties generating these compounds
upon pyrolysis, did not play a role in the depositional envi-
ronment. This explanation is supported by the relatively lower
concentration of the C,; and C,9 mid-chain ketones in the
Ribesalbes kerogen pyrolyzate (cf. Figs. 1a and 16).

Campins Kerogen

The flash pyrolysate of the Campins kerogen 1s quite com-
parable to that of the Ribesalbes kerogen, although the specific
pyrolysis products of the B. braunii algaenan and cross-linked
lipids (e.g., n-alkadienes, n-alkan-9-ones, n-alkan-10-ones)
are significantly less abundant. It is concluded that organic
matter of B. braunii have contributed to the sedimentary
organic matter but that algaenans of other type(s) of lacus-
trine alga(e) were also important, producing a kerogen with
a high atomic H/C ratio (1.53). The microscopic data did
not provide a clue to what these other algae may be. In this
context it should be noted that algaenans do occur in other
types of lacustrine microalgae which cannot be recognized
in sediments with light or UV fluorescence microscopy
(LARGEAU et al., 1990; DERENNE et al., 1991). The alkyl-
thiophene, alkylbenzene, and alkylbenzothiophene distri-
butions also indicate the mixed origin for the kerogen since
the compounds with linear carbon skeletons are less domi-
nant. as in case of the Ribesalbes kerogen pyrolysate. The

atomic O/C ratio 1s higher than that of the Ribesalbes ker-
ogen, consistent with the higher relative abundance of al-
kylphenols in the pyrolysate (Table 4). The alkylphenols 1n
the pyrolysate may be derived from partly degraded woody
tissue material. Nip et al. (1988 ) also reported abundant phe-
nols in the flash pyrolysate of the lacustrine Messel O1l Shale.
Alkylthiophenes and alkylbenzenes are dominant pyrolysis
products, indicating that sulphurization and cyclization/
aromatization processes also may have been important during
early diagenesis of the Campins kerogen. Elemental com-
position data in combination with the abundance of alkyl-
thiophenes in the flash pyrolysate revealed the unusual con-
centration of organic sulphur in this Type I kerogen. Follow-
ing our reasoning described previously, this kerogen should
also be classified as a Type I-S kerogen. The amount of pyrite
present in the sediment is quite substantial, as indicated by
the elemental composition (Table 1) and the microscopic
data. This demonstrates that even with the abundant presence
of reactive iron species, sulphurization of organic matter 1n
lacustrine basins can be an important process if sulphate 1s
supplied from external sources.

Cerdanya Kerogen

The kerogen pyrolysate of the Cerdanya sample is strikingly
different from those of Ribesalbes and Campins kerogens
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Fi1G. 18. Gas chromatogram of the saturated hydrocarbons obtained by Raney Ni desulphurization of the polar
fraction of the extract of the Ribesalbes o1l shale. Numerals indicate number of carbon atoms of n-alkanes (indicated

with black dots). Filled tniangles indicate steranes.

(Fig. 1; Table 6): n-alkanes and n-alk-1-enes are only minor
compounds in the pyrolysate, which 1s dominated by aromatic
compounds (C,-C; alkylbenzenes and, to a lesser extent, al-
kylphenols and alkylnaphthalenes). This is consistent with
the lower atomic H/C ratio of the Cerdanya kerogen ( Table
| ). The alkylphenols are relatively more abundant than in
the pyrolysates of the Ribesalbes and Campins kerogens,
which 1s 1n good agreement with the much higher atomic
O/C ratio of this kerogen. This 1s probably due to a higher
contribution of terrestrial higher plant matenal to the kerogen,
which 1s suggested also by the higher amount of pollen grains
in this sample (Table 2). The most intriguing observation is
that this kerogen contains a significant contribution from
remains of the freshwater alga Pediastrum (Table 2). Al-
though biomacromolecules so far identified in algal cell walls
are always very aliphatic 1n nature (DE LEEUW and LARGEAU,
1992), we can speculate that the unusual abundance of al-
kylbenzenes in the Cerdanya kerogen pyrolysate results from
the presence of an aromatic or partly aromatic biomacrom-
olecule in Pediastrum. In this context, it should be noted that
the overall composition of the Cerdanya kerogen pyrolysate
1S quite similar to that of the Cambrian Alum shale (HORS-
FIELD et al., 1992), which was shown to be derived mainly
from algal remains as well. The unusual structure of kerogen
of the uranium-rich Alum shale might have been brought
about by uranium-related alteration effects, or, alternatively,
1ts structure might have been inherited directly from bio-
polymeric or carotenoid-derived precursors in algae and bac-
teria (HORSFIELD et al., 1992). The first hypothesis was re-
cently deemed unlikely by HARTGERS et al. (1993), but the
second suggestion 1s consistent with our hypothesis. The un-

usual series of non-terminal n-alkenes in the pyrolysate of
the Cerdanya kerogen also may be related to the presence of
an unknown biopolymer 1n Pediastrum spp. These hy-
potheses are currently under 1nvestigation 1n our laboratory
by analyses of cultured Pediastrum spp.

CONCLUSIONS

) A new type of kerogen, rich in both hydrogen and sulphur,
has been discovered 1n two lacustrine deposits. It 1s defined
as the Type I-S kerogen with an atomic H/C ratio > 1.5
and an atomic S,,/C ratio > 0.04 in analogy with the
Type II-S kerogen defined by ORR (1986). The Type I-
S kerogen 1s formed 1n depositional environments where
natural sulphurization (1.e., enrichment of organic matter
with organic sulphur by reaction with inorganic sulphides)
of hydrogen-rich algal remains 1s an important process.
In lacustrine depositional environments, which are most
prone to formation of hydrogen-rich kerogens, formation
of Type I-S kerogens will require an external source of
sulphate to enable a large production of inorganic sul-
phides. Sulphur-rich crude oils formed from lacustrine
source rocks (e.g., Rozel Point Oil, Utah, USA, 7.5% S;
SINNINGHE DAMSTE et al., 1987; oils from the Jianghan
Basin, China, 10.4-12.9% S; BRASSELL et al., 1988, SIN-
NINGHE DAMSTE et al., 1989b) are possibly generated by
thermal degradation of Type I-S kerogens.

2) In the Ribesalbes o1l shale, ca. 95% of the kerogen origi-
nates from organic matter of the alga B. braunii race A
by selective preservation of algaenan (a biomacromolecule
present 1n the outer cell walls) and sulphurization of free
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lipids. This latter process gives rise to high concentrations
of highly characteristic C,; and C,¢ alkadienes and mid-
chain ketones in the pyrolyzate due to the presence of
sulphurized dialkenyl ether lipids 1n the kerogen. These
characteristic pyrolysis products have also been observed
in the pyrolyzate of a Recent Coorongite, although the
ether lipids 1n this kerogen were probably incorporated
via oxidative cross linking and not via sulphurization.

3) Although the organic matter in the Ribesalbes Oil Shale
1s mainly derived from B. braunii, the biomarkers (1n-
cluding sulphurized biomarkers; KOHNEN et al., 1991a)
of this sediment are not at all dominated by chemical
fossils derived from B. braunii. A similar bias of the bio-
marker composition 1s apparent from literature data on
the Messel Oil Shale (ROBINSON et al., 1989; FREEMAN
etal., 1990 vs. GOTH et al., 1989). Therefore, biomarkers
must be used with caution to assess the major sources of
organic matter in sediments.

4) Results on the Cerdanya sample suggest that the freshwater
alga Pediastrum contains an aromatic or partly aromatic
biomacromolecule.
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