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Abstract

Vitrinite reflectance is considered one of the most reliable indicators of thermal maturity in sedimentary
basins and is widely used to calibrate numerical models that assess hydrocarbon generation/expulsion from
source rocks. Nevertheless, ambiguities in vitrinite reflectance can occur from variations in composition and
preservation state of organic facies, temperature/ pressure conditions and the abundance of organic matter
resulting in incorrect or uncertain assessments of petroleum systems.

This study presents an original application of Raman spectroscopy to assess the diagenesis - catagenesis of
kerogen between the immature and mid-mature stages of hydrocarbon generation. Kerogens were isolated
from 33 intervals of drill cuttings from a 5 km thick Oligocene-Miocene siliciclastic section of the Malembo
Formation (Lower Congo Basin, Angola). Their Raman spectra were obtained and derived parameters were
compared to depth and to previously reported equivalent vitrinite reflectance values. The best correlations
between thermal maturity and Raman parameters were found for D-G band distance; FWHM of the G band,
D/G area ratio; RA2 ratio (calculated as S+DI+SD/Dr+GI+G band ratio) and the D/G width ratio. The
Raman parameters were not influenced by varying kerogen composition (mixed type II/III). The technique
offers the potential to reduce the risk of source rock thermal maturity assessment even when organic facies

rich in amorphous organic matter are present.

1 Introduction

Quantitative evaluation of the thermal maturity of organic matter (OM) dispersed in sediments is a key
element in assessing the processes of hydrocarbon (HC) generation/expulsion in petroleum systems. It is
linked to the thermal evolution of sedimentary basins and orogenic belts (Corrado et al., 2010; Allen and

Allen, 2013; Hackley and Cardott, 2016). Vitrinite reflectance analysis is considered a highly reliable and
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reproducible measure of thermal maturity of coals. Its application to organic matter dispersed in sediments is
a common practice, but there are inherent limitations that can lower the accuracy of the measurement. In
many marine sediments, primary vitrinite macerals are absent or very sparse and it is often difficult to obtain
good results without interference from eroded, secondary sources. Vitrinite reflectance in dispersed organic
matter can also be effected by other processes such as oxidation during transport, preservation, and
retardation and/or suppression. Numerical models calibrated against ambiguous vitrinite reflectance data can
yield inaccurate or biased results. Alternative analytical techniques based on the analysis of both the organic
and inorganic fraction of sediments can minimize these limitations (e.g., Aldega et al. 2007; Corrado et al.,
2009; Federici et al., 2010; Di Paolo et al., 2012; Cantarelli et al., 2013; Andreucci et al., 2014; Schito et al.,
2016).

Raman spectroscopy is a potential powerful non-destructive tool to quantitatively evaluate thermal maturity
of organic matter (e.g., Beyssac et al., 2002; Quirico et al., 2005; Guedes et al., 2010, 2012; Lahfid et al.,
2010; Liu et al., 2012, Hinrichs et al., 2014; Wilkins et al., 2014; Zhou et al., 2014; Liinsdorf, 2016; Mum
and Inan, 2016; Ferralis et al., 2016). Advances in instrumentation and data processing have spurred
increased applications,and the technique is now simple, fast and can be performed directly on standard
petrographic thin sections or on bulk kerogen.

Specifically, two bands on Raman spectra, namely G (graphitic) and D (disordered), are related to the
growth of the ordered domains with respect to the disordered ones in the organic matter (Tuinstra & Koenig,
1970). Parameters linked to D and G bands have been used to show reliable correlations with
paleotemperatures between 200 °C and 650 °C (Wopenka and Pasteris, 1993; Beyssac et al., 2002; Aoya et
al., 2010; Lahfid et al., 2010; Endo et al., 2012) and against thermal maturity between 1 and 5-6 R,%
(Kelemen and Fang, 2001; Jehlicka et al., 2003; Quirico et al., 2005; Guedes et al., 2010; 2012; Liu et al.,
2012; Hinrichs et al., 2014; Wilkins et al., 2014; Zhou et al., 2014; Liinsdorf, 2016; Mum and Inan, 2016).
The range of thermal maturity spanning the diagenetic to mid-catagenesic stages (corresponding to R,% 0.4-
1.2) has been explored systematically in only a few studies (Wilkins et al., 2014; Hinrichs et al., 2016;
Liinsdorf, 2016). These report considerable uncertainties at the low maturity stages, which are usually the
most critical in constraining basin models.

In this study, we examine the applicability of Raman spectroscopy as a thermal indicator in the range
between the immature and middle mature stages of HC generation, when applied to type II/IIl kerogen
composed mainly of amorphous organic matter (AOM). We present the procedures and analytical results
of the first order Raman spectra performed on Cenozoic organic matter dispersed in sediments of the
Malembo Formation drilled in Lower Congo Basin (Angola) that records this maturity range. We
demonstrate that robust parameterization of the thermal maturity of dispersed organic matter is possible

using Raman indicators.

2 Methods and Materials
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2.1 Kerogen and thermal maturity

Kerogen is the insoluble macromolecular fraction of sedimentary organic matter (Vandenbroucke and
Largeau, 2007) and is the precursor of oil and gas resources. Dispersed OM is usually highly heterogeneous
and reflects differences in its origin and preservation state. Different classifications of kerogen exist, based
on optical analyses performed in reflected and transmitted light or rooted on bulk parameters, such as H/C
and O/C atomic ratios or Hydrogen and Oxygen indexes derived from pyrolysis yields and TOC values.

In this work, we mainly refer to classifications based on optical organic petrography using transmitted light
microscopy (Teichmiiller, 1986; Tyson, 1995). Kerogen composition is classified into four classes from
which the abundance and distribution of hydrogen-rich macerals can be discerned: 1) AOM: amorphous
organic matter; 2) MPH: marine phytoplankton; 3) CWF: continental wooden organic matter, namely
phytoclasts; and 4) CHF: continental herbaceous fragments.

