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The Barreirinha Formation-Upper Devonian, is the main petroleum source rock of the Amazon
Basin, deposited during the great Devonian Transgression, contributing to significant accumulations
of organic matter (OM) in anoxic conditions, which allowed its preservation. The present work
had the objective of characterizing the molecular composition of biomarkers in outcrops samples
of the Barreirinha Formation, aiming to evaluate the paleoenvironment, thermal evolution, and the
preservation of OM total organic carbon (TOC) and Rock-Eval pyrolysis indicate considerable
amounts of immature OM deposited in a low oxygenation environment. Gas chromatography-
mass spectrometry (GC-MS) and gas chromatography-tandem mass spectrometry (GC-MS/MS)
data corroborate that the OM was deposited in a suboxic to the oxic environment and low salinity
(absence or low relative abundance of -carotane and gammacerane). 24-N-Propyl-cholestane
was detected and identified by synthetic pattern co-injection. High concentrations of tetracyclic
polyprenoids (TPPs) in ascending order from base to top, high hopane/sterane ratios, to suggest
that the samples had a high molecular weight n-alkanes, C,, steranes, low thermal evolution, and
anoxic depositional paleoenvironment.
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Introduction

The graytoblack shales of the Barreirinha Formation
record the highest marine incursion in the western portion
of the Gondwana continent.'? The marine flood from the
Tethys Ocean began in the Mesodevonian and entered the
Amazon Basin through the Maraj6 Island region.’ This
maximum flood left a record of thick coarsening upward
succession of highly radioactive organic-rich black shales,
gray shale, siltstone, and sandstone.*>

Previous studies have shown that organic carbon content
can reach up to 10%.> Commercial oil accumulations were
identified during the 1950s, as well as large evaporite
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reserves that remain unexplored in the subsurface, and
gas reserves discovered near the capital Manaus.® The
geochemical characterization of the source rocks of the
Amazon Basin, mainly through biomarkers, is of great
relevance to understanding the deposition environment,
quality and content of organic matter, and generating
potential evaluation.

The intracratonic Amazon Basin is located between the
Guyana cratons in the north and Brazil in the south, with
approximately 500,000 km?. It covers part of the states of
Pard and Amazonas, separating east of the Maraj6 Basin and
west of the Solimdes Basin, through the Gurupa and Purts
Arches, respectively (Figure 1).*7 Its origin is related to the
dispersion of efforts during the closing of the Brasiliano
Proterozoic Cycle during the Brasiliano/Pan-African
Orogeny.® The sedimentary Basin fill reaches a thickness of
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around 5,000 m of sedimentary and igneous rocks,’ divided
by Cunha et al.? into two first-order megassquences: the
Paleozoic sequence and the Meso-Cenozoic sequence,
separated by a regional unconformity. The Paleozoic
Megasequence is made up of four second-order sequences,
essentially siliciclastic sedimentation of the Ordovician
to the Permian, with a considerable volume of Mesozoic
diabase dike and sill intrusions.”

The rocks with the greatest potential for hydrocarbon
generation in the Amazon Basin are the Devonian shales
of the Barreirinha Formation. These shales are inserted
in a transgressive context deposited during the Frasnian
to the Famenian.”!! The Devono-Tournaisian Sequence
comprises a transgressive-regressive cycle’ formed after
the Eo-Devonian Caledonian Orogeny unconformity. The
sequence consists of neritic to deltaic sandstones and shales
at the base, followed by siltstones, shales, and paralytic
sandstones, black to dark gray shales, glacial diamictites,
finalized by sandstones and marine fluvial siltstones.”!!
The Barreirinha Formation is formed by dark gray to
black shales, with occasionally silicified Fe, Ca, and Mn
carbonate concretions.” The unit’s sedimentary package
records an anoxic marine environment, which has enabled
the preservation of a large amount of organic matter during
the maximum sequence transgression.?

Recent studies have shown that Barreirinha Formation
has a thickness of 350 m in the Basin depocenter.”!? It is
composed of three distinct members: Abacaxis Member
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(75 m, basal member), composed of dark gray and black
charcoal shales, with type II kerogen, euxinic marine
environment, having the characteristic of being the main
potential source rocks of the Basin'"'*!* and corresponds
to the maximum flood surface.* The second member,
Urubu Member (medium member), 70 m thickness, also
represented by dark gray, little fissile shales with low levels
of siltstones, being deposited in a slightly regressive distal
marine environment.” The upper member, Uraria Member is
characterized by light to dark gray shales, which document
weakly regressive marine sedimentation'' featuring a
suboxide/anoxide condition. This member has the presence
of Spirophyton and Protosalvinia plants.'1>13

The dense vegetation cover that predominates in the
Amazon region limits the exposure of rocks, added to the
intense physical-chemical weathering that prevails in the
region, hindering the geological and geochemical study of
outcrop rocks. This limitation is reflected in the few works
on the Amazon Basin when compared to other Brazilian
intracratonic Basins, especially when the focus is on organic
geochemistry. In this sense, the purpose of this work is the
use of classical chromatographic techniques to study the
geochemical biomarkers that help in understanding the
sedimentation environment, redox conditions, types of
organisms that contributed to deposited organic matter (OM),
as well as sequence sedimentary geology of outcrop samples
from the Barreirinha Formation (Devonian-Amazon Basin),
collected at the southeastern edge of the Basin.
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Figure 1. The Amazon Basin location map with outcrop distribution of the Barreirinha Formation (Urupadi group). The stratigraphic succession of Urupadi

group (Barreirinha Formation highlighted), was adapted from Cunha et al.”
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Experimental
Sample collection

About 500 g of sample in outcrops near the Tapajos
River (4°5°18”’S, 54°54°51”W) approximately 1,170 km
from the city of Belém (Figure 1), consisting of shales with
flat-parallel lamination were collected, avoiding wear and
contamination with other materials, packed with aluminum,
and later stored in identified plastic bags.

