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ABSTRACT - An oil shale sample from the Gandarela Basin, Minas Gerais State, Brazil, was studied by
organic petrography and geochemistry techniques. The sample has a TOC content of 30% and a hydrogen
index of 887 mgHC/gTOC. Microscopic examination revealed dominance of orange fluorescent
amorphous kerogen and yellow fluorescent Botryococcus-type alginite. Microscopic features together
with the high hydrogen index point to a type I organic matter. The contribution of B. braunii is
supported by the release of homologous series of n-alkanes and alkylbenzenes when the kerogen is
submmited to hydrous pyrolysis. GC-MS and GC-MS-MS analyses of the aliphatic fraction isolated from
the organic extract showed the absence of biomarkers derived from Botryococcus type-algae, the
presence of n-alkanes from C,; up to C; with odd over even predominance maximizing at C,,, a high
relative abundance of des-A-lupane and the occurrence of a series of des-A-fernenes. In the aromatic
fraction, hydrocarbons with oleanane, lupane and arborane/fernane skeletons were identified. So, the
biomarker fingerprint pointed to a dominant higher plant input which is unexpected for a sample mostly
composed of fluorescent amorphous kerogen and remains of Botryococcus-type algae. The results show
that the combination of visual, bulk and pyrolytic analyses of the kerogen with free lipids data is essential
for the complete characterization of the depositional environment.

RESUMO - Uma amostra de folhelho negro da Bacia de Gandarela, localizada no Estado de Minas Gerais,
Brasil, foi estudada utilizando-se técnicas de petrografia e geoquimica organica. Os resultados obtidos
revelaram um teor de carbono orgénico de 30% e alto indice de hidrogénio, 887 mg HC/g COT. Ao
microscpio foi observado o predominio de matéria organica amorfa com fluorescéncia laranja e alginita
do tipo Botryoccocus com fluorescéncia amarela. Estas caracteristicas permitiram classificar a matéria
orgénica como sendo do tipo I. A contribuigdo de B.braunii foi confirmada pela liberagio de séries
homdélogas de alcanos e alquilbenzenos ao se submeter a amostra a hidropirélise. A andlise por CG-EM e
CG-EM-EM da fragdo de hidrocarbonetos alifdticos isolada do extrato organico, por sua vez, mostrou a
auséncia de botriococano e outros biomarcadores tipicos de algas do tipo Botryococcus; presenga de n-
alcanos de C,; até€ C,; com predomindncia dos homélogos impares e com méximo em C,,; alta abundéncia
relativa de des-A-lupano e a presenga de uma série de des-A-fernenos. Na fragdo de hidrocarbonetos
arométicos foram identificados compostos com esqueletos de oleanano, lupano e arborano/fernano. As
caracteristicas apresentadas pelos biomarcadores sdo, portanto, tipicas da contribui¢do de vegetais
superiores, 0 que ndo seria esperado para uma amostra composta, predominantemente, por matéria
orgénica amorfa com fluorescéncia e algas do tipo Botryococcus. Os resultados mostram que a combinagdo
de métodos de andlise do querogénio com a distribuigio dos lipideos livres € essencial para a descri¢io do
ambiente deposicional.

KEY WORDS - oil shale organic, petrography, organic geochemistry. Botryococcus, kerogen, hydious
pyrolisis.

INTRODUCTION

The recognition of biological markers in
ancient and recent sediments provides valuable
information regarding the origin of the deposited
organic matter (Seifert & Moldowan, 1981). For
instance, the contribution of bacteria is often
indicated by the presence of hopanoid compounds
(Ourisson et al., 1979), whereas the occurrence of
tetracyclics and pentacyclics with oleanane, ursane
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and lupane skeletons is taken as an indication of
angiosperm-derived organic matter (Stout, 1992).
Botryococcane represents a particularly
diagnostic biomarker for the assessment of
paleoenvironments. This C,, isoprenoidal alkane is
considered to be derived from botryococcene, a
compound known to exist only in Botryococcus
braunii, which is widely distributed in freshwater
lakes. Thus, the identification of botryococcane in
oils and sediments indicates the contribution of B.
braunii to the depositional environment. However,
despite the quite widespread presence of
Botryococcus remains in type I kerogen, this



specific biomarker was only detected in a few
extracts and oils, such as Sumatran oils (Moldowan
& Seifert, 1980; Seifert & Moldowan, 1981),
Australian coastal bitumen (McKirdy et al., 1986)
and Maoming oil shale (Brassell ez al., 1986). This