Analyses were performed on 33 samples originating from cuttings taken from a 5000 meter thick section
drilled offshore Angola (Malembo Formation - Lower Congo Basin). The succession ranges from Oligocene
to Upper Miocene and is composed mainly of organic-rich shales interbedded by nearshore to deepwater
sandstones (Schito et al., 2016).

Organic matter of different origin and preservation state, detected through transmitted light analyses, were
found in the upper section of the well (depth: 1290-3360m) where woody fragments (CWF) and herbaceous
fragments (CHF) of terrigenous origin coexist with amorphous organic matter (AOM) and marine
phytoplankton (MPH). In contrast, the lower part of the well (depth: 3600-4950 m) is mainly composed of
amorphous organic matter with traces of bitumen (Table 1, Schito et al., 2016). Reflected light analyses on
kerogen indicate that organic matter of woody fragments of continental origin are represented by vitrinite
group macerals, whereas inertinite group macerals are totally absent (Table 1, Schito et al., 2016).

The maturation pattern of the well ranges between about 0.35 and 1.5 expressed as vitrinite reflectance

values (R,%) as reported in Corrado et al. (2016) and Schito et al. (2016).

2.2 Sample preparation

Kerogens were extracted using a wet-chemical acid demineralization technique according to Robl and Davis
(1993) and Schimmelmann et al. (1999). Samples were lightly ground in an agate mortar for about 1 minute.
Carbonates were dissolved by adding HCI on the dried samples. The HCI was added in small increments to
prevent excessive foaming. Digestion of remaining silicates was done by adding a mixture composed in equal
parts by distilled water and HF concentrated at 40% weight percent (45 ml) to 5 g of sample and placed on
a shaker table for 2 hours. Kerogen isolates plus any acid-resistant minerals were recovered and washed 5-6

times with distilled water.

2.3 Raman Spectroscopy and curve fitting
Raman spectroscopy was performed on the kerogen isolates using a Jobin Yvon micro-Raman LabRam system

in a backscattering geometry. Data were collected over the range of 700-2300 cm™' (first order Raman

3
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spectrum) using a 600 grooves/mm spectrometer gratings and CCD detector. A Neodimium-Yag laser at 532 nm
(green laser) was used as the light source and optical filters adjusted the power of the laser (<0.4mW). The
Raman backscattering was recorded after an integration time of 20 seconds for 6 repetitions for each
measurement. This, together with the use of green laser and optical filters, allowed us to reduce the fluorescence
background to minimal values. Between ten and fifteen measurements were performed for each samples to
ensure reproducibility of measurements. Each organic grain was analysed with a 2 um diameter spot using a
50x optical power objective.

Raman spectra of highly disordered carbon materials, are affected by interference due to high fluorescence
caused by the diffuse presence of hydrogen or residual mineral matter. The first step in the analysis of the
spectra is the removal of the high fluorescence background by a baseline subtraction procedure. Once the
procedure is optimized, it then must be reproduced for the entire set of samples.

Baseline subtraction was performed using a third order polynomial curve that best followed the real trend of the
fluorescence in the most immature samples with high fluorescence background. In order to avoid errors induced
by differences in the spectra range considered by the subtraction, we fixed baseline points at 1000 and 1850 cm’!
for all spectra. A polynomial curve was chosen with respect to the linear baseline because the latter tends to
overestimate the D and G peaks intensities. We observed that the maximum difference resulting from baseline
correction was detected for the D band intensity, whose values tend to be higher by 10-15 %.

After removal of the background, the spectra were deconvoluted using LabSpec 6 software by Horiba. As the
Raman spectra of OM in diagenetic conditions show broad overlapping bands and multiple curve-fitting
solutions exist (Liinsdorf and Liinsdorf, 2016), we found that the best solution using the minimum number of
components was attained using a six band deconvolution with a mixed Gaussian-Lorentzian band profile. The
goodness of fit is defined by the minimum values of the ¥? value (less than 3 according to Sadezky et al., 2005).
Several attempts to use only five bands fitting systematically provided y? values two or three times higher than
those obtained with a six bands approach. All spectra were deconvoluted using the six peak deconvolution

procedure.

2.4 Band assignment for Raman spectra in dispersed organic matter

The Raman spectral signal of kerogen is recorded in a “first order” region between 1000 and 2000 cm! and
“second order” region between 2000 and 3500 cm!. Bands in the second order region are generally hidden
by fluorescence for low mature samples (Beyssac et al., 2002) and were not observed in this study. The first
order Raman spectra for carbonaceous materials consist of two main bands known as the D and G bands
(Tuinstra and Koenig, 1970; Friedel and Carlson, 1972) and other bands that vary depending on the rank (Li,
2007; Potgieter-Vermaak et al., 2011). The G band is the only Raman active vibration in crystalline graphite
at 1582 cm™! (Tuinstra and Koenig, 1972; Reich and Thomsen, 2004; Pimenta, 2007) and is related to the in-
plane vibration of the carbon atoms in the graphene sheets.

The D band at 1350 cm™! becomes active in disordered graphite and its frequency depends on the excitation

laser (Pocsik et al., 1998). Its origin has been interpreted as a results of a double resonant Raman scattering
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148  process (Pocsik et al.,, 1998; Reich and Thomsen, 2004; and Pimenta et al., 2007). Alternatively, the
149  collective intensity of the D band has been related to the ring breathing vibration in the graphite sub-unit or
150  polycyclic aromatic compounds (PAHs) (Negri et al., 2002;2004; Castiglioni et al., 2004; Di Donato et al.,
151  2004; and Liinsdorf 2016) or to aromatics with 6 rings or more (Li, 2007).

152 When dealing with disordered materials, the contribution of other spectral features at 1100-1200 cm-!' and
153  1400-1500 cm™! cannot be neglected and even the assignment of the G and D bands to graphite vibrational
154  modes is questionable. Unfortunately, there have only been a few attempt to explain the origin of these
155  bands in disordered materials and these studies are often contradictory (Nemanich and Solin, 1979; Beny-
156  Bassez and Rouzaud, 1985; Ferrari and Robertson, 2000; Castiglioni et al. 2004; Negri et al., 2004; Li et al.,
157  2007; Rebelo et al. 2016). For this reason the assignment of Raman bands for disordered material is still a
158  matter of debate.