Total organic carbon (TOC) analysis and Rock-Eval pyrolysis

After spraying (80 mesh), 1 g of the samples weighed
in a porcelain crucible were acidified with HCI (1:1)
and hot for 6 h to remove the inorganic carbon. Then,
the samples were dried in an oven at 80 °C for 12 h and
sent for TOC and S (sulfur) analysis in the Leco Carbon
Analyzer LECO SC-632 at the Laboratory of Chemical
Stratigraphy and Organic Geochemistry (LGQM) of the
State University of Rio de Janeiro (UERJ). For the analysis
of Rock-Eval pyrolysis the methodology used was based
on Espitalié et al.,'® which consists of spraying and sieving
10 to 100 mg of the samples (80 mesh) and then placing
them in steel crucibles for subsequent analysis in a Vinci
Rock-Eval 6 microwave oven with an inert atmosphere at
650 °C, using nitrogen as the carrier gas. The measurement
of TOC and sulfur is performed with a thermal conductivity
detector, being recorded as a percentage by weight of the
rock.

X-ray diffraction analysis (XRD)

The diffraction patterns of the samples were collected
using a Shimadzu XRD 6000 (Shimadzu, Kyoto,
Japan) diffractometer with a copper radiation source
(Cu Ko = 1.5406 A) using the powder method, which
basically consists of accommodating a certain mass of the
sample on support (glass, borosilicate), then submitting it
to diffraction. The operating conditions used in the analyzes
comprised a 20 interval between 5 and 90° (degrees), with
a scanning speed of 2° min!, with a pass of 0.02°.

Soluble organic matter extraction (SOM) and fractionation

About 150 g of pulverized rock was subjected to
continuous extraction of OM for 24 h in a Soxhlet system
using as extraction solvent a mixture of dichloromethane
(Scharlau, Spain)/methanol (Tedia, Fairfild, United State
of America) (DCM/MeOH) 12% and metallic copper to
remove elemental sulfur. After extraction, the solvent was

Silva et al. 371

evaporated on a rotary evaporator, the concentrated extracts
were weighed for yield calculation and then conditioned
in desiccators.

The fractionation was performed in an open column,
having as stationary phase silica:alumina (Si0,:Al,0;) in
a 1/1.2 ratio (2.5 g:3 g) and being sequentially eluted with
hexane (Bio-Grade, San Francisco, United State of America)
(fraction F1) containing mainly saturated hydrocarbons;
hexane/dichloromethane (DCM) (8:2, fraction F2)
containing mainly aromatic hydrocarbons and DCM/MeOH
(3:1, fraction F3) containing heteroatomic compounds. All
solvents were treated and bidistilled. The silica gel used
in column was 60 mesh (0.0063-0.2 nm/70-230 mesh,
Sigma-Aldrich, Sao Paulo, Brazil), and type WN-6 alumina
(70-290 mesh, Sigma-Aldrich, St. Louis, United State of
America).

Gas chromatography-mass spectrometry (GC-MS)

The saturated fraction (10 mg mL"') was analyzed using
a Shimadzu GCMS-QP2010 SE, AOC-500 (Shimadzu,
Kyoto, Japan) system under the following analysis
conditions: split ratio was 1:1, injector temperature 290 °C
and initial oven temperature 60 °C min"!, with two heating
ramps, one of 6 °C min™! to 280 °C remaining for 5 min;
the second 1 °C min to 315 °C remaining for 15 min and
interface temperature 300 °C. Component chromatography
was performed using an Rtx-5MS column, 30 m x 0.25 mm,
an internal film thickness of 0.25 um, helium as a carrier
gas (5.0 mL min™), and an impact energy of 70 eV. Mass
spectra were acquired in full scan mode with a mass range
from m/z 47 to 650, with a total time of 80 min.

Gas chromatography-tandem mass spectrometry
(GC-MS/MS)

The saturated fraction (10 mg mL"') was analyzed
by GC-MS/MS and performed on a ThermoScientific
TRACE GC Ultra model coupled to a TSQ Quantum
XLS Triple Quadrupole mass spectrometer under the
following analysis conditions: split ratio was 1:10, injector
temperature was 290 °C and initial oven temperature
of 80 °C for 4 min, featuring a heating ramp, one being
6 °C min' to 300 °C remaining for 5 min and interface
temperature 300 °C. For component chromatography,
an EquityTM-1, PerkinElmer column, 30 m x 0.25 mm,
internal film thickness of 0.10 pm, helium as a carrier
gas, and impact energy of 70 eV was employed. Mass
spectra were acquired in full scan mode with a mass range
of m/z 50 to 650 Da, with a total time of 92.66 min. The
transitions selected for each biomarker class were based
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on the molecular ion (M*e) for the precursor and the peak
base (PB) for the product (M*e — PB).

Quantification

Linear and isoprenoid alkanes were quantified by the
internal quantitation method by the addition of 50 ug
of 3-methylheneicosane (ai-C,,, 99% purity; ULTRA
Scientific, North Kingstown, United State of America)
before GC-MS analysis. Biomarkers (terpanes and steranes)
were also quantified by the same internal quantification
method by adding 0.1 pg of 5f(H)-cholane (Chiron,
Norway) without adjustments for possible response
differences.

Results and Discussion
TOC, Rock-Eval, and SOM

The samples studied had total organic carbon (TOC)
content between 1.08 and 3.23% and sulfur content
between 0.23 and 1.5%. S, values ranging from 1.09 to
8.17% and hydrogen index (HI) between 100.93 and
306.7 mg HC g! TOC. The productivity index (PI) is
between 0.01 and 0.04 (Table 1). Soluble organic matter
(SOM) yielded between 0.05 and 1.4%. Saturated, aromatic
and NSO fractions (polar fraction) ranged from 15.6-45.8,
2.4-21 and 40.2-69.8%, respectively.

J. Braz. Chem. Soc.

Sedimentology and mineral geochemistry

The studied succession is dominated by finely laminated
shales. In the upper portion, the shale occurs interbedded
fine massive sandstone. According to the XRD results
performed, the mineralogical composition of the analyzed
material is composed mainly of quartz (Qtz) followed
by pyrite (Py), vermiculite (Ve), kaolinite (Ka), and
muscovite (Mu) or illite (Il) (Figure 2). The deposits are
interpreted as formed in a marine environment developed
under deep to transitional shelf conditions.