1 i in nart hy
observation may be explained, at least in part, by

the fact that of the three modern chemical races of
B. braunii (A, B and L; for a review see Metzger et
al., 1992), only race B produces botryococcene.
Therefore, the absence of botryococcane cannot
be interpreted as proof of the lack of a Botryococcus
contribution to the biomass. Derenne ez al. (1988),
for example, demonstrated the lack of
botryococcane in bitumens from several torbanites
(kerogen-rich oil shales mainly composed of an algal
residue similar to an extant B. braunii).

The Tertiary Gandarela Basin oil shale is a
good example of a Botryococcus-rich sediment in
Brazil. In order to reach a better understanding of
the relationships between bulk kerogen features
and biomarker distributions in this kind of
sediments, an outcrop sample from this basin was
investigated through organic petrography, Rock-
Eval pyrolysis and hydrous pyrolysis of the
kerogen, and GC-MS and GC-MS-MS analyses of
the bitumen.

The Gandarela Basin, with an area of 9 kmz,
is located in the Quadrilatero Ferrifero region,
southeastern Brazil (Fig. 1). The sedimentary
column comprises a sequence of lacustrine and flu-
vial-deltaic sandstones, siltstones, claystones and
lignites (Fig. 2), ranging in age from late Eocene to
early Miocene (Pinto & Regali, 1990). The origin of

e basin is related to extensional stresses. which
the basin is related to extensional stresses, which

shave controlled both the tectonic framework and
sediment deposition (Maizatto & Castro, 1993).
Recent palynological studies indicate a transition
from tropical humid climate during the late Eocene,
to semi-arid conditions in the Oligocene/Miocene
(Maizatto, 1997).

EXPERIMENTAL
Preparation of Samples

The oil shale sample was demineralized with
50% HCI and analysed for TOC content using a
WR-12 LECO apparatus. Pyrolysis analysis was
performed using the Rock-Eval method (Espitalié
etal., 1985). .

For visual kerogen investigation, one slice
of the sample was polished to be analysed by
fluorescence microscopy. A slice of the same sample
was crushed and treated with HC] and HF and
mounted on strewn slides to be analysed in both
transmitted white light and fluorescence

microscopy. The analyses were performed using a
Zeiss standard microscope equipped with a high
pressure mercury lamp (HBO 100W). The strewn
slide was qualitatively analysed at 160X
magnification. A point counting was carried out in

tha naliched cection nnder hlnia_licht aveitation an d
the polished section under blue-light excitation and

for this purpose a line perpendicular to the
stratification was scanned with an average
stepwidth of 1mm using a 40X magnification oil
objective. Photomicrographs were taken using an
image analysis system coupled to a Zeiss Axiophot
Microscope, model MPM 400. Reflected light and
fluorescence images were obtained with a 50X
magnification objective and oil immersion. For
fluorescence analyses an excitation filter G 395-
440 and a high pressure mercury lamp HBO 100W
were used.

Extraction, Fractionation and Analysis of the
Bitumen

The crushed sample was extracted in a
Soxhlet apparatus (CH,Cl,, 48h) and the aliphatic
and aromatic hydrocarbons were isolated from the
extract by medium pressure liquid chromatography
(MPLC; hexane as eluent). Gas chromatography-
mass spectrometry (GC-MS) and GC-MS-MS
biomarker analyses were carried out using Hewlett-
Packard 6890 series and TSQ-70 Finnigan MAT
systems. GC conditions: DB-5 fused silica capillary
column, 60m, 0.25 mm film thickness; injector
temperature (splitless injection), 300°C; temperature
program: 70°C (2 min) to 150°C at 20°C/min, 150°C
o 320°C at 5°C/min and isothermal for 20 min. GC-
MS-MS parent mode, monitoring the transitions
m/z 448 -> 154 and m/z 448 -> 110, was used in the
search of botryococcane.