159  In high-rank coals, Beyssac et al. (2002) observed the presence of two additional bands in the Raman
160  spectrum: the D2 band, appearing as a right end shoulder of the G band at approximately 1620 cm™! and the
161 D3 band, a wide band residing at approximately 1500 cm™!. These bands have been attributed to out-of-plane
162  defects from tetrahedral carbons (Bény-Bassez and Rouzaud, 1985), or to small crystallite size (Nemanich
163  and Solin, 1979). Working on carbon material matured at lower temperatures (about 200-320°C), Lahfid et
164  al. (2010) and Sadezky et al. (2005) proposed the presence of an additional band called D4 at about 1200 cm-
165 1, attributed to sp*-sp? bonds or C—C and C=C stretching vibrations of polyene-like structures.

166  In a recent study, Ferralis et al. (2016) found the presence of two bands as a broad shoulder of the D bands,
167  called D4 at 1150 cm™ and D5 at 1250 cm™'. In Ferralis et al.’s (2016) work, the two bands have been
168  related to CH species in aliphatic hydrocarbon chains. The authors confirm this hypothesis by showing a
169  strong correlation between the intensity of D5 or D5+D4 band with the increase of the atomic ratio H:C in
170  the range between almost pure graphite (H:C = 0.01) and weak metamorphosed kerogen (H:C = 0.65).

171 In low maturity coals, the Raman spectra of highly disordered carbonaceous matter are more complex.

172 In Li et al. (2006) and Li (2007), Raman spectra were deconvoluted into 10 bands. The authors attributed a
173 band at about 1700 cm™! (Gl band) to a carbonyl group C=0, while the Gr (1540 cm™"), V1 (1465 cm™') and
174 Vr band (1380 cm') which represent the “overlap” between D and G were assigned to mainly amorphous
175  carbon structures in char, especially smaller ring systems (e.g., with 3-5 fused benzene rings). At lower
176  wavenumbers, they found that the S band (1185 cm!), together with SI band (~1220 cm™), acts as the
177 shoulder of the D band (1230 cm™) and mainly represents C,omatic—Caixy, aromatic (aliphatic) ethers, C—
178  C on hydroaromatic rings, hexagonal diamond carbon sp? and C—H on aromatic rings. Finally, the Sr band
179 (1060 cm™) is assigned to C-H on aromatic rings and the R band (960-800 cm™) to C-C on alkanes and
180  cyclic alkanes and/or C-H on aromatic rings.

181  Similarly, based on analyses of carbon nanotubes, Rebelo et al. (2016) proposed new assignments for the
182  first order Raman spectra. In their work the G band is fitted with a Lorentzian shape at ~1580 cm-!
183  surrounded by a Loretzian Gr peak at ~1610 cm™ and a Gaussian Gl peak near 1500 cm™ . Gl band

184  correspond to the same vibration of the G band in low size aromatic (Heise et al., 2009). The “D region”

5
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is deconvoluted to a central Lorentzian D band at 1350 cm™! and two satellites Gaussian band called DI
and Dr (left and right) respectively at ~1250 and ~1400 cm™' that were assigned to identical vibrations of
the D band, but in low size aromatic domains. Finally, a further band, the S band, was used to fit a
relatively small feature on the left side of the spectra at around 1120cm™.

Bands S and Gl were assigned to a fingerprint of polyacetylene-like structures or areas of conjugated double
bonds mainly present along the borders of structures where aromaticity has been broken upon functionalization

(Shirakawa et al., 1973).

2.5 Raman thermal maturity parameters

Debate still exists on how to relate Raman spectral features to carbonization ranks at low thermal maturity levels
(Rantish et al., 2016). Tuinstra and Koenig (1970) proposed the relation ID/IG = C(vL)/La (TK relation), to
study the thermal evolution of carbonaceous materials. ID/IG is the ratio between the intensities of the D and
G peaks, La is the lateral dimension (parallel to the graphene planes) of the nanocrystal and C(vL) is a constant
which depends on the laser frequency. Taking IG as a reference value, which is independent of the size of the
crystal (Cangado et al., 2008), Tuinstra and Koenig (1970) found an inverse relation between the intensities of
the D band and the crystal dimensions. Following the TK correlation, Wopenka & Pasteris (1993) correlated
certain Raman parameters with metamorphic zonation as determined by mineral assemblages.

Subsequently, Yui et al. (1996) demonstrated the high sensitivity of some Raman parameters to metamorphic
grade from low-grade to greenschist facies, while Beyssac et al. (2002) developed the so called RSCM
geothermometer (Raman Spectroscopy of Carbonaceous Material). RSCM, which expresses a relationship
between the Raman parameter R2 (R2 = D/([G + D + D2] area ratio) and metamorphic temperature, was
initially calibrated in a range between 330-640°C, and later extended to contact- metamorphic rocks (Aoya et
al., 2010) and low-grade metamorphism (Lahfid et al., 2010, RA1 and RA2 parameters; Liinsdorf, 2016).

Given the low temperature interval covering the sub-bituminous coal to the anthracite ranks, spectral features
and carbonization are not so clearly correlated. In general, FWHM, positions of the G and D bands and D/G
area ratio are the most sensitive parameters to maturation (Sadezky et al., 2005; Jehlicka et al., 2009; Marques
et al., 2009; Guedes et al., 2010; Zhou et al., 2014; Hinrichs et al., 2016; Liinsdorf, 2016). Romero-Sarmiento et
al. (2014) suggested that the FWHM of the G band shows the best correlation against Rock-Eval Tmax values
in a set of samples from the Barnett shales (US), and Liu et al. (2012) determined thermal maturity by using the

D-G distance in mature to highly mature carbonized samples of solid organic matter.