The black to dark grey shales with pyrite are indicative
of reducing conditions during the Upper Devonian. On
the other hand, the dominance of quartz within the clay
particles framework suggests sedimentary material of
continental origin possibly related to the continuous fluvial
input attested by the upward increase of sand material
(Figure 2).172!

Geochemical characteristics

The distribution of n-alkanes in the samples ranged from
n-C,, to n-C,, (Figure 3). The range of hydrocarbons (HC)
of n-C,y-n-C,, was predominant about the other ranges,
except for samples BA-O1 and BA-07, which presented
predominance of HC in the range of n-C ;-n-C; (Figure 3,
Table 2). Additionally, quantification data are presented in
Supplementary Information (SI) section.

Table 1. Results were obtained for TOC analysis, Rock-Eval pyrolysis, sample extraction, and fractionation

Parameter Sample

BA-01 BA-02 BA-03 BA-04 BA-05 BA-06 BA-07
TOC / wt.% 3.23 3.06 3.08 1.08 2.0 1.96 1.94
T/ °C 434 436 433 435 436 438 437
S,/ (mg HC g rock) 0.16 0.13 0.14 0.05 0.05 0.04 0.03
S,/ (mg HC g rock) 8.17 8.08 431 1.09 5.95 5.35 5.69
S;/ (mg CO, g rock) 0.25 0.27 0.39 0.12 - - -
HI/ (mg HC g TOC) 252.94 264.05 139.94 100.93 306.7 272.95 284.5
OI/ (mg CO, g' TOC) 7.74 8.82 12.66 11.11 nd nd nd
S/ % 1.0 1.5 0.77 1.4 0.36 0.23 0.25
PI 0.02 0.02 0.03 0.04 0.01 0.01 0.01
Yield / %
SOM 0.16 0.08 0.1 0.05 0.92 1.4 1.4
Sat. 19.8 27 22.7 45.8 27.8 20.5 15.6
Aro. 16.8 18.8 21 14 2.4 13 54
NSO 63.4 69.2 56.3 40.2 69.8 66.5 79
Sat./Aro. 1.18 1.44 1.08 3.27 11.58 1.58 2.89

TOC: total organic carbon; T,,,: peak temperature of pyrolysis; S,: residual hydrocarbon; S,: pyrolysis hydrocarbon; S;: the amount of CO, produced

max*

during pyrolysis of kerogen; HI: hydrogen index = 100 x S, TOC'; OI: oxygen index = 100 x S; TOC'; S: percentage of sulfur; PI: productivity index
Si/(S; + S,); SOM: soluble organic matter; Sat: saturated fraction; Aro: aromatic fraction; NSO: polar fraction. Values of T,,,,, S, S, and S; are obtained

from the Rock-Eval analysis; nd: not detected.
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Figure 2. XRD diffractograms of the shales studied. Ve: vermiculite; Mu:
muscovite; II: illite; Qtz: quartz; Ka: kaolinite; Py: pyrite.

The carbon preference index (CPI) and odd even
predominance (OEP) values (Table 2) ranged from
1.07-1.17t0 0.87-1.41, respectively. The ratio that associates
the contribution of terrestrial to aquatic OM, terrigenoous/
aquatic ratio (TAR) ranged from 0.41-1.30 (Table 2).
The ratio for the pristane (Pr) and phytane (Ph) acyclic
isoprenoids, Pr/Ph, ranged from 0.29 to 3.87 (Table 2).
The Pr/n-C,,; and Ph/n-C 4 ratios that are associated with
maturity and biodegradation are in the range of 0.10-1.88
and 0.19-0.91, respectively. The distribution (bottom to
top, BA-01-BA-07) of cyclohexanes ranging from C,;-Css,
with a predominance of odd and maximum chains at C; is
shown in Figure 4 (m/z 82).

The typical distribution of steranes and diasteranes is
shown in Figure 5 by GC-MS/MS analysis corresponding
to C,;-C;, ions (M*s — m/z 217). Rearranged steranes

Table 2. Calculated parameters (based on signal area) for the studied samples
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(diasteranes) are observed in all samples and the
relationship between diasteranes and regular steranes was
high, ranging from 0.35 to 0.85 (Table 3). The index value
of diasteranes ranged from 77.84 to 98.16 (Table 3). The
hopane/sterane (Hop./Ste.) (Table 3) presented values
between 4.81-51.35.

The distribution of bicyclic sesquiterpanes monitored
in all samples is shown in Figure 6 (base, midpoint,
and top). Rearranged driman (III), drimano (VI), and
homodriman (XI) were the main constituents identified.
Pentacyclic hopane distribution was monitored by m/z 191
(Figure 7, typical GC-MS/MS in Figure S4, SI section).
The Ts/Tm and Ts/(Ts +Tm) ratios ranged from 0.19-0.45
to 0.16-0.31, respectively. The relative abundance of
C,-norhopano was lower than C,-hopano with ratios
ranging between 0.56-0.77.

C;,-Homohopanes have a higher relative abundance
(Figure 7), decreasing in the direction of C,,-homohopanos,
being C,s-homohopano detected in only three of the
studied samples. The distribution of C,,-morethane
to C,,-homomoretane was also identified. The ratio
C,/ZC;,-Cys ranged from 0.49-1.27. The C,,-C,5apS/S + R
ratios were calculated (Table 4) and their values ranged
around 0.55. The ratios af29/a330 and a331/a.f30 ranged
from 0.67-0.77 to 0.17-0.40, respectively (Table 4). The
presence of tetracyclic polyprenoids (TPPs) was monitored
by the reconstructed ion chromatogram (RIC) m/z 259, with
a ratio ranging between 0.10 and 2.12 (Table 3).