Hydrous Pyrolysis of the Kerogen

Hydrous pyrolysis was carried out by
sealing 3g of finely ground (80 mesh), solvent
extracted shale and 2ml of distilled water in an a
glass tube purged with nitrogen for 20min. The tube
was placed inside a reactor with 2ml of water and
the reactor was placed in an oven at 330°C for 72h.
After heating, the tube was cooled and opened.
The remainig water was evaporated and the reaction
products were isolated by extraction with
dichloromethane.

Identification of Pyrolysis Products

The separation of saturate and aromatic
hydrocarbons of the pyrolysate was carried out by
medium pressure liquid chromatography using »-
hexane as a solvent. The saturate fraction was
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analysed by GC and both saturate and aromatic
fractions were analysed by GC-MS full scan (m/z 40-
500) and selective ion monitoring modes using
Hewlett-Packard 6890 gas chromatograph-mass
spectrometer system. GC conditions : DB-5 fused silica
capillary column, 60m, 0.25mm film thickness; injector
temperature (splitless injection), 300°C; interface tem-
peratura 310°C; carrier gas helium; temperature
program:55°C (2min) to 150°C at 20°C/min, 150°C to
320°Cat 1.5°C/min and isothermal for 25 min.

RESULTS

Bulk Analyses and Orga;

The Gandarela oil shale sample is rich in
organic matter, presenting an average TOC content
of 30% and high S, and S, peaks from Rock Eval
pyrolysis (20 and 266 mg HC/g rock, respectively).
The high hydrogen index (887 mg HC/g TOC) along
with the very low oxygen index (41 mg CO,/g TOC)
indicate a type I kerogen.

The microscopy analyses of the organic
matter under blue-light excitation showed the
predominance of orange-fluorescing amorphous
kerogen (74%) associated with bright yellow-
fluorescing telalginite (17%, Table 1; Plate 1a). This
is typical of Botryococcus algae which is often
related to lacustrine freshwater depositional
environments (Tyson, 1995). The algal colonies
present an average size of 20um (Plates 1a,b). A
total of 1445 points were counted and the results
are presenied in Table 1.

Some particles of the amorphous kerogen
show a distinctive lamellar shape (in strewn slides
of demineralized kerogen preparation) characteristic
of lamalginite (Hutton, 1990). Amorphous kerogen
and lamalginite present a weaker fluorescence than
telalginite. This feature was also observed by
Hutton (1990) in low-rank Australian oil shales,
where lamalginite and telalginite occurred in the
same samples. Despite the strong fluorescence,
telalginite (Botryococcus colonies; Plates 1a,b)
tends to present a poorly preserved structure,

suggesting microbial activity in the depositional
setting. Sporinite, presenting a yellow fluorescence,
is less abundant than alginite (Plate 1c). Non-
fluorescing grains, comprising vitrinite, inertinite
and minerals, reach up to 9% of the total kerogen.
Reflected light observation revealed the occurrence
of abundant pyryte and rare vitrinite phytoclasts
(Plate 1d).

In terms of thermal evolution, both a spore
coloration index (SCI) of 2.0 and a Tmax of 427°C
from pyrolysis, point to a very incipient thermal
evolution stage.

Bitumen Analysis

Liquid chromatography of the Gandarela
bitumen showed a dominance of NSO compounds
(81%) over aliphatic (13%) and aromatic (6%)
hydrocarbons.

The GC-MS total ion current traces of the
aliphatic and aromatic fractions are reproduced in
Figs. 3 and 4, respectively. Identifications were
usually based on comparison of mass spectra with
published data and relative GC retention times. The
structures recognized are presented in the
Appendix. In the case of compounds 1 and II,
structures were confirmed by GC co-injection with
the standards.