3 Results

3.1 Raman spectra
From a first qualitative assessment of spectral features, we observed a regular decrease of the fluorescence
signal, resulting in the reduction of the slope of the spectra (Fig. 1), and a corresponding narrowing of the G

bands along the same trend. We refer to Rebelo et al. (2016) for band nomenclature. Position and bands names
6
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are shown in Figure 2a for low maturity OM and in Figure 2b for high maturity OM. Best fit results were
achieved by considering S, DI and Dr as purely Gaussian, and D, G and Gl as more mixed Gaussian-Lorentzian
functions. Generally, in response to increasing thermal maturity, the width of the G band decreases, the D-G

peak position difference increases and the Gl area decreases.

3.2 Correlation of Raman parameters against thermal maturity - Malembo Formation
To correlate spectral features with thermal maturity, the following parameters were calculated: D and G
position, D-G distance, full width at half maximum of the D and G bands (FWHM) and D/G intensity, area and
full width at maximum height ratio. Moreover, we redefined the parameters RA1 and RA2 following the work
of Lahfid et al. (2010), calculated as follows:

1) RAI1 =area (S+DI+D) / area (S+DI+D+Dr+Gl+G);

2) RA2 =area (S+DI+D) / area (Dr+GIl+G).
The D band position decreases slightly with depth from about 1380 cm! to 1360 cm!, while the G band position
(Fig. 3a) shows no trends with depth, ranging between 1590 em™ and 1600 cm! (Fig. 3b). As a consequence, the
D-G difference increases slightly with depth from about 220 em to 240 cm ! (Fig 3c¢).
The full width at half maximum (FWHM) of the D band ranges between 90 cm™! and 110 cm™! with no defined
trend, while the full width at half maximum (FWHM) of the G band decreases from about 90 cm! to 55 cm™!
(Fig.3d-e). The intensity ratio between the D and G bands does not show any correlation with depth (Fig. 31),
while the D/G area ratio and full width at maximum height ratio shows a trend of increasing values with depth,
ranging from about 0.5 to 1.0 and 1.0 and 1.8, respectively (Fig. 3g-h). Both RA1 and RA2 show values ranging
from 0.35 to 0.50 for RA1 and from about 0.55 to 1.10 for RA2 (Fig. 3i-j). The best correlations with depth are
provided by the D-G difference (Fig. 3c), the FWHM of peak G (Fig. 3e), the D/G area ratio (Fig. 3g), D/G
width ratio (Fig. 3h) and the RA2 parameter (Fig. 3j).
We plotted these parameters against the maturity profile of the well expressed in R,% (for details see Schito
et al., 2016) in Fig. 4. A power equation was used to fit the D/G area (R’ = 0.93), RA2 (R?=0.95) and D/G
width (R’ = 0.96) parameters (Fig.4c-d-e), FWHM-G parameter (R’ = 0.91) and the D-G distance (R* = 0.94)

were fitted according to a second order polynomial equation (Fig. a-b).

4 Discussions

We observed good correlations between Raman parameters and well depth for kerogens from the Cenozoic
Malembo Formation (Lower Congo Basin, Angola) in our study. The Raman parameters also correlate very
well with vitrinite reflectance values reported by Schito et al. (2016), which range from about 0.3% to about
1.5% R,. In the investigated well, Raman spectral features vary continuously with depth independent of
kerogen composition. This is in general agreement with Chen et al. (2012) who showed that differences in

parameters derived from micro-FT-IR analyses on vitrinite and liptinite macerals (e.g., AOM) were
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negligible. Raman spectra parameters that best correlate against thermal maturity are: 1) D and G band

position difference; 2) G band FWHM and 3) D and G bands area/width ratio (including the RA2 parameter).

4.1 Distance between D and G bands

The shift in position of the D and G bands is related to processes that occur at different carbonization ranks.
According to Ferrari and Robertson (2000), the D band shift toward lower wavenumbers is attributable to the
increase of larger aromatic clusters passing from disordered to more ordered materials.

The increase of the D-G distance with thermal maturity is mainly driven by the shift of the D position toward
lower wavenumbers (Fig. 3a), while no apparent trend is visible for the G position (Figure 3b). This
observations are in agreement with those made others (Ferrari and Robertson, 2000; Kelemen and Fang,
2001; Nestler et al., 2003; Quirico et al., 2005; Guedes et al., 2010; and Liu et al, 2012). The D-G distance is
one of the best parameters to correlate against vitrinite reflectance (Fig. 4a). Our results are in agreement

with Kelemen and Fang (2001) and Liu et al. (2012) (for samples with R,% varying between 0.5% and 4%).

4.2 Full Width at Half Maximum of the G band

According to Ferrari and Robertson (2000), the width of the G peak increases as a function of the bond-angle disorder at
sp? sites (in aromatic rings and olefinic) and its values are the greatest for high sp? sites content (aliphatic chains) in
highly disordered materials. This parameter increases as a function of decreasing temperature or thermal maturity in
regional metamorphism (Beyssac et al., 2002; Lahfid et al., 2010) and progressive coalification (Ferrari and Robertson,
2000; Kelemen and Fang, 2001; Jehlicka et al., 2003; Quirico et al., 2005; Marques et al., 2009; Guedes et al., 2010a
; Wilkins et al., 2014, Hinrichs et al., 2016). In agreement with existing studies, we observed a decrease of FWHM-G as
a function of increasing R,% (Figs. 4b). According to spectra deconvolution, the overall decrease in the
integrated intensity of the G region is attributable to both a decrease in the FWHM of the G band and to a
decrease in area of the Gl band (Fig. 5). This is in good agreement with the assignment of the GI band to
polyacetylene-like structures (e.g., polyene chains) which are expected to decrease as thermal maturity
increases (Castiglioni et al., 2004; Rebelo et al., 2016 ). Similar behaviour is seen in the Gr (1540 cm™!) and
V1(1465 cm™) of Li et al. (2007), assigned to mainly amorphous carbon structures in char, especially smaller
ring systems (e.g., with 3-5 fused benzene rings) which also are expected to decrease as thermal maturity

increases.