Organic matter contribution

The van Krevelen type diagram correlates the oxygen
index (OI, Table 1) and hydrogen index (HI, Table 1), thus

Parameter Sample

BA-01 BA-02 BA-03 BA-04 BA-05 BA-06 BA-07
Pr/Ph 2.35 1.95 221 2.23 0.29 3.87 3.28
Pr/n-C,, 1.83 1.65 1.88 0.44 0.10 0.59 0.51
Ph/n-C g 0.88 0.73 0.91 0.22 0.20 0.19 0.19
CPI 1.16 1.15 1.16 1.07 1.16 1.17 1.15
OEP 1.08 0.91 1.12 1.03 0.92 0.87 1.41
TAR 0.59 1.30 0.73 0.88 1.27 1.26 0.41
n-Alkanes
2C5-Cig/ % 30.28 14.23 25.05 25.45 25.00 20.51 31.87
2C1g-Cyy / % 21.13 37.44 26.19 31.89 35.54 38.68 30.78
2Cy-Cyo / % 13.77 23.66 17.14 21.79 23.71 25.37 19.29
2C;,-Css/ % 2.62 6.82 3.13 7.77 3.16 322 2.79

Pr/Ph = pristane/phytane in total ion chromatogram (TIC);*? Pr/n-C,, = pristane/n-C,; in TIC;? Ph/n-C 4 = phytane/n-C, in TIC;** CPI: carbon preference
index = 0.5 X [Z,4g1-Cy3-1-Cy; + Xy, 11-Co5-1-Coo[/Z(n-C,,-n-Cyp) in RIC m/z 71;% OEP: odd even predominance = (n-C; + 6 x n-Cy5 + n-C,,)/(4 x n-C,, +
4 x n-Cy) in RIC m/z 71;** TAR: terrigenoous/aquatic ratio = X, n-C,;-C;,/Z yy (n-C 5-n-C,,) in RIC m/z 71.2
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Figure 3. Total ion chromatogram (TIC) and m/z 71 chromatograms of Devonian rock extracts.

allowing to characterize the type of deposited OM as type II
(phytoplankton, algae, fungi, bacteria, and archaebacteria).
This is shown in Figure 8 for the samples studied.

The n-alkane contribution can be used to define the
contribution of OM from different sources.” The total
ion chromatogram (TIC, Figure 3) of the study samples
shows a distribution profile of C,, to C;4 n-alkanes, with
an odd overpair predominance and a bimodal distribution,
which was evidenced by the monitoring of the ion m/z 71
(Figure 3) suggesting a mixed contribution of marine and
terrestrial OM.%

CPI and OEP values indicate the odd/even
predominance of HC in a specific range.?>??’ These
ratios presented values higher than 1 (Table 2) suggesting
the contribution of terrestrial input in the studied
samples.”? Previous studies?*?*? state that short-chain

n-alkanes (n-C,;-n-C,g) indicate the contribution of
marine OM (phytoplankton and zooplankton) from
medium-chain (n-C,,-n-C,,) are derived from bacteria and
long-chain (n-C,5-n-Cs;) come from terrestrial vegetables.
Additionally, those with chains between n-C,,-n-C,; may
be derived from conifers.*

In general, the samples had relatively high intermediate
chain n-alkanes content (n-C,y-n-C,,), indicating higher
bacterial contribution, except for samples BA-01 and
BA-07, which had higher content of n-alkane chain relative
to n-C,;-n-C,4, suggesting a greater contribution of marine
OM (Table 2, Figure 3).

The Pr/Ph ratio may be affected by different factors
such as maturity, depositional environment, and deposited
OM. 2283135 The sources of the major contribution of these
isoprenoids are the chlorophyll side chain of phototrophic
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organisms, tocopherols, and bacteriochlorophylls a and
b of purple sulfobacteria.?>*'*> High Pr/Ph ratios (> 3.0)
reflect the contribution of terrestrial OM in a moderately
oxidizing (suboxide) depositional environment.?? From the
correlation of the parameters Pr/n-C; versus Ph/n-C,5 and
P/Ph versus C,; aaaR/C,, aaaR (Table 2), it is possible

to understand the mixture of algal and terrestrial OM
(Figures 9a and 9b).

Isoprenoids such as pristane, phytane, and regulars (i-C,,
to i-C,,) can originate from various sources besides the
chlorophyll side chain. For example, bacteriochlorophylls
¢, d, e and g have esterified farnesic chains that are common
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Figure 6. Partial m/z 123 mass chromatogram for samples BA-01, BA-04, and BA-07 (base, midpoint, and top). Nordrimanes I and II, eudesmane III,
drimanes rearranged IV, V and VII, 8 (H)-drimane VI, rearranged homodrimanes VIII-X, 8(H)- and 8a.(H)-homodrimanes XI-XII.
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Figure 7. Partial m/z 191 mass chromatogram of outcrop from BA-01 well. 20/3, 21/3, 23/3, 24/3, 25/3, and 26/3 correspond to tricyclic terpanes and 24/4
to tetracyclic terpane. o3 and Bo correspond to the stereochemistry of carbons 17 and 21. Ts: 18a. (H)-22,29,30-trisnorneohopane; Tm: 17a(H)-22.29,30-
trisnorhopane; 30D: 17a (H)-diahopane.
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Figure 8. Van Krevelen type diagram for the studied samples.

300

constituents of archeolipids (Chlorobiaceae family), and
their saturated analog, isoprenoid i-C,, is indicative of the
presence of these organisms as a contributor to OM.?>3%
Diagenetic precursors of i-C ; to i-C,, isoprenoids, such as
aldehydes and ketones, ranging from C,, to C,4, have been
found in marine sediments and immature rock extracts.’’-¥
In the samples studied, these isoprenoids ranged from i-C,,
to i-C,, (Figure 3), thus suggesting the contribution of these
organisms to the deposited OM.