The study of the aliphatic fraction revealed
a low relative abundance of isoprenoids and the
presence of n-alkanes from C,; up to C,;, with a
predominance of odd-numbered homologues
around C,,, usually considered to derive from
epicuiicular waxes of higher pianis (Tissoi & Welie,
1984).

As already pointed, the microscopic
examination has shown a high abundance of
Botryococcus-type alginite in the Gandarela
kerogen. B. braunii algae biosynthesize large
amounts of hydrocarbons whose structures
depend on the race: the A race produces n-
alkadienes and trienes, the B race, botryococcenes
and the L race, a single C,, isoprenoidal compound,
lycopadiene (Metzgeret al., 1992). A careful search
for biomarkers derived from such algae was

Fluorescing Botryoccocus algae
amorphous O.M. (telalginite)
(including
lamalginite)
1064 254
74% 17%

Non-fluorescing Total
particles *

127 1445

9% 100%

Table 1. Data from point-counting, under blue-light excitation, of a line perpendicular to stratification on the polished

section. *vitrinite+inertinite+minerals
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undertaken in the Gandarela aliphatic hydrocarbon
concentrate but no botryococcane or compounds
structurally related to alkadienes/trienes and
lycopadiene were in fact detected .

Steranes were detected in minute amounts,
observation that may be explained by the fact that
sterols are insignificant constituents of B. braunii
(McKirdy et al., 1986).

The aromatic fraction is characterized by the
presence of mono-, di- and tri-aromatic polycyclic
hydrocarbons. The geochemical significance of
these biomarkers, as well as the tetra- and
pentacyclic compounds identified in the aliphatic
concentrate, is discussed below.

Lupane and Oleanane Derivatives

Among the cyclic aliphatic hydrocarbons
(Fig. 3), one of the most abundant components -
compound 1 - was identified as des-A-lupane
(Corbet, 1980).

In the fraction of aromatic hydrocarbons
(Fig. 4), the lupane family is represented by

compounds ITand IV, r-nrracnnn(l}na to mono- and

compounds ITand IV, correspond 10n0
tri-aromatic pentacyclic structures, respectively
(Saptorahardjo, 1985 and Chaffee & Fooks, 1988).
The tetracyclic hydrocarbon I and the
pentacyclic III, both oleanane-derived (Spyckerelle,
1975; Chaffee and Fooks, 1988), have also been
characterized in the Gandarela aromatic fraction.
The above mentioned structures are
thought to arise from 3-oxygenated pentacyclic
triterpenes (Fig. 5), which are important constituents
of plants (especially angiosperms). In this way, their
presence in geological samples is generally taken
to be indicative of a terriginous contribution to the
biomass (e.g., Stout, 1992; ten Havenet al., 1992).

Arborane/Fernane Derivatives

Compounds 2 and 3, one of them a
prominent component in the aliphatic fraction of
the Gandarela extract fraction, ucwug to a
tetracyclic series tentatively identified by Loureiro
(1989) as des-(A)-fernenes (Fig. 6).

One tetracyclic (compound V) and two
pentacyclic hydrocarbons (compounds VI and VII;
Loureiro & Cardoso, 1990; Hauke et al., 1992a) also
related to the arborane/fernane skeleton, were
detected in the aromatic concentrate (Fig. 4). The
mass spectra of compounds VIand VII, the dominant
constituents in the aromatic fraction, are reproduced
in Fig. 7. Compound VII has a mass spectrum
identical to that of 24, 25-dinorarbora-1,3,5,7,9-
pentaene reported by Hauke et al. (1992a). In the
case of compound VI, its fragmentation features

present close resemblance with those of 24,25-
dinorarbora-1,3,5(10),9(11)-tetraene, also

. caracterized by Hauke et al. (1992a). Taking into

account that this structure is considered to be a
direct precursor for the diaromatic pentacyclic VII
confidently identified in the same fraction of
Gandarela sample, it is reasonable to tentatively
assign this arborane/fernane derivative for
compound VI; the differences between the mass
spectrum of compound VI and the data from
literature may be due to different conditions in the
mass spectrometric analysis.

These compounds could derive from the
arborane or fernane families of triterpenes in a
pathway like that proposed in Fig. 5. As far as the
origin of arborane/fernane compounds is
concerned, there is a range of opinions in the
literature. During some time, their presence in
sediments was generally interpreted as an
indication of a higher plant input to the biomass,
especially of Graminae (see, for instance, Nishimoto
etal., 1968). Hauke et al. (1992a,b) interpreted the
presence of such structures in lacustrine sediments
as indicative of a bacterial source, based, among

other facts, on the carbon isotonic comnosition of

Ouer 1acis, 1€ CaIoon 1S00PIC COMPOSIuon O

these compounds. More recently, on the basis of
petrological evidence, the occurrence of arborane/
fernane hydrocarbons in coal samples has been
used to propose a higher plant (gymnosperm) origin
for these compounds (Vliex ez al., 1994).

Hopane Derivatives

The distribution of hopanoids in the
aliphatic fraction is dominated by Bf isomers (Fig.
3), especially 17B(H)-trisnorhopane and
178(H),21B(H)-homopane, as expected for an
immature oil shale.

Among the aromatic hopanoids,
compounds VIII (Greiner et al., 1977) and IX
(Schaeffer et al., 1995) are the more important
biomarkers found in the Gandarela bitumen (Fig. 4).

Compound VIII is probably derived from
unsaturated natural precursors such as diploptene
- a C,, hopene widespread in living organisms,
especially microorganisms -, via a sequential
aromatization process spreading from ring D to A
(Greiner et al., 1976).

Compound IX is the C;; homologue of a
novel series of benzohopanes only more recently
characterized in the geosphere (Schaeffer et al.,
1995); contrary to the regular benzohopanes, these
biomarkers are derived from bacteriohopanoids by
cyclization at C (16), and not at C (20) position.

Hydrous pyrolysis
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n-Alkanes ranging from C,, to C,, and
maximizing at C,, dominate the aliphatic fraction
obtained from the Gandarela hydrous pyrolysate
(Fig. 8).

The release of linear alkanes has been
previously reported in the pyrolysis of
Botryococcus-rich sedimentary samples. In a
torbanite pyrolysate, for instance, Derenne et al.
(1988) have identified n-alkanes extending up to
C,,. According to these authors, the maximum
observed at n-C; may simply reflect the loss of
lower molecular weight hydrocarbons during the
separation procedure. Homologous series of n-
alkanes (and m-alk-1-enes) up to C,, and with
maximum at C,, dominate in the flash pyrolysate of
the kerogen of Ribesalbes oil shale (Spain, Tertiary;
Sinninghe Damsté ez al., 1993). The flash pyrolysis
of a coorongite sample also revealed homologous
series of n-alkanes (C, to C,, maximum at Cy) and n-
alk-1-enes as important products (Gatellier ez al.,
1993),

In the aromatic fraction isolated from the
Gandarela hydrous pyrolysate, series of long- chain
(up to C,,) alkylbenzenes and alkyltoluenes have
been identified, on the basis of mass spectral
characteristics and retention behavior, as the most
prominent components (Fig. 9).

Accordingly, both series were recorded in
the pyrolysates of kerogens comprised mainly of
fossilized B. braunii; they extend up to C,, in the
Ribesalbes sediment (Sinninghe Damstéeral., 1993)
and to C,; in a torbanite sam]:ile (Derenne er al.,
1988). Alkylated benzenes (up to C,,) and toluenes
(up to C,,) have been detected among the pyrolysis
products of a coorongite sample (Dubreuil ef al.,
1989). Allan et al. (1980) propose the cyclization
and aromatization of olefins during pyrolysisasa
possible origin for these alkylbenzenes.

DISCUSSION

The organic matter in the Gandarela oil shale
is derived mainly from remains of the lacustrine alga
Botryococcus braunii. Evidence for this conclusion
is based on organic petrography and hydrous
pyrolysis experiments on the kerogen. Surprisingly,
however, the biomarker fingerprint of the Gandarela
bitumen points to an important higher plant input
and to the absence of chemical fossils derived from
B. braunii.

A similar bias of the biomarker composition
is apparent from the literature data on sedimentary
rocks believed to be chiefly composed of B.braunit
remains. Derenne et al. (1988), for instance, could
not detect any traces of botryococcane in the
bitumens isolated from four different torbanites.
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Instead, o} hopanes are prevalent in the branched/
cyclic hydrocarbon fractions, followed by pristane,
phytane and alkylcyclohexanes. In the same way,
no Botryococcus-derived biomarkers were
identified in the Ribesalbes oil shale bitumen
(Sinninghé Damsté er al., 1993). According to
Derenne et al. (1988), the absence of
botryococcene-related compounds in the
torbanites may be explained, at least in part, by the
removal of the precursors through microbiological
processes during sedimentation under partly oxic
conditions.

Other features were recognized by some
authors who studied the lipid compositions of
Botryococcus-rich kerogens. Lichtfouse et al.
(1994), for instance, observed in a Pliocene oil shale
Css - Cys n-alkanes with a marked odd predominance
and proposed that the odd carbon-numbered
alkadienes found in B.braunii race-A (Metzger et
al., 1992) would be, at least in part, their precursors
through diagenetic reduction. In this way, the
presence of n-alkanes exhibiting a similar
distribution in the Gandarela sample (see Fig. 3). a
feature which normally would be attributed to a
terrestrial input to the depositional setting, could
also be due to the contribution of these algae.

The high hopane/sterane ratio of the
Gandarela bitumen is in accordance with low
content of sterols in B.braunii (McKirdy et al.,
1986).

CONCLUSIONS

Both petrographic and hydrous pyrolysis
data provide evidence for an expressive
contribution of botryococcoid alga to the organic
matter of the Gandarela oil shale. Indeed, visual
kerogen analyses show a major contribution of
alginite and a minor contribution of higher plants.

Biomarker composition, on the other hand,
evidenced a strong odd/even predominance of n-
alkanes in the range C,,-C,;, a fact that together
with the high relative abundance of lupane,
oleanane and fernane/arborane derivatives in the
aliphatic and aromatic fractions, could be in
principle attributed to a higher plant input.

So, the presence of significant higher plant
derived biomarkers and the absence of
Botryococcus- related molecular fossils in the
Gandarela bitumen, indicate that relative
proportions of the free lipids do not necessarily
reflect the relative importance of the original
organisms which contributed to the biomass. These
results show that visual, bulk and pyrolytic analyses
of the kerogen associated to biomarkers data are
indispensable to characterize the depositional



environment, and reinforce the observation that free
lipids from higher plants are better preserved than
those from algae.
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Fig. 3 - Total ion chromatogram of the aliphatic fraction detected in the Gandarela bitumen showing n-alkanes
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structures 1,2 and 3 see Appendix)
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Loss of ring A Aromatization ring A— E

Reduction

Fig. 5 - Hypothetical diagenetic pathways of B-amyrin (oleanane skeleton) (after Trendel, 1985). Similar schemes
can be devised for the lupane, ursane and fernane/arborane derivatives, from the respective C-3
oxygenated pentacyclic triterpenoid precursors
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APPENDIX
Structures Cited in the Text

Aliphatic Hydrocarbons
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Aromatic Hydrocarbons
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Plate 1 - Photomicrographs showing: a) small Botryococcus-type algal colonies, fluorescing lemon-vellow;
b) Botryococcus-type algae fluorescing lemon-yellow and amorphous kerogen fluorescing orange;
c) sporinite fluorescing-yellow. Excitation filter G 395-440, 50X magnification objective, oil immersion;
d) pyrite and a vitrinite phytoclast. Reflected light, 50X magnification objective, oil immersion