4.3 Area and width ratio parameters (D/G area, RA2, D/G width)

The intensity ratio between D and G bands, is related to the in-plane crystallite size (Tuinstra and
Koening, 1976) in disordered graphite and shows an inverse correlation against paleotemperatures between
330-650 °C (Beyssac et al., 2002).The same relationship is not seen at low temperatures (Ferrari and
Robertson, 2000) and the area ratio of D and G bands and parameters related to this ratio (RA1 and RA2,
Lahfid et al., 2010) correlate better against temperature and thermal maturity (Kelemen and Fang, 2001;
Jehlicka et al., 2003; Quirico et al., 2005; Sadezky et al., 2005; Marques et al., 2009; Guedes et al., 2010; Liu

8
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et al., 2012). This is probably due to the fact that while the intensity ratio behaves similarly to the D/G area
ratio for disordered graphite, this correlation is no longer valid for amorphous carbon where the width of
both bands are related to the disorder in the structure (Ferrari and Robertson, 2000).

We observe that the ID/IG ratio does not correlate with depth (Fig. 3f) or R,% while D/G area and width
ratio (Figs. 3g) and RA1 and RA2 parameters (Figs. 3i - j) increase linearly with thermal maturity. The
increase in D/G area and width ratio and in RA1 and RA2 parameters are partially attributable to the thinning
of the G band due to the clustering of the aromatic rings (Ferrari and Robertson, 2000; Li et al., 2007) and
also to the decrease in intensity of peak Gl (Fig. 5). However, other contributions may also be important to
consider. For this reason, in order to understand and isolate the contribution of each single band to the
RAland RA2 variation in our set of samples, we normalized each band to the G band intensity in Figure 6,
where the ratio between the G band intensity and the area of the D, S, DI and Dr bands against an increasing
maturation pattern on the x axes is presented. No significant variations are observed in the IG/S area or in
the IG/DI area ratio, while a decrease in the IG/D area (e.g., D area band increase) and an increase of the
IG/Dr area ratio (e.g., Dr band area decrease) are clearly visible.

We conclude that the increase in RA2 ratio is attributed to the decrease in width and intensity of G and Gl
bands and to the decrease of the satellite band Dr. This is accompanied by a corresponding increase in D
band area (IG/D area decrease) which is mostly due to an increase in FWHM of the D band (Fig 3d).

While the D band increases, the G, Gl and Dr decrease with increasing structural ordering, in agreement with
the interpretations already proposed by Ferrari and Robertson (2000), Li et al., (2007) and Rebelo et al.
(2015). The interpretation of the Dr and S bands is not straightforward. Rebelo et al. (2015) assign these
bands (S and DI) to the same vibrational modes and to the same structural units of Gl and Dr bands,
respectively; thus, we would expect similar coupled behaviour for these bands at increasing temperature.
However, we observe a decoupling between S and Gl and DI and Dr bands with temperature.

A similar decoupling was observed by Ferralis et al. (2016) who suggested a different origin for the S and DI
bands (called the D4 and D5 bands in Ferralis et al., 2016). The authors observed that in the 1200 em™ 1300
cm! region the D4 and D5 bands are related to deformation modes of C-C (D4) and CH (D5) species
associated with long saturated and unsaturated alkane chains. These bands show an intensity increase with
the increase of H:C ratio from weakly metamorphosed kerogen to graphite.

On the other hand, no trend is observed for the S and DI bands in Figure 6. This could be due to the different
composition of the OM in the upper part of the well (varying terrigenous OM and AOM enrichment)
generating different responses of the excitation bands with increasing thermal maturity. The variation of C-C
and C-H associated with aliphatic at low maturity stages (R,% < 1.5) is not straightforward and depends on
complex chemical changes that occur simultaneously, such as shortening of aliphatic chains, decreased
branching of aliphatic chains and formation of cyclic compounds (Lis et al., 2005). Therefore, we infer that
the assignment of the S and DI bands is still unclear and further investigations are strongly needed to fully

address this issue.
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4.3 Raman spectra evolution in Organic matter

Comparing our results with those obtained at higher degrees of maturation (Beyssac et al., 2002; Lahfid et
al., 2010 and Rantish et al., 2016), we can trace the evolution of Raman spectra of the OM over a wide range
of paleotemperatures. Using data from previous studies, we observed the following changes going from
anthracite to graphite ranks (i.e. typically greenschist facies and above, see Wopenka and Pasteris, 1993;
Beyssac et al., 2002): a decrease in the D band area, a shrinking of the G band and a shift of the G band
toward the triperiodic graphite position (Fig. 7). Conversely, going from low volatile bituminous coal to
anthracite ranks, we observed from the works of Lahfid et al., (2010), Hinrichs et al., (2016) and
Liinsdorf, (2016) an increase of the D band and a progressive disappearance of the minor bands.
From results from this work, we found that changes in Raman spectra in diagenesis consist mainly in a
narrowing of the G band region and a small increase of the D band area. The decrease of the G band
area is due to a progressive shrinking of the G band and to the decrease in the area of the Gl and Dr bands
assigned to small aromatic rings and small polyene domains present only in kerogen at low thermal maturity

levels (Castiglioni et al., 2004; Li et al., 2007; Rebelo et al., 2016).

5 Conclusions

Raman spectroscopic measurements were performed on shalescollected from a 5 km deep well drilled
across the Miocene-Oligocene Malembo Formation in the Lower Congo Basin (offshore of Angola). Bulk
kerogens, with a thermal maturity range increasing from about 0.3 R,% at the top of the well to about 1.5
R,% at the bottom were analysed.

The best correlations of Raman spectral parameters against the increase of thermal maturity are: D-G band
distance; FWHM of the G band; D/G area ratio; RA2 ratio (calculated as S+DI1+SD/Dr+GI+G band ratio) and
the D/G width ratio.

These results demonstrate that, at low diagenetic stages (between the immature and mid-mature stages of
hydrocarbon generation) changes in Raman spectra of undifferentiated dispersed organic matter show
quantifiable changes in response to thermal maturation and can be used to successfully parameterize the

thermal evolution of a sedimentary succession.
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Figure captions

Figure 1. Examples of Raman spectra measured on organic matter extracted from cuttings at different

stratigraphic depth. The stratigraphic column is redrawn after Schito et al. (2016)
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Figure 2. Example of bands and bands position obtained by Raman analysis on dispersed organic matter for:
low matured samples collected at the top of the well (a) and high matured samples collected at the bottom of
the well (b)

Figure 3. Trends with depth of: position of the D band (a), position of the G band (b), difference between G
band and D band positions (c), width at half height of the D band (d), the width at half height of the G band
(e), intensities ratios between D and G bands (f), area ratios between D and G bands(g), full width at
maximum height of the D and G bands (h), RA1 parameter (i) and RA2 parameter (j).

Grey dots indicate terrestrial derived organic matter rich kerogen, black dots amorphous organic matter rich
kerogen. Bars indicate standard deviation for each samples

Figure 4 Correlation between R,%,, calculated based on clay mineralogy and FT-IR analyses and distance
between D and G band (a), width at half height of the G band (b), area ratio between D and G bands (c); RA2
parameter (d) and width ratio between D and G ratio ()

Figure 5. Schematic evolution of the Gl and the G bands

Figure 6. Ratio of G intensity against: S band area (a), DI band area (b), D band area (c) and Dr band area (d)
for all sample (not average per each depth) of the analysed well

Figure 7. Evolution of the Raman spectra from high metamorphic stages to the immature stage of HC
generation. Raman spectra for temperatures higher than 170 °C are redrawn from Lahfid et al. (2010) and
Beyssac et al. (2002). Temperature for samples from this work were carried out from thermal model by
Schito et al. (2016).

Table 1. Organic matter composition and Raman parameters for each depth interval analysed. Acronyms:
AOM amorphous organic matter; MPH marine phytoplankton; CHF continental herbaceous fragments; CWF
continental wooden fragments; stdv: standard deviation; pD: position of the D band (cm™'); pG: position of
the G band (cm™); wD: full width at maximum height of the D band (cm™"); wG: full width at maximum
height of the D band (cm™'); A D-G: difference between G band and D band position (cm™'); ID/IG: intensity
ratio between D and G bands; aD/aG: area ratio between D and G bands; RA1: area (S+DI+D) / area
(S+DI+D+Dr+GI+G); RA2: area (S+DI+D) / area (Dr+GI+G); wD/wG: ratio between full width at
maximum height of D and G bands; s.d: standard deviation
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Abstract

Vitrinite reflectance is considered one of the most reliable indicators of thermal maturity in sedimentary
basins and is widely used to calibrate numerical models that assess hydrocarbon generation/expulsion from
source rocks. Nevertheless, ambiguities in vitrinite reflectance can occur from variations in composition and
preservation state of organic facies, temperature/ pressure conditions and the abundance of organic matter
resulting in incorrect or uncertain assessments of petroleum systems.

This study presents an original application of Raman spectroscopy to assess the diagenesis - catagenesis of
kerogen between the immature and mid-mature stages of hydrocarbon generation. Kerogens were isolated
from 33 intervals of drill cuttings from a 5 km thick Oligocene-Miocene siliciclastic section of the Malembo
Formation (Lower Congo Basin, Angola). Their Raman spectra were obtained and derived parameters were
compared to depth and to previously reported equivalent vitrinite reflectance values. The best correlations
between thermal maturity and Raman parameters were found for D-G band distance; FWHM of the G band,
D/G area ratio; RA2 ratio (calculated as S+DI+SD/Dr+GI+G band ratio) and the D/G width ratio. The
Raman parameters were not influenced by varying kerogen composition (mixed type II/III). The technique
offers the potential to reduce the risk of source rock thermal maturity assessment even when organic facies

rich in amorphous organic matter are present.

1 Introduction

Quantitative evaluation of the thermal maturity of organic matter (OM) dispersed in sediments is a key
element in assessing the processes of hydrocarbon (HC) generation/expulsion in petroleum systems. It is
linked to the thermal evolution of sedimentary basins and orogenic belts (Corrado et al., 2010; Allen and

Allen, 2013; Hackley and Cardott, 2016). Vitrinite reflectance analysis is considered a highly reliable and
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reproducible measure of thermal maturity of coals. Its application to organic matter dispersed in sediments is
a common practice, but there are inherent limitations that can lower the accuracy of the measurement. In
many marine sediments, primary vitrinite macerals are absent or very sparse and it is often difficult to obtain
good results without interference from eroded, secondary sources. Vitrinite reflectance in dispersed organic
matter can also be effected by other processes such as oxidation during transport, preservation, and
retardation and/or suppression. Numerical models calibrated against ambiguous vitrinite reflectance data can
yield inaccurate or biased results. Alternative analytical techniques based on the analysis of both the organic
and inorganic fraction of sediments can minimize these limitations (e.g., Aldega et al. 2007; Corrado et al.,
2009; Federici et al., 2010; Di Paolo et al., 2012; Cantarelli et al., 2013; Andreucci et al., 2014; Schito et al.,
2016).

Raman spectroscopy is a potential powerful non-destructive tool to quantitatively evaluate thermal maturity
of organic matter (e.g., Beyssac et al., 2002; Quirico et al., 2005; Guedes et al., 2010, 2012; Lahfid et al.,
2010; Liu et al., 2012, Hinrichs et al., 2014; Wilkins et al., 2014; Zhou et al., 2014; Liinsdorf, 2016; Mum
and Inan, 2016; Ferralis et al., 2016). Advances in instrumentation and data processing have spurred
increased applications,and the technique is now simple, fast and can be performed directly on standard
petrographic thin sections or on bulk kerogen.