Cycloalkanes (cyclohexanes) were identified by
monitoring m/z 82 (Figure 4) in all samples, with a similar
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Figure 9. Graphs correlating the ratios: Pr/n-C,; vs. Ph/n-C 4 (a) and Pr/Ph vs. C,,/C,, (b).

distribution to n-alkanes, with a predominance of structures
with an odd number of carbon atoms, with a maximum in
C,, and with decrease over the homologous series. A similar
distribution has been identified in oil samples and rock
extracts from the Ordovician and Devonian.**#

High concentrations of cyclohexanes have
been identified and associated with the presence of
Gloeocapsomorpha prisca (G. prisca) algae in lower
Devonian samples.*” These compounds have also been
associated with cyclohexyl fatty acids isolated from
bacteria,’'* grown at high temperatures (80 °C).*

Cycloalkanes of Silurian oils showed a maximumin C,,,
while in Ordovician and Devonian samples, they showed

Table 3. Parameters are calculated based on sterane distribution

maximums in C,, indicating that these compounds are
specific to precursor groups, differentiating between higher
(Silurian) and plankton/microbial origin (Ordovician/
Devonian).*

The predominance of C,, steranes indicates mainly
algal/planktonic OM entry, while the predominance
of C,, steranes is associated with terrestrial plant OM
entry.?>?74648 n the samples analyzed, C,, and C,, steranes
are predominant over C,, (Table 3), reflecting a mixture in
the contribution of marine and terrestrial origin, which can
be seen in the ternary diagram (Figure 10). This relationship
can be confirmed by the values of ratios C,,/C,, and C,,/C,y
(Table 3).

Parameter Sample

BA-01 BA-02 BA-03 BA-04 BA-05 BA-06 BA-07
Cy*l % 34.4 28.92 36.85 38.89 31.42 28.34 37.04
Cy®/ % 30.44 40.6 30.42 31.87 34.44 37.51 29.54
Cyf 1l % 37.42 30.48 32.73 30.2 34.14 34.15 33.42
Hop./Ste. 4.81 8.22 9.17 51.35 42.84 45.58 35.72
C,; app/(app + aca)® 0.33 0.88 0 0.12 0.71 0 0
Cys aff/(afp + aao) 0.49 0.47 0.34 0 0.67 0.47 0.83
C,o afp/(afp + aaa)® 0.67 0.55 0.38 0.61 0.40 0.42 0.58
C,, aao 20R/C,y aoioL 20R" 0.76 1.26 1.19 1.32 1.00 0.66 1.00
C,5 aao 20R/Cyy aiotol 20R! 0.31 0.34 0.41 0.52 0.62 0.77 0.29
C,; aff 20S+R/C,, afi 20S + R 0.37 1.24 0.68 1.43 0.57 0.36 0.76
Cys ap 20S+R/Cyy afip 20S + R* 0.31 0.28 0.30 0.19 0.35 0.34 0.35
(C,, Reg + Dia)/(C, Reg + Dia)! 0.77 0.79 0.89 0.99 0.91 0.58 0.79
(Cys Reg + Dia)/(Cy Reg + Dia)™ 0.33 0.24 0.39 0.38 0.59 0.53 0.36
C,,/Cy Bar” 0.77 0.72 0.75 0.93 0.96 0.76 0.75
C/Cy Par® 0.34 0.23 0.44 0.44 0.59 0.46 0.39
C,; Ba 205/(20S +20R)? 0.60 0.57 0.50 0.57 0.59 0.61 0.59
C,; Pa. Dia/(caar + afp)e 1.64 1.44 0.61 0.59 0.82 1.99 1.87
Cys Ba 208/(20S +20R)" 0.59 0.78 0.42 0.65 0.59 0.59 0.58
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Table 3. Parameters are calculated based on sterane distribution (cont.)

Parameter Sample

BA-01 BA-02 BA-03 BA-04 BA-05 BA-06 BA-07
Cy Ba/(aaa + afp)® 1.87 1.68 0.98 0.88 0.71 1.01 2.71
C,o Ba 20S/(20S +20R)' 0.59 0.66 0.62 0.59 0.54 0.45 0.61
Cy Pa/(aaa + )" 1.62 2.50 0.82 0.81 0.72 1.27 2.17
2Dia./ZSte." 0.77 0.85 0.75 0.54 0.35 0.49 0.36
iDiasterane* 87.19 98.16 95.81 97.83 77.84 90.58 92.54
Ratio TPP* 0.12 0.10 0.12 0.78 2.25 1.02 2.06

1%C,; = [E%C,7/Z(%Cy7-%Cho)] x 100; *%Ch = [E2%C,5/Z(%Cy-%Cro)] x 100; <%C,y = [E%C,e/Z(%C,-%Cyy)] x 100; ‘hopane/sterane
(Hop./Ste.) = C;, 17a(H),21B(H)-hopane/C,, Sa(H),14a(H),17a(H)-cholestane 20S; °C,; afp/(app + aaoa) = Sa(H),14p(H),17p(H)- and
Sa(H),140(H),17a(H)-cholestanes 20R and 20S; ‘C,; app/(app + aaa) = Sa(H),14B(H),17B(H)- and Sa(H),140(H),170(H)-24-methylcholestanes
20R and 20S; ¢C,, app/(app + aca) = Sa(H),14B(H),17B(H)- and Sa(H),14a(H),17a(H)-24-ethylcholestanes 20R and 20S; "C,; aaaR/C,,
aooR = Sa(H),140(H), 1 7a.(H)-cholestanes 20R/5a(H), 140(H), 1 70u(H)-24-ethylcholestane 20R; iC,g aloatR/Cyy actoR = Sou(H), 140u(H),170(H)-24-methylcholestanes
20R/50u(H),140.(H),17a(H)-24-ethylcholestane 20R; IC,, affy S + R/C,, aff S + R = Sou(H),140(H),17a(H)-cholestanes 20R and 205/5a(H),140u(H),17ou(H)-24-ethyl-
cholestanes 20R and 20S; “C,s aff S + R/C,o aB S + R = 5au(H),140u(H),17au(H)-24-methylcholestanes 20R and 20S/50.(H),140(H),17au(H)-24-ethylcholestanes 20R
and 208S; 'C,, (Reg + Dia)/C,, (Reg + Dia) = Z(13B(H),17ou(H)-, 130(H),17a(H)-diacholestanes, So(H),140a(H),17o(H)- and 5o(H),14B(H),17B(H)-cholestane 20R and
208)/Z(13B(H),170u(H)-, 13a(H),17a(H)- 24-ethyldiacholestanes, So(H),140(H),17a(H)- and Sa(H),14p(H),17B(H)-24-ethylcholestane 20R and 20S; ™C,, (regular
sterane + diasterane)/C,, (regular sterane + diasterane)(C,; (Reg + Dia)/C,, (Reg + Dia)) = Z(13B(H),170a(H)-24-methyl, 130(H),17a(H)-24-methyldiacholestanes,
Sa(H),14a(H),17a(H)- and Sou(H),14B(H),17B(H)-24-metilcolestano 20R and 20S)/ Z(133(H),17a(H)-, 130u(H),170u(H)-24-ethyldiacholestanes, Sa(H),14a(H),17a(H)-
and Sau(H),14p(H),17B(H)- 24-ethylcholestane 20R and 20S; "C,,/C,, Ba. = 13B(H),17a(H)-diacholestanes 20R and 205/13B(H), 17a(H)-24-ethyldiacholestanes 20R and
208; °C,e/C,y Bor = 130(H),17au(H)-24-methyldiacholestanes 20R and 205/133(H), 170(H)-24-ethyldiacholestanes 20R and 20S; °C,, BaS/(20S + 20R) = 13au(H), 1 7o((H)-
diacholestanes 20R and 20S; 9C,, Ba/(aaa + aff) = 13B(H),17o(H)-diacholestanes 20R and 20S/50u(H), 14B(H),17B(H)- and 5ou(H), 140u(H),17a(H)-cholestanes 20R
and 208; 'C,; BaS/(20S + 20R) = 13a(H),170u(H)-24-methyldiacholestanes 20R and 20S; *C,; Ba/(aao + afff) = 13a(H),170(H)-24-methyldiacholestanes 20R and
20S/50(H),14B(H),17B(H)- and Sa(H),140(H),17a(H)-24-methylcholestanes 20R and 20S; 'C,, BaS/(20S + 20R) = 13au(H),170(H)-24-ethyldiacholestanes 20R and
20S; 'C,, Bo/(aaa + o) = 130u(H), 1 70u(H)-24-ethyldiacholestanes 20R and 20S/50u(H), 14(H),17B(H)- and Sa(H), 140(H),17ou(H)-24-ethylcholestanes 20R and 20S;
vEDia/ESte = 13B(H),17a(H)-diacholestane 20R/5a(H),140(H),17a(H)-cholestanes 20R and 20S; *iDiasterane = [13b(H),17a(H)20(S + R)-C,,diasteranes]/
[13b(H),17a(H)20(S + R) - C,,diasteranes + aaa20(S + R)-C,,sterane]; “ratio TPP = TPP (Ta + Tb)/13p(H),1 7a(H)-diacholestane 20R and 20S.* TPP: tetracyclic polyprenoid.

%Cyy

O 100 compounds are widely found among the constituents of

® BA01 higher plant essential oils and resins, but there are reports
® BA-02 of their identification in marine organisms such as brown
: 22’82 algae.>>> Protosalvinia plant fossils have been identified in
o BA05 samples from the Uraid Member, which corresponds to the
® BA-06 top of the Barreirinha Formation,'? and in recent studies,
® BA-07 after extraction and analysis of the aliphatic fraction of

Protosalvinia fossils, it was possible to identify this bicyclic

sesquiterpenoids. '3
Tricyclic terpanes have also been identified in low
00 %Cy abundance. Tricyclic terpanes are believed to originate
from tricyclohexaprenol, which is a constituent of
cell membranes of prokaryotes, but large quantities of

\ . Higher
\\Terrestrlal g

Lacustrine
25 50 75 10i

lants

Figure 10. Ternary graph showing the relationship between the steranes
(C,;, Cy, and C,), showing the composition and source of the organic

matter of the samples. these compounds have been identified in rocks rich in
tasmanites, and their origin from primitive algae may be
In general, samples with high hopane concentrations suggested.?3357 High ratios of C,,/C,; (> 1) tricyclic
and high Hop./Ste. (> 7) are indicative of reworked and/ terpanes are indicative of terrestrial OM and low ratios
or terrestrial lake-type OM.?>5%52 The upper Devonian (< 1) are indicative of marine OM.?34% For the studied
outcrop samples of the present study have high hopane samples, it is possible to suggest a mixture of both types
concentrations (Table S2, SI section) and for this ratio of contributions (Table 4).
(Hop./Ste.) the values found are greater than 7, except for
sample BA-01, suggesting a continuous fluvial influx of Depositional environment and redox conditions
continental OM (Table 4).
Bicyclic sesquiterpenoids have been identified and High sulfur values (Table 1) suggest a marine deposition

the typical distribution is shown in Figure 6. These environment, but organic geochemical indicators do



Vol. 33, No. 4, 2022 Silva et al. 379

Table 4. Parameters calculated based on the distribution of tri- and pentacyclic terpanes

Sample
Parameter
BA-01 BA-02 BA-03 BA-04 BA-05 BA-06 BA-07

C,/C,, Tri* 0.73 nd 0.61 1.09 1.34 nd 1.35
C,,/C,; Tri® nd nd 0.57 1.54 2.12 nd 3.11
C,; Tri/C, He nd nd 0.05 0.02 0.01 nd 0.01
iTri¢ 11.52 3.27 13.90 12.86 8.63 3.79 10.44
s /aBCye 0.39 0.40 0.38 0.26 0.30 0.26 0.17
aps,/S + R 0.56 0.55 0.57 0.55 0.53 0.55 0.66
afSs,/S + Re 0.59 0.57 0.52 0.54 0.51 0.50 0.63
afSsy/S + R 0.61 0.55 0.59 0.55 0.53 0.53 0.31
opSs/S + R 0.59 nd 0.34 0.36 0.45 0.35 0.06
apS;s/S + R nd nd 0.63 0.70 nd nd nd
Ts,,/Tmy* 0.19 0.20 0.19 0.45 0.35 0.32 0.27
Ts,/(Ts,;+ Tmy,,)! 0.16 0.16 0.16 0.31 0.26 0.24 0.21
20 TS/ 85" 0.11 0.10 0.11 0.12 0.13 0.14 0.13
Ts,0/(Ts59 + 0Po)" 0.13 0.18 0.21 0.17 0.34 0.23 0.20
afS34/0p535° nd nd 1.95 1.64 nd 3.25 3.45
af29/ap30° 0.77 0.77 0.67 0.56 0.71 0.69 0.72
Ba29/a 294 0.35 0.28 0.40 0.36 0.35 0.38 0.39
30D/a30" 0.10 0.06 0.10 0.08 0.06 0.06 0.03
Ba 30/aB30° 0.30 0.08 0.20 0.08 0.11 0.04 0.03
af30/(ap31- af35) 0.59 0.71 0.49 1.27 0.93 0.92 1.00

1C,y/C,, Tri = C,y/C,, tricyclic terpanes; °C,,/C,; Tri = C,y/C,, tricyclic terpanes; °C,; Tri/C30H = C,; tricyclic terpane/C,, 17a(H),21B(H)-hopane; ‘tricyclic
index = 100 x =C,, — C,, (except C,, and C,,) terpanes tricyclics/C,, 17o(H),21B(H)-hopane;’' cap31/apC30 = C;, 17a(H),21B(H)-homohopane/C,,
17a(H),21B(H)-hopane; ‘Cy; apS/S + R = 225/(22S + 22R) C,, 17a(H),21B(H)-homohopane; C,, affS/S + R = 225/(22S + 22R) C,, 17a(H),21B(H)-bis-
homohopane; "Cy; afS/S + R = 225/(228 + 22R) Cs; 170(H),21B(H)-trishomohopane; ‘C, apS/S + R = 225/(22S + 22R) Cs, 17a(H),21B(H)-tetrahomohopane;
ICy5 aBS/S + R =225/(22S + 22R) Cy5 17a(H),21B(H)-pentahomohopane; ¥Ts27/Tm27 = C,, 18a(H)-22,29,30-trisnorneohopane/C,; 170(H)-22,29,30-trisnorhopane;
ITs27/(Ts27+Tm27) = C,; 18a(H)-22,29,30-trisnorneohopane/C,; 18a(H)-22,29,30-trisnorneohopane + C,, 17a(H)-22,29,30-trisnorhopane; ™29Ts/a3S30 = C,,
18au(H)-22,29,30-trisnorneohopane/C,, 170.(H)/21(H)-hopane; "Ts29/(Ts29 + ap29) = C,, 18a(H)-22,29,30-norneohopane/(C,, 18a(H)-22,29,30-norneohopane +
C,, 18a(H)-22,29,30-norhopane; °afS34/a3S35 = C,, 17a(H),21B(H)-tetrahomohopane/C,5 170(H),21B(H)-pentahomohopane; Pa29/a330 = C,, 170u(H),21B(H)-
norhopano/C,, 17a(H),21B(H)-hopane; Ba 29/a329 = C,, 17 B(H),21ou(H)-hopane/C,, 17a(H),21B(H)-norhopane; '30D/ap30 = C;,diahopane/C,, 170u(H),21B(H)-
hopane; *Ba 30/a30 = C,, 17 B(H),21a(H)-hopane/C;,170(H),21B(H)-hopane; 'of30/(af31- ap35) = C,, 17a(H),21B(H)-hopane/E homohopanes (C;, — C;s);
nd: not detected.

not show hypersalinity characteristics for the studied
samples.*®>8 Barreirinha Formation has high OM content
preserved as a result of high anoxia conditions during
deposition flood events,” suggesting an anoxic sea.*'>!3

The Pr/Ph ratio is indicative of the redox conditions under
which the OM was being deposited.®® Low values (< 1) are
indicative of anoxic depositional environment, intermediate
values (1 < Pr/Ph < 3) are indicative of suboxic conditions
and high values (> 3) suggest toxic environment.?>*"$! For
samples analyzed (Table 2), these values suggest a suboxic
to toxic sedimentation environment.

Moreover, these values when compared n-alkanes
and isoprenoids (Pr/C,; and Ph/C; ratios, Table 3),
indicate marine OM, preserved under suboxic to anoxic
conditions?*® and also suggest marine depositional
environment, with low terrestrial OM deposition*® and for
the P/C,; vs. Ph/C ¢ cross-relation (Figure 9a) ranged from
anoxic/non-oxic to sub-oxic/oxic, suggesting deposition
in distal marine environment, continental shelf, and delta
environment for more oxides.

The i-C,; isoprenoid (farnesane), as already mentioned, is
a lateral constituent of bacteriochlorophylls, biosynthesized
by organisms of the Chlorobiaceae family. Since these
organisms live only in the euxinic photic zone, that is,
they need light and hydrogen sulfide (H,S) to obtain their
food (photosynthesis),??%? it is possible to suggest, for
the studied samples (Figure 4) this paleoenvironmental
sedimentation condition.

The ratio £Dia./ZSte. is generally used as a maturation
parameter.®*% However, previous studies®”%® have indicated
that acidic (presence of clay minerals) or strongly oxidizing
conditions catalyze conversion reactions from regular
steranes to diasteranes, being related to deltaic marine
deposition environments. In oil samples from evaporative
carbonate or marine sources, diasteranes are in low relative
abundance or even absent.’! For the samples studied, this
parameter ranged from 0.35-0.85 (Table 3), indicating
siliciclastic rocks.3!686

Values above 1.0 for parameter a29/a330 are typically
indicators of deposition of anoxic carbonate rocks.?? In this
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study, values ranged from 0.56 to 0.77 (Table 4), which
are associated with clay-rich marine rocks.””" The high
abundance of C;; homohopanes is indicative of reducing
depositional conditions. High values of the parameter
afS34/ap35 (> 1, Table 4) suggest suboxic to anoxic
environment.*””> Unlike lake rocks, marine rocks have
high values (> 0.25) for the afS31/a330 ratio and can be
used to distinguish marine from lake environments.?>>” The
samples presented high values, ranging from 0.26-0.40,
thus suggesting a marine environment, except for the BA-07
sample (Table 4).

The studied samples showed an increasing bottom-to-
top concentration of C;,Ta and Tb tetracyclic polyprenoids
(Figure 11, TPP 25, Figure S4, SI section). When present
in considerable abundance these compounds suggest a
contribution of freshwater OM (algae) with low salinity
for the studied samples. The occurrence in the Barreirinha
Formation is the signature of terrestrial organic matter
contribution due to constant fluvial inflow into the marine
realm (Figure 11, Table 3).*!737* which is indicated by
the high Hop./Ste. and TPP ratio (Table 3).

An indicator of the marine sedimentation environment
is the presence of regular C,, or 24-n-propylcholestane
(C5o-npc). This biomarker has as precursor
24-n-propylcholestanol, which is present in chrysophyte
algae of the order Sarcinochrysidales. C,-npc precursors
have been identified in 24-n-propylidene-cholesterol and
24-n-propylcholesterol” in pellagophyte microalgae. A small
class of seaweed (Pelagophyceae) also synthesizes one of the
precursors of C,-npc, 24(E)-24-propylidene-cholesterol.”®”
Thus, the presence of C;,-npc is taken as evidence of the
contribution and environment of marine sedimentation.

BA-07G

BA-04D

Relative Abundance (%)

%

b

BA-01A

it

J. Braz. Chem. Soc.

In the studied samples, to confirm the presence of this
compound (C,,-npc), a synthetic pattern co-injection of this
biomarker was performed. The sample BA-01 was selected
because it presented a higher relative abundance of C,;-npc
among the studied samples. Figure 12 presents the GC-MS/MS
experiment, showing the presence of this biomarker.

Thermal evolution

In general, thermally immature rocks have T,,,, values
(peak temperature of pyrolysis) < 435-440 °C and PI1 < 0.1
whereas those that have reached the peak of generation
have T,,,, values between 445-450 °C and PI of the order
0.4.' Thus, the values for the samples under study (Table 1)
suggest that they are thermally immature.

The CPI values found for the samples (> 1, Table 2)
suggest low maturity of the studied samples, except for
sample BA-02, which had a value slightly lower than 1
(CPI = 0.97).7%7 The parameters Ts27/Tm27, Ts27/
(Ts27 + Tm27), Ts27/aB30 and Ts29/(Ts29 + af29)
(Table 3) present low values (< 1) suggesting the low
thermal evolution of the samples.>!:63:70.71.80.81

The ratios of homohopanes (HH) 225/(22S + 22R)
have their equilibrium established between 0.57-0.62. In
general, this parameter is applied to homohopanes o331
and/or af32, since this parameter can be influenced by
co-elution of other compounds. The samples presented
values that ranged between 0.53-0.66; 0.50-0.63; 0.31-0.61;
0.06-0.59 and 0.63-0.70 for homohopanes aff31, afp32,
a B33, ap34, and aff35, respectively. These values reflect
the low maturity, except for samples BA-03 and BA-04
which were the only ones that could be calculated for af31.

TPP
—,-Tb
TPP=8.2 ppm
o
\
} } TPP =5.62 ppm
\
|
TPP =3.77 ppm

Retention Time (min)

Figure 11. RIC m/z 259 showing the distribution of TPP’s in the samples corresponding to the bottom, middle, and top.
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Figure 12. Characteristic multiple reaction monitoring (MRM) chromatogram of C;, steranes found in the samples. Total ion chromatogram
(a) M* 414 — m/z 217 transition, (b) M* 414 — m/z 217 transitions of BA-01 sample co-injected with 24-npc standard (0.5 ppm), and (c) M* 414 — m/z 217

transition from the 24-npc standard.

The morethane/hopane Ba29/af329 and Ba30/af330
ratios corroborate the immaturity suggestion of the samples
since their calculated values (Table 4) are in the range of
0.8-0.35.2 The isomerization of steranes BB/(Bp + o.ct) and
20S8/(20S + 20R) are other parameters of maturation. For
the samples studied, both parameters were calculated for
the C,; and C,, steranes (Table 3) and their values ranged
from 0.12-0.88 to 0.38-0.67 (C,, and C,, BR/(BP + aa))
and 0.18-0.58 and 0.23-0.72 (C,, and C,, 205/(20S + 20R)),
indicating immaturity of OM.

Conclusions

Rock-Eval results suggested that the samples analyzed
have T, values typically below 440 °C and are therefore
thermally immature. The studied fractions showed a bimodal
distribution of n-alkanes from n-C,, to n-Cy, suggesting
a mixed contribution of organic matter (marine and
continental). The most frequently used biomarker parameters
to assess maturity such as hopane C;,-225/22S + 22R, sterane
C,p-205/20S + 20R and trisnorhopane, Ts/Ts + Tm, CPI, and
Pr/Ph ratios were consistent with the data from Rock-Eval,
suggesting thermally immature samples, however, these data
and those referring to the (marine) origin of the samples
should be viewed with caution as they are outcrop samples
subject to recent changes or contamination.

The high abundance of the Hop./Ste. ratio, the
absence or low relative abundance of fB-carotane and
gammacerane may be due to the low salinity as well as
the presence of oxygen in this depositional environment,
suggests a continuous fluvial influx of continental OM,
corroborated by the increasing presence of TPP from
the base to the top of the studied samples. In general, the
samples presented different geochemical characteristics
among themselves, varying composition and abundance
of the studied compounds (linear and isoprenoid alkanes,
tri- and pentacyclic terpanes, steranes, and tetracyclic
polyprenoids). The parameters agree as to the immaturity
of the samples, the mixture in the contribution of the
deposited organic matter, differences in salinity, and
sediment deposition.

Supplementary Information

Supplementary data (quantification data, GC-MS/MS
MRM representative of the series of hopanos identified
in the studied samples (BA-01) and GC-MS/MS MRM
representative of the series of tetracyclic steroids and
polyprenoids (TPP’s) identified in the studied samples
(BA-07, rich in TPP’s)) are available free of charge at http://
jbcs.sbq.org.br as PDF file.
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