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| ABSTRACT |

Hydrous pyrolysis experiments were conducted on immature organic-rich rock with type-I kerogen to evaluate
petroleum generation, saturation and expulsion processes. The experiments were carried out under isothermal
conditions at ten different temperatures (280° through 360°C) for nine different time spans between 18 and 144h.
Rock samples recovered from the experiments were analyzed for total organic carbon (TOC—weight%), Rock-Eval
pyrolysis, vitrinite reflectance (Ro%), spectral fluorescence and visual characterization of organic matter under
the microscopy. TOC, S, and HI tend to decrease with increasing temperature and duration of the experiments
as expected. The Ro% values reach up to 1.14% in the most severe experiment (i.e. 360°C/96h). The Ro% is
believed to be suppressed due to hydrogen incorporation from bitumen. The bitumen production was observed
with the increase of transformation index (TI) and two types of bitumen were differentiated by fluorescence
color. The bitumen with yellow fluorescence was mainly composed of saturate and aromatic hydrocarbons that
were probably generated earlier than the bitumen with brown fluorescence which is rich in NSO compounds.
The greatest bitumen saturation occurs at TI around of 41% to 45%, when the S, reaches its highest values.
The decrease of bitumen saturation and consequent oil expulsion is marked by a reduction in S, values and
fluorescence color. This phenomenon occurs simultaneously with the development of fractures and voids in the
mineral matrix which reduces the oil retention capability and facilitates the expulsion process. These observations
enhanced the understanding of oil generation and saturation processes, as well as primary migration, expulsion
and type of generated bitumen.
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INTRODUCTION

Understanding the generation, saturation and
expulsion processes of petroleum systems is very
important for the estimation of the amount, distribution
and composition of oils in petroleum exploration. This
information is extremely important in order to reduce

the exploratory risk. However, there are three types of
pyrolysis methods (hydrous pyrolysis, closed anhydrous
pyrolysis and open anhydrous pyrolysis) that sometimes
provide different results on important parameters such
as the timing of oil generation. Such differences impact
directly the extrapolation of experimental results when
applied to geological conditions. Lewan (1994) discussed
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the differences between the three pyrolysis methods
and concluded that hydrous pyrolysis experiments are
the laboratory methods closest to natural processes for
understanding expulsion of oil in nature.

Hydrous pyrolysis experiments involve heating a
rock or kerogen sample in liquid water at subcritical
temperatures in a closed reactor (Lewan et al., 1979; Lewan,
1985). Generated and expelled oils derived from hydrous
pyrolysis experiments are compositionally similar to
natural crude oils and are typically a free-flowing liquid oil
(Winters et al., 1983). Although the processes responsible
for the expulsion of oil are conceivably the same as those
in nature (Lewan, 1991), the amount of expelled oil may be
exaggerated as discussed by Lewan et al. (1995).

The main objective of this study is the observation of
modifications on the organic matter and rock matrix during
the oil generation and expulsion processes.

SAMPLE AND GEOLOGICAL INFORMATION

The Tremembé Formation sample from Taubaté Basin,
Brazil, was selected for the hydrous pyrolysis experiments
because it is a type I kerogen with high hydrocarbon source
rock potential that can be used as an analogue for Brazilian
source rock in order to assess the generation, expulsion and
migration processes.

The Taubaté Basin located in the northeast of Sdo Paulo
State is 170km long in a NNW-SSE direction and about
20km wide, with an average sedimentary thickness of
800m (Fernandes, 1993). It is part of a taphrogenic set of
basins belonging to the Southeastern Brazilian Continental
Rift (RCSB), the origin of which is related to Tertiary
distensive tectonic activity. The sediments are typically
continental, with coarse granulometric sedimentary
deposits at the basin fault edges, in addition to sandy and
clay deposits in its central part, linked to fluvial-lacustrine
sedimentation (Riccomini, 1989).

The Tremembé Formation, which belongs to the
Oligocene-age Taubaté Group, is predominantly
comprised of a sedimentary rock succession composed
of siltstones, mudstones and shales rich in organic
matter that represents a closed lacustrine, oligomitic,
and eutrophic system developed in a semiarid climate
(Ribeiro, 2004). Fernandes (1993) described the
Tremembé Formation as being composed of compacted
mudstones, papyraceous shales, rhythmites (marl/
limestone intercalation and shale), sandstones, and
limestones. These deposits of the Tremembé Formation
have an irregular tabular geometry, with a known
maximum thickness of about 400m.
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METHODS
Hydrous Pyrolysis

Hydrous pyrolysis is a closed-system method of
thermally decomposing organic matter in the presence
of liquid water (Lewan et al., 1979). One-liter stainless-
steel reactors were filled with 275g gravel-sized (0.5-2cm)
pieces of selected sample which are loaded into a one-liter
Hasteloy-c reactor with enough distilled water to insure
that the rock is submerged in liquid H,O at subcritical
experimental temperatures (lower than 374°C) before,
during and after the experiments.

Specifics on the experimental protocol, collection
procedure, reaction mechanisms, and character of the
expelled oils are given in Lewan (1993, 1997). The
temperatures are monitored within a standard error less
than +0.5°C with calibrated J-type thermocouples Hydrous
pyrolysis experiments were conducted in the USGS
laboratory on immature organic-rich rock of the Tremembé
Formation (Table I.1). The experiments were carried out
under isothermal conditions at ten different temperatures
(280°C through 360°C) and nine different time spans
between 18 and 144h. The oil, gas and residual rock were
collected and measured from each experiment for mass
balance and geochemical analyses.

Total Organic Carbon (TOC) and Rock-Eval pyrolysis

An aliquot of the original sample from the Tremembé
Formation and aliquots of the residual rocks recovered
from hydrous pyrolysis experiments were pulverized and
sieved in an 80 mesh granulometry for the analyses of total
organic carbon (TOC-weight%) and Rock-Eval pyrolysis.

Inorganic carbon was removed with hydrochloric acid.
TOC contents were determined by combustion in a Leco SC-
144 carbon analyzer with an infrared detector. The insoluble
residue (IR-%) was calculated using insoluble weight divided
by sample weight multiplied by 100. The sample with TOC
higher than 0.4% was analyzed for Rock-Eval pyrolysis. Free
hydrocarbon (S,), hydrocarbon source-rock potential (S,), CO,
organic source (S;), maximum temperature at S, peak (T,,,)
and hydrogen and oxygen indices (HI and OI) were determined
with a Rock-Eval 6 instrument (Behar et al., 2001).

Sample preparation analyses

For maturation and type of organic matter studies
it is necessary to isolate the kerogen. The standard
non-oxidative palynological procedures for kerogen
isolation utilized were described by Tyson (1995) with
the modifications proposed by Oliveira et al. (2004). For
kerogen concentrate preparation, the studied samples
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were ground to approximately 2mm size. Samples were
treated successively to remove carbonates (HCl 37% for
18h), silicates (HF 40% for 24h), and neoformed fluorides
(HC1 37% for 3h). Between steps, samples were washed
with distilled water until neutral. After this procedure,
ZnCl, (density=1.9 to 2g/cm®) was added, stirred, and
then centrifuged in order to separate sulphides. The
floated material was washed similarly and HCl (10%)
drops+distilled water were added to eliminate the heavy
liquid. The isolated kerogen was sieved to 20um. After
this procedure, strew slides were made with the organic
residue.

Palynofacies

The palynofacies analyses involved the quantitative
(counting from 300 to 500 particles) and qualitative
(organic particle component identification) examination
of the kerogen component groups and subgroups. The
palynofacies analysis was carried out only in the original
sample from the Tremembé Formation These were
achieved by means of microscopy techniques under
transmitted white light and fluorescence mode. The
count followed the organic matter groups and subgroups
classification proposed by Tyson (1995), Mendonca
Filho (1999) and Menezes et al., (2008). Following the
organic particulate component count, absolute values
were recalculated for percentages and normalized to
100%.

Maduration analyses

Spore coloration index (SCI), fluorescence analyses
(%Ro) and vitrinite reflectance were carried out in order
to access the maturation stage. The SCI used in this study
was proposed and described by Barnard et al. (1981). It
is a scale of 1 to 10 with intervals of 0.5 comprising 19
individual slides. The color of the sporomorphs increases
with the increment of maturation due to increasing depth
and temperature. Spectral fluorescence measurements
were carried out with a Zeiss Axioskop 2-plus microscope,
with 50X magnification in immersion oil (n.=1.518 to
23°C), and (Zeiss) ultraviolet G 365, FT 395 and LP 420
filters coupled with a spectrometer J&M. The correction
factor was obtained based on a calibrated lamp source
(Baranger et al., 1991). Spectral fluorescence analyses
were performed on selected Botryococcus colonies using
calibration procedures described by Araujo et al. (2002)
and Araujo et al. (2003).

Mean random vitrinite reflectance measurements (Ro%)
were carried out on whole rock polished sections using a
Zeiss Axioskop 2-plus; 50X oil immersion objective, Zeiss
immersion oil (1, = 1.518; 23°C). Standards with known
reflectance used were Klein & Beckers.
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Visual Rock Characterization

The observation of whole rock plugs derived from the
original sample and hydrous pyrolyzed samples allowed
the observation of matrix modifications (i.e. fractures and
holes) and bitumen impregnation. These observations
associated to geochemical analyses brought insights in
understanding the generation, saturation and oil expulsion
processes.

There is a wide discussion in the literature on the
definition of bitumen and there are a lot of similar terms
as pyrobitumen, solid bitumen, migrabitumen, reservoir
bitumen, dead oil, and exudatinite (Abraham, 1960; Tissot
and Welte, 1984; Curiale, 1986; Jacob, 1989; Hunt, 1996;
Taylor et al., 1998). There are two main lines related to this
subject: chemical and petrographic. The general chemical
definition of bitumen is all the organic matter present
in sedimentary rocks that is extractable with organic
solvents (Tissot and Welte, 1984; Hunt, 1996). However,
Vandenbroucke and Largeau (2007) highlight that the
amount of extractable hydrocarbon will depends on the
polarity of organic solvent. So, the real quantification
of bitumen is problematic. Jacob (1989) presented a
petrographic definition of bitumen (migrabitumen) as a
secondary maceral, amorphous with its shape adapted to
the form of the cavities that are being filled. The last one is
the subject of this study.

RESULTS AND DISCUSSIONS
Quantitative Yields

The oil, water, rock and gas were recovered form
each hydrous pyrolysis experiment (Table I.1). It was not
possible to quantify bitumen because the extractions from
recovered rocks did not show repeatability. The amount
of oil and gas increases with the severity of experiments.
Hydrocarbon gases are a small part of total gases. It is
worth to mention that it was observed expelled oil at the
inital organic matter transformation stage.

TOC and Rock-Eval Pyrolysis

The TOC and Rock-Eval pyrolysis results are
presented in Table 1.2. TOC, S, and HI tend to decrease
with the increment of temperature and duration of the
experiments as a function of petroleum generation and
expulsion (Figs. 1 and 2). The TOC content is high,
declining from 10.13% to 4.28%. The insoluble residue
values do not show significant variation with the rise
in duration and temperature of the experiments (Table
1.2). The S, values are good to very good, ranging from
73.94 and 7.1mg HC/g rock.
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FIGURE 1. Variation of total organic carbon (TOC), free hydrocarbon (S;), hydrocarbon source-rock potential (S,) and transformation index (TI) with

increasing experimental temperature for 72h.

The determination of level of kerogen cracking was
based on the transformation index (T1) derived from Rock-
Eval pyrolysis data (Tissot and Welte, 1984; Espitalié ez
al., 1985 and Gongalves et al., 1997). The equation used
Was (S, originaly=S2 Residual))/S2 Originan- The original S, utilized
was the sum of S, and S, of the original sample from the
Tremembé Formation. The Figure 3 shows the variation of
TOC, S,, HI and T,,,, with the increase of TI.
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FIGURE 2. Variation of total organic carbon (TOC), free hydrocarbon
(S;) and hydrocarbon source-rock potential S, with the increment of
experimental duration for 360°C isotherm.
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The HI and OI plotted in a Van Krevelen type diagram
(Espitali€ et al., 1987) show that the kerogen present in the
Tremembé sample is type . It is possible to observe trends in
the Van Krevelen type diagram and in Langford and Blanc-
Valleron graph related to the increase of transformation
rates a function of thermal maturation (Figs. 4 and 5). The
HI decreases from 730 to 166mg HC/g TOC. The OI of the
original sample is very low and remains almost invariable
with the increment of TI.

The S, values reach up to 7.92mg HC/g rock around
41% to 45% of TI that was interpreted as a result of
bitumen generation associated to the impregnation phase
(Fig. 3). It is worth to mentioning that hydrocarbon
expulsion associated with this phase was observed. After
that, the S, values tend to decrease up to 1.75mg HC/g
rock until the most severe experiment. The decrease of S,
values was interpreted as an expulsion phase and shows
good correlation with the increment of expelled oil. It is
important to highlight that Alpern et al. (1993) pointed
out that the S, yield does not correspond to the total free
hydrocarbons in rocks, but only to the volatile fraction.

The T, values present a similar behavior to the S,
parameter and the highest value observed is 444°C that
occurs around 41% to 45% of TI (Fig. 3). The decrease of
Tmax values with increasing TI can not be explained based
on observed data. Theoretically, the S, values higher than
2mg HC/g rock would produce Tmax values reliable for
maturation assessment (Behar et al., 2001). This behavior
was previously discussed in the literature for the same type
of kerogen by Espitalié (1986) and Bordenave (1993).
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FIGURE 3. Variation of total organic carbon (TOC), free hydrocarbon (S,), HI and T,.,, with the increment of transformation index (T1).

These authors suggested that Tmax is not a good thermal
maturation index for type I kerogen.

Palynofacies

The palynofacies analysis was carried out only in
the original sample from the Tremembé Formation.

Geologica Acta, 12(4), 351-362 (2014)
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The palynofaies is characterized by a predominance
of amorphous organic matter (AOM) with yellow
fluorescence color (Table 1.3 and Fig. 6). The Palynomorph
group occurs with 15.5% and it is mainly represented by
fresh water algae (Botryococcus) and sporomorphs (spores
and pollen grains). Palynomorphs fluorescence color is
yellow. The phytoclast group is the less abundant (1.6%)
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FIGURE 5. Classification of kerogen type based on hydrocarbon source-rock potential (S,) and total organic carbon (TOC) data for the original and

pyrolyzed samples (Langford and Blanc-Valleron, 1990).

and it is mainly represented by a biostructured non-opaque
sub-group.

The high relative abundance of AOM is characteristic
of areas with high organic matter preservation with intense
microbiological reworking due to reducing conditions,
especially in areas of high primary productivity (Tyson,
1993, 1995). Low energy areas, distant from fluvial-deltaic
activity, also have elevated percentages of AOM (Tyson,
1993)
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The palynofacies results are in agreement with the
geochemical data and previous authors that pointed out
Type-I kerogen for Tremembé Formation.(Soldan et al.,
1988; Mendonga Filho et al., 2010).

Maturation
The evaluation of thermal evolution was based on the correlation

of three optical parameters (Ro%, SCI and spectral fluorescence
analysis). The maturation data is summarized in Table 1.4.
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. Botiyocoeccus

FIGURE 6. Photomicrographs of organic matter of the original sample. A) and D) transmitted light; B) and C) fluorescence mode.

The Ro% for the original sample is 0.32% which
suggests a low stage of thermal evolution. SCI is 2.5
and can be correlated to Ro around 0.33%, showing a
good correlation with Ro% data (Barnard et al., 1981).
Additionally, the A, derived from the corrected spectral
curve of the original sample is 510nm that can be correlated
to an Ro% around 0.33% (Mukhopadhyay, 1994). The
Ro%, SCI, spectral fluorescence and Tmax results of the
original sample presented good correlation and point out a
low stage of thermal evolution. These results indicate that
there is no evidence of suppression of vitrinite reflectance
in the original sample.

The Ro% of the pyrolyzed samples ranges from
0.36% to 1.14%. The vitrinite reflectance values
were plotted in the graph proposed by Buchardt and
Lewan (1990) that reveals the presence of suppressed-
vitrinite phenomena (Fig. 7). Figure 8 shows the Ro
with the increment of TI. It is possible to observe
low Ro values associated to high TI which suggests

Geologica Acta, 12(4), 351-362 (2014)
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vitrinite suppression. There are a lot of mechanisms of
suppression of vitrinite reflectance that were discussed
by many authors (Hutton and Cook, 1980; Kalkreuth,
1982; Price and Barker, 1985; Buchardt and Lewan,
1990; Mukhopadhyay, 1994; Suarez-Ruiz et al., 1994;
Carr, 2000). These results point out that the suppression
of vitrinite reflectance occurred during the diagenesis
of the organic matter and is most likely related to the
saturation of vitrinite particles with bitumen or/and its
association with hydrogen rich organic matter (liptinite).
The suppression of vitrinite reflectance by impregnation
of bitumen was reported before by Kalkreuth (1982),
Suarez-Ruiz et al. (1994), Carr (2000) and Cuesta et al.
(2005). Nevertheless, Barker et al. (2007) concluded
that the suppression of vitrinite reflectance caused by
bitumen impregnation is a rare phenomenon, but it may
occur in huminite macerals (at low maturity stages).
These authors analyzed samples with and without
extraction and observed that the Ro% did not show
significant changes. However, the impregnation by
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bitumen can promote the incorporation of hydrogen in
to the structure of vitrinite such that a simple extraction
with organic solvent can not remove this effect.

Additionally, spectral fluorescence measurements were
carried out on alginites (Botryococcus). The A, derived
from spectral fluorescence analyses reach up to 550nm
at 9.54% of TI. After that, the A, tends to decrease with
increasing TI. This phenomenon was interpreted to be a
result of bitumen influence. Spectral fluorescence made
on the bitumen population with yellow fluorescence were
carried out in each sample and do not show difference
(Amax= 510nm). Figure 9 shows the spectral fluorescence
curve measured on the bitumen observed in the polished
sections and it is possible to notice the increment of the
bitumen influence on the measured spectral curves. So,
spectral fluorescence results of samples with TI higher
than 9.54% were not considered reliable due to the bitumen
influence.

Visual Rock Characterization

It was possible to observe morphologic changes on the
organic matter and mineral matrix due to generation, saturation
and expulsion process. Fluorescence color and abundance
of Botryococcus, types of bitumen filling or impregnation,
fluorescence of matrix (organic matter + bitumen
impregnation) and development of holes and microfractures
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FIGURE 7. Variation of vitrinite reflectance Ro% with the rise of

experimental temperature for 72 hours experiments (based on
Buchardt and Lewan, 1990).
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were observed in all samples. All the petrographic observation
data is summarized in Table L.5.

Fluorescence Color and Relative Abundance of Botryococcus
Algae

It is possible to observe changes in the fluorescence
color of Botryococcus algae with the increment of the TI
(Fig. I.1). The fluorescence color changes from yellow to
dark orange. It is worth to mentioning that the samples
derived from hydrous pyrolysis experiments with highest
TI do not show fluorescence. Fluorescence intensity is
related to the type, maturation and preservation of organic
matter (Tyson, 1995, 2006). In this case, the reduction of
fluorescence intensity can be attributed to the increment of
thermal evolution. Additionally, the relative abundance of
the Botryococcus algae tends to decrease with increasing
of TI. This effect is interpreted to be a result of chemical
composition of the Botryococcus algae that is extremely
labile (Behar er al., 1995). Development of holes
exhibiting external borders with the same contour shape of
Botryococcus bodies in the mineral matrix is interpreted as
a result of Botryococcus decay with increasing severity of
experimental conditions.

Relative Amount and Color of Bitumen Observed in
Fluorescence Mode

The estimation of bitumen abundance was based on
visual evaluation (Table 1.5). The bitumen abundance
increases until TI around 41 and 45%. Additionally, two
types of bitumen were differentiated by fluorescence
color (yellow and brown). Jacob (1989) proposed a
classification of bitumens based on the physical and
chemical properties and classified the bitumen with yellow
fluorescence as ozocerite and with brown fluorescence
as grahamite. Ozocerite bitumen is mainly composed by
saturate fraction, more than 58% (Jacob, 1989). On the
other hand, grahamite tends to present low content of
saturated and aromatic hydrocarbons (lower than 3% and
13%, respectively). Fluorescence is produced by particular
compounds (“fluorophor” or “chromophors”) that exhibit
specific type of carbon bonds (Robert, 1988, Lin and Davis,
1988). These authors observed that the fluorescence was
enhanced when the fluorophors were dispersed throughout
an aliphatic compound. In this study, the bitumen with
yellow fluorescence (ozocerite) was probably generated
before the bitumen with brown fluorescence (Fig. 1.2
and Table 1.5). These optical observations, that allowed
us to interpret the chemical composition of bitumens,
suggest that: i) composition of this specific organic
matter from the Tremembé Formation (type-I kerogen
- AOM and Botryococcus) favored the generation of the
saturated and aromatic compounds in the low stages of the
thermal evolution; ii) the first expelled oils are probably

Geologica Acta, 12(4), 351-362 (2014)
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FIGURE 8. Variation of vitrinite reflectance Ro% with the increase of transformation index (T1I).

rich in saturate and aromatic compounds, probably due
to the mobility of these compounds. The migration of
NSO compounds within the source rock is probably
hampered by their size and chemical structure complexity.
Unfortunately, it was not possible to present reliable SARA
data from the oils to confirm this hypothesis, due to the high
lost in the gravimetric column. Data on these experiments
will be object of a future publication. However, Spigolon
et al. (2013) carried out hydrous pyrolysis experiments on
type-I kerogen from Lower Cretaceous Brazilian source
rock, that presents similar organic matter composition
than the sample form the Tremembé Formation. These
authors carried out SARA and API gravity analysis of oils
and observed an inverse trend with API decreasing with
increasing temperature at 72h time span, which corroborates
the proposed hypothesis of this paper. Spigolon et al. (2013)
suggested that this unexpected behavior is related to the
polar compounds that remain trapped in the source rock.
Nevertheless, it is possible to observe, through microcope
examination, that the first generated bitumen was ozocerite
and the composition of the first expelled oil should be similar
to this type of bitumen. This interpretation does not agree
with data in the literature (Tissot and Welte, 1984; Lewan,
1983; Hunt, 1996), which show that bitumen are rich in NSO
compounds, but our data suggest an unexpected behavior
that could be related to this specific organic matter rich in
lipid compounds. It is worth to mention that the increment
of bitumen presents good correlation with S, values from
pyrolysis Rock-Eval. As mentioned before, Alpern et al.
(1993) pointed out that the S, yield does not correspond to
the total free hydrocarbons in rocks. However, this good
correlation can be attributed to the predominance of bitumen
with yellow fluorescence (ozocerite) until TI around 45%.
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Matrix Fluorescence

The bitumen impregnation of the mineral matrix was
detected because of the increasing fluorescence of the mineral
matrix (Fig. I.3). The main bitumen impregnation stage occurs
with a TI around 41% to 45%, when the S, reaches its highest
values. The decrease in bitumen impregnation is marked by a
reduction in S1 values and fluorescence color consequence of
an important phase of oil expulsion. It was very interesting to
notice that there are levels with high fluorescence which point
out some preferential routes of bitumen migration within the
source rock (Fig. 1.4). This phenomenon is attributed to the
different permeabilities and trends to follow the rock lamination.

Abundance of Microfractures

It was noticed a positive correlation between the TT and
the number of fractures and holes (Fig. 1.5). Talukdar et al.
(1986) carried out petrographic studies of thin sections and
polished slabs of La Luna Formation, which is the major
source rock of the Maracaibo Basin, Venezuela. These
authors believe that the oil generation opened pre-existing
fractures and created new ones as a consequence of an
increase in the volume of the pore fluid resulting from the
partial thermal transformation of kerogen to bitumen, oil
and gas. It is interesting to notice that the fractures of the
Tremembé samples with low TI tend to present a higher
number of fractures following the lamination of the rock.
However, the samples with high TI show fractures in all
directions that facilitate the oil migration and expulsion.
The rise in the number of fractures led to the reduction
of the fluorescence color of the mineral matrix and the S,
values. Lewan (1987) and Lewan and Roy (2011) attributed

|359]



I.V.A.F. Souza et al.

120
Increment of Thermal Evolution
100
= Original
80 - O~ 280°C/72h
=/ 300°C/96h
60 =O=310°C/72h
d 330°C/72h
—— Bitumen
40 i
m]
20 Bitumen
Influence
o+—-r——7"r—"r"T"r" """ T T T T T T T T T T T T T
420 470 520 570 620 670 720

A(nm)

FIGURE 9. Spectral fluorescence of original, bitumen and pyrolyzed
samples.

the fracture generation to tensile stress generated by the
expansion associated with kerogen conversion to bitumen
and bitumen conversion to oil.

CONCLUSIONS

The studied sample from the Tremembé Formation
is immature. Both palynofacies and Rock-Eval pyrolysis
analyses indicate a Type-I kerogen deposited in a
lacustrine setting with low fluvial input.

The aliquots derived from hydrous pyrolysis
experiments show an increase of thermal cracking and
expelled products (oil and gas) according to the increase
of severity of the experiments (temperature and time) that
promotes the diminishing of TOC, S, and HI.

The correlation between the Ro% values and
transformation index (TI) suggests that the vitrinite
reflectance is suppressed. The results lead to believe that
the suppression of vitrinite reflectance can be associated to
hydrogen incorporation from increasing bitumen availability
and organic facies (hydrogen rich organic matter).

The S, values reach up to 7.92mg HC/g rock around
41% to 45% of TI which was interpreted as a result of
generation associated to mineral matrix impregnation
processes. After that, the number of microfractures
became significant and the S, values tend to decrease
most likely due to the reduction of capability retention
and bitumen cracking. Samples derived from the first set
of experiments show microfractures that tend to occur
parallel to the layer (lamination). On the other hand,
fractures of samples with high TI are observed with
various orientations.
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The abundance of bitumen increases with TI and two
types of bitumen were observed on microscopy analyses.
The yellow fluorescence bitumen was probably generated
earlier than brown fluorescence bitumen. Most likely, the
yellow fluorescence bitumen (ozocerite) is rich in aliphatic
and aromatic compounds. These observations lead us to
interpret that the first generated oils are rich in aromatic
and aliphatic compounds and this is directly linked to the
type of organic matter and the facility of migration of these
compounds.

The observation of bitumens, impregnation of the rock
matrix by bitumen, microfractures and the fluorescence
and abundance of Botryococcus algae brings insight to
the understanding of generation, primary migration and
expulsion processes of this specific organic matter (highly
oil-prone lacustrine source rocks).
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ELECTRONIC APPENDIX

TABLE I.1. Mass balance of recovered products from hydrous-pyrolysis experiments with Tremembé Formation Additional information: Added water
(380g), Initial rock (275g). The data suggested that the rock samples presented wetness, which is the reason for the high recovered water values.

Temperature  Time  Recovered Re;c;vcired Expelled Generated G:sces Recovery

(°C) (hours)  Water (g) Sample (g) Qil (g) Gas (9) Q) (%)
20 0

280 72 236.3 403.4 0.387 2.938 0.126 98.13
300 72 230.8 407.0 1.426 3.991 0.233 98.17
300 96 2316 398.6 1.494 3.637 0.239 96.98
300 120 231.1 409.6 1.231 3.821 0.261 98.54
300 144 229,0 412.8 2.038 4.199 0.29 98.99
310 72 2285 409.1 1.65 4.157 0.296 98.20
320 36 2246 412.2 2.059 4.346 0.351 98.20
320 72 2271 409.1 3.476 4.913 0.412 98.37
320 96 223.1 412.2 5.038 5.055 0.453 98.50
320 120 224.5 409.2 4.13 5.202 0.497 98.17
340 36 2223 413.2 5.01 5.218 0.582 98.55
330 72 224.6 408.8 4.737 5.255 0.539 98.14
340 48 2213 409.4 7.193 5.558 0.602 98.24
340 72 219.2 409.5 6.725 5.566 0.694 97.80
360 18 215.9 364.9 9.359 5.653 0.786 90.94
340 108 217.7 410.5 8.721 5.559 0.754 98.09
350 72 2124 414.6 9.769 5.847 0.901 98.08
360 36 214.8 411.8 10.048 5.919 0.94 98.00
355 72 2135 412.4 10.131 6.051 0.992 97.97
360 72 213.7 411.8 11.481 6.379 1.141 98.19
360 96 209.4 414.0 12.694 6.663 1.345 98.04

TABLE 1.2. Total organic carbon (TOC) and Rock-Eval pyrolysis data and transformation index (TI) for the original sample and the residual rock

Temperature Time TOC
’()"C) oy o) B S s2 s3 H O Tmax TI(%)
20 0 1013 96 146 7394 107 730 11 434
280 72 1090 88 295 6821 013 626 1 434 954
300 72 1020 92 382 6259 000 614 O 440 1699
300 96 1000 92 419 618 000 618 0 440 18.01
300 120 981 92 447 6031 013 615 1 441 2001
300 144 941 96 404 5949 029 632 3 442 2110
310 72 933 92 489 5656 000 606 O 442 2499
320 36 948 92 491 5461 011 576 1 441 2757
320 72 839 92 541 5051 000 602 0 444 3301
320 9 816 96 560 4692 017 575 2 443 3777
320 120 852 84 656 4452 028 523 3 443 4095
340 36 908 92 792 4310 000 475 0 441 4284
330 72 756 88 661 4141 007 548 1 444 4508
340 48 784 92 572 3566 0.6 455 2 444 5271
340 72 619 92 502 2780 000 449 0 444  63.13
360 18 652 88 480 2675 009 410 1 444  64.52
340 108 644 88 397 2248 009 349 1 444 7019
350 72 503 92 379 1765 001 351 0 442 7659
360 36 512 88 277 1483 011 290 2 440 8033
355 72 559 88 204 1070 009 192 2 436 8581
360 72 451 92 222 927 009 206 2 437 8771
360 9% 428 88 175 710 014 166 3 435 9058

Units: TOC (Total Organic Carbon - wt%); IR (Insoluble residue - %); S1 (free hydrocarbon — mg HC/g
rock); S2 (hydrocarbon source rock potential — mg HC/g rock); S3 (CO, — mg CO,/g rock); HI (Hydrogen
Index — mg HC/g, TOC); Ol (Oxygen Index — mg CO,/g TOC); TI (transformation index); Tmax

(maximum temperature at S2 peak - °C).
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TABLE 1.3. Palynofacies result of the original sample

AOM Opaque Bio PHY Botry Spo PAL

82.9 0.3 1.3 1.6 14 1.5 15.5

Legend: AOM (Amorphous Organic Matter -%); Opaque (Opaque Phytoclasts -%); Bio (Biostructured Phytoclasts
-%); PHY (Phytoclasts -%); Botry (Botryococcus -%); Spo (Sporomorphs -%); PAL (Palynomorphs -%).
PHY=0Opaque+Bio; PAL= Botry+Spo.

TABLE 1.4. Vitrinite reflectance and fluorescence data

Time Spectral
TI(%) Ro(%) N°M SD Fluoresc.

(Hours)

Amax Roeq.
0 1.94 0.32 5 0.04 510 0.33/0.35
72 9.54 0.36 9 0.09 550 0.55/0.42
72 16.99 0.42 6 0.06 550 0.55/0.38
96 18.01 0.54 9 0.08 550 0.55/0.36
120 20.01 0.55 4 0.08
144 21.10 047 4 0.02
72 24.99 0.5 2 0.11 550 0.55/0.38
30 27.57 0.51 1 -
72 33.01 0.45 1 - 510 0.33/0.30
90 37.77 0.51 2 0.01
120 40.95 0.57 2 0.04
36 42.84 0.54 1 -
72 45.08 _ 510 0.33/0.28
100 52.71 _
72 63.13
36 64.52
18 70.19
72 76.59
96 80.33
72 85.81 1.01 8 0.05
72 87.71 1.01 3 0.08
96 90.58 1.14 5 0.04

Legend: N°M (number of measurements); SD (standard deviation); Amax (maximum fluorescence
intensity); Q (red/green coefficient); Roeq (equivalent vitrinite reflectance based on the corrrelation chart

proposed by Mukhopadhyay, 1994).
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TABLE 1.5. Petrographic observation data

Temperature Duration TI(%) *Greezluoie;:()evr;ze Matrix Matrix
Q) (Hours) Alginite Bitumen Bitumen (Impregnation) *Vugs *Fractures
20 0 1.94 GR 1 - BR - 1
280 72 9.54 YE 1 - BR - 1
300 72 16.99 YE 1 - DOR - 1
300 96 18.01 LOR 2 - LOR 1 2
300 120 20.01 LOR 2 - LOR 1 3
300 144 21.10 LOR 2 - LOR 1 3
310 72 24.99 MOR 4 - LOR 2 4
320 30 27.57 MOR 2 1 LOR 2 3
320 72 33.01 DOR 6 1 LOR 2 4
320 920 37.77 DOR 4 1 LOR 2 4
320 120 40.95 BR 5 1 YE 2 5
340 36 42.84 BR 7 3 YE 3 5
330 72 45.08 BR 7 4 YE 4 5
340 100 52.71 NF 7 3 YE 5 6
340 72 63.13 NF 7 5 LOR 5 6
360 36 64.52 NF 9 6 LOR 6 7
360 18 70.19 NF 9 5 LOR 8 7
350 72 76.59 NF 2 6 MOR 5 8
360 96 80.33 NF 7 6 MOR 5 8
355 72 85.81 NF 2 6 MOR 6 8
360 72 87.71 NF 2 6 MOR 6 8
360 96 90.58 NF 11 4 DOR 9 9

Legend: Fluorescence Color: GR (green); YE (yellow); LOR (light orange); MOR (middle orange); DOR
(dark orange); BR (brown); NF (no fluorescence).

* Relative abundance scale built in order to give a comparative idea between the samples. Based on
microscopic observation.
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FIGURE I.1. Photomicrographs of fluorescence color of Alginite from the analyzed samples. Legend: Fl. (Fluorescence Color); GR (green); YE (yellow);
DYE (dark yellow); LOR (light orange); MOR (middle orange); DOR (dark orange); BR (brown); NF (no fluorescence).
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FIGURE 1.2. Phtomicrographs of bitumens. It is possible to observe two types of bitumen.. Legend: BIT. (Bitumen); GR (green); BR (brown). The
number between the parentheses is a semi quantitative scale that was built in order to give a comparative idea between the samples (see Table IV).
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FIGURE 1.3. Photomicrographs of fluorescence color of the matrix. Legend: Fl. (Fluorescence Color); YE (yellow); LOR (light orange); MOR (middle
orange); DOR (dark orange); BR (brown).

FIGURE 1.4. Photomicrograph showing different fluorescence color in the matrix of sample with Tl of 27.57%. Red arrows are showing the primary
migration pathways.
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FIGURE 1.5. Photomicrographs of fractures.

Geologica Acta, 12(4), 351-362 (2014) vl
DOI: 10.1344/GeologicaActa2014.12.4.6