Specifically, two bands on Raman spectra, namely G (graphitic) and D (disordered), are related to the growth
of the ordered domains with respect to the disordered ones in the organic matter (Tuinstra & Koenig, 1970).
Parameters linked to D and G bands have been used to show reliable correlations with paleotemperatures
between 200 °C and 650 °C (Wopenka and Pasteris, 1993; Beyssac et al., 2002; Aoya et al., 2010; Lahfid et
al., 2010; Endo et al., 2012) and against thermal maturity between 1 and 5-6 R,% (Kelemen and Fang, 2001;
Jehlicka et al., 2003; Quirico et al., 2005; Guedes et al., 2010; 2012; Liu et al., 2012; Hinrichs et al., 2014;
Wilkins et al., 2014; Zhou et al., 2014; Liinsdorf, 2016; Mum and Inan, 2016).

The range of thermal maturity spanning the diagenetic to mid-catagenesic stages (corresponding to R,% 0.4-
1.2) has been explored systematically in only a few studies (Wilkins et al., 2014; Hinrichs et al., 2016;
Liinsdorf, 2016). These report considerable uncertainties at the low maturity stages, which are usually the
most critical in constraining basin models.

In this study, we examine the applicability of Raman spectroscopy as a thermal indicator in the range
between the immature and middle mature stages of HC generation, when applied to type II/IIl kerogen
composed mainly of amorphous organic matter (AOM). We present the procedures and analytical results of
the first order Raman spectra performed on Cenozoic organic matter dispersed in sediments of the Malembo
Formation drilled in Lower Congo Basin (Angola) that records this maturity range. We demonstrate that
robust parameterization of the thermal maturity of dispersed organic matter is possible using Raman

indicators.

2 Methods and Materials
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2.1 Kerogen and thermal maturity

Kerogen is the insoluble macromolecular fraction of sedimentary organic matter (Vandenbroucke and
Largeau, 2007) and is the precursor of oil and gas resources. Dispersed OM is usually highly heterogeneous
and reflects differences in its origin and preservation state. Different classifications of kerogen exist, based
on optical analyses performed in reflected and transmitted light or rooted on bulk parameters, such as H/C
and O/C atomic ratios or Hydrogen and Oxygen indexes derived from pyrolysis yields and TOC values.

In this work, we mainly refer to classifications based on optical organic petrography using transmitted light
microscopy (Teichmiiller, 1986; Tyson, 1995). Kerogen composition is classified into four classes from
which the abundance and distribution of hydrogen-rich macerals can be discerned: 1) AOM: amorphous
organic matter; 2) MPH: marine phytoplankton; 3) CWF: continental wooden organic matter, namely
phytoclasts; and 4) CHF: continental herbaceous fragments.

Analyses were performed on 33 samples originating from cuttings taken from a 5000 meter thick section
drilled offshore Angola (Malembo Formation - Lower Congo Basin). The succession ranges from Oligocene
to Upper Miocene and is composed mainly of organic-rich shales interbedded by nearshore to deepwater
sandstones (Schito et al., 2016).

Organic matter of different origin and preservation state, detected through transmitted light analyses, were
found in the upper section of the well (depth: 1290-3360m) where woody fragments (CWF) and herbaceous
fragments (CHF) of terrigenous origin coexist with amorphous organic matter (AOM) and marine
phytoplankton (MPH). In contrast, the lower part of the well (depth: 3600-4950 m) is mainly composed of
amorphous organic matter with traces of bitumen (Table 1, Schito et al., 2016). Reflected light analyses on
kerogen indicate that organic matter of woody fragments of continental origin are represented by vitrinite
group macerals, whereas inertinite group macerals are totally absent (Table 1, Schito et al., 2016).

The maturation pattern of the well ranges between about 0.35 and 1.5 expressed as vitrinite reflectance

values (R,%) as reported in Corrado et al. (2016) and Schito et al. (2016).

2.2 Sample preparation

Kerogens were extracted using a wet-chemical acid demineralization technique according to Robl and Davis
(1993) and Schimmelmann et al. (1999). Samples were lightly ground in an agate mortar for about 1 minute.
Carbonates were dissolved by adding HCI on the dried samples. The HCI was added in small increments to
prevent excessive foaming. Digestion of remaining silicates was done by adding a mixture composed in equal
parts by distilled water and HF concentrated at 40% weight percent (45 ml) to 5 g of sample and placed on a
shaker table for 2 hours. Kerogen isolates plus any acid-resistant minerals were recovered and washed 5-6 times

with distilled water.

2.3 Raman Spectroscopy and curve fitting
Raman spectroscopy was performed on the kerogen isolates using a Jobin Yvon micro-Raman LabRam system

in a backscattering geometry. Data were collected over the range of 700-2300 cm™' (first order Raman
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spectrum) using a 600 grooves/mm spectrometer gratings and CCD detector. A Neodimium-Yag laser at 532 nm
(green laser) was used as the light source and optical filters adjusted the power of the laser (<0.4mW). The
Raman backscattering was recorded after an integration time of 20 seconds for 6 repetitions for each
measurement. This, together with the use of green laser and optical filters, allowed us to reduce the fluorescence
background to minimal values. Between ten and fifteen measurements were performed for each samples to
ensure reproducibility of measurements. Each organic grain was analysed with a 2 um diameter spot using a
50x optical power objective.

Raman spectra of highly disordered carbon materials, are affected by interference due to high fluorescence
caused by the diffuse presence of hydrogen or residual mineral matter. The first step in the analysis of the
spectra is the removal of the high fluorescence background by a baseline subtraction procedure. Once the
procedure is optimized, it then must be reproduced for the entire set of samples.

Baseline subtraction was performed using a third order polynomial curve that best followed the real trend of the
fluorescence in the most immature samples with high fluorescence background. In order to avoid errors induced
by differences in the spectra range considered by the subtraction, we fixed baseline points at 1000 and 1850 cm’!
for all spectra. A polynomial curve was chosen with respect to the linear baseline because the latter tends to
overestimate the D and G peaks intensities. We observed that the maximum difference resulting from baseline
correction was detected for the D band intensity, whose values tend to be higher by 10-15 %.

After removal of the background, the spectra were deconvoluted using LabSpec 6 software by Horiba. As the
Raman spectra of OM in diagenetic conditions show broad overlapping bands and multiple curve-fitting
solutions exist (Liinsdorf and Liinsdorf, 2016), we found that the best solution using the minimum number of
components was attained using a six band deconvolution with a mixed Gaussian-Lorentzian band profile. The
goodnessof fit is defined by the minimum values of the %? value (less than 3 according to Sadezky et al., 2005).
Several attempts to use only five bands fitting systematically provided x> values two or three times higher than
those obtained with a six bands approach. All spectra were deconvoluted using the six peak deconvolution

procedure.

2.4 Band assignment for Raman spectra in dispersed organic matter

The Raman spectral signal of kerogen is recorded in a “first order” region between 1000 and 2000 cm! and
“second order” region between 2000 and 3500 cm!. Bands in the second order region are generally hidden
by fluorescence for low mature samples (Beyssac et al., 2002) and were not observed in this study. The first
order Raman spectrafor carbonaceous materials consist of two main bands known as the D and G bands
(Tuinstra and Koenig, 1970; Friedel and Carlson, 1972) and other bands that vary depending on the rank (Li,
2007; Potgieter-Vermaak et al., 2011). The G band is the only Raman active vibration in crystalline graphite
at 1582 cm™! (Tuinstra and Koenig, 1972; Reich and Thomsen, 2004; Pimenta, 2007) and is related to the in-
plane vibration of the carbon atoms in the graphene sheets.

The D band at 1350 cm™! becomes active in disordered graphite and its frequency depends on the excitation

laser (Pocsik et al., 1998). Its origin has been interpreted as a results of a double resonant Raman scattering
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process (Pocsik et al.,, 1998; Reich and Thomsen, 2004; and Pimenta et al., 2007). Alternatively, the
collective intensity of the D band has been related to the ring breathing vibration in the graphite sub-unit or
polycyclic aromatic compounds (PAHs) (Negri et al., 2002;2004; Castiglioni et al., 2004; Di Donato et al.,
2004; and Liinsdorf 2016) or to aromatics with 6 rings or more (Li, 2007).

When dealing with disordered materials, the contribution of other spectral features at 1100-1200 cm-! and
1400-1500 cm™! cannot be neglected and even the assignment of the G and D bands to graphite vibrational
modes is questionable. Unfortunately, there have only been a few attempt to explain the origin of these bands
in disordered materials and these studies are often contradictory (Nemanich and Solin, 1979; Beny-Bassez
and Rouzaud, 1985; Ferrari and Robertson, 2000; Castiglioni et al. 2004; Negri et al., 2004; Li et al., 2007;
Rebelo et al. 2016). For this reason the assignment of Raman bands for disordered material is still a matter of
debate.

In high-rank coals, Beyssac et al. (2002) observed the presence of two additional bands in the Raman
spectrum: the D2 band, appearing as a right end shoulder of the G band at approximately 1620 cm™! and the
D3 band, a wide band residing at approximately 1500 cm'. These bands have been attributed to out-of-plane
defects from tetrahedral carbons (Bény-Bassez and Rouzaud, 1985), or to small crystallite size (Nemanich
and Solin, 1979). Working on carbon material matured at lower temperatures (about 200-320°C), Lahfid et
al. (2010) and Sadezky et al. (2005) proposed the presence of an additional band called D4 at about 1200 cm-
1, attributed to sp3-sp? bonds or C—C and C=C stretching vibrations of polyene-like structures.

In a recent study, Ferralis et al. (2016) found the presence of two bands as a broad shoulder of the D bands,
called D4 at 1150 cm™ and D5 at 1250 cm™'. In Ferralis et al.’s (2016) work, the two bands have been related
to CH species in aliphatic hydrocarbon chains. The authors confirm this hypothesis by showing a strong
correlation between the intensity of D5 or D5+D4 band with the increase of the atomic ratio H:C in the range
between almost pure graphite (H:C = 0.01) and weak metamorphosed kerogen (H:C = 0.65).

In low maturity coals, the Raman spectra of highly disordered carbonaceous matter are more complex.

In Li et al. (2006) and Li (2007), Raman spectra were deconvoluted into 10 bands. The authors attributed a
band at about 1700 cm! (Gl band) to a carbonyl group C=0, while the Gr (1540 cm!), VI (1465 cm™) and
Vr band (1380 cm!) which represent the “overlap” between D and G were assigned to mainly amorphous
carbon structures in char, especially smaller ring systems (e.g., with 3-5 fused benzene rings). At lower
wavenumbers, they found that the S band (1185 cm™), together with Sl band (~1220 cm™), acts as the
shoulder of the D band (1230 cm™!) and mainly represents Cyomatic—Caiy1, aromatic (aliphatic) ethers, C—C on
hydroaromatic rings, hexagonal diamond carbon sp* and C—H on aromatic rings. Finally, the Sr band (1060
cm!) is assigned to C-H on aromatic rings and the R band (960-800 cm™) to C-C on alkanes and cyclic
alkanes and/or C-H on aromatic rings.

Similarly, based on analyses of carbon nanotubes, Rebelo et al. (2016) proposed new assignments for the first
order Raman spectra. In their work the G band is fitted with a Lorentzian shape at ~1580 cm™! surrounded by a
Loretzian Gr peak at ~1610 cm™! and a Gaussian Gl peak near 1500 cm™!' . Gl band correspond to the same

vibration of the G band in low size aromatic (Heise et al., 2009). The “D region” is deconvoluted to a central
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Lorentzian D band at 1350 cm! and two satellites Gaussian band called DI and Dr (left and right) respectively at
~1250 and ~1400 cm™! that were assigned to identical vibrations of the D band, but in low size aromatic
domains. Finally, a further band, the S band, was used to fit a relatively small feature on the left side of the
spectra at around 1120cm-.

Bands S and Gl were assigned to a fingerprint of polyacetylene-like structures or areas of conjugated double
bonds mainly present along the borders of structures where aromaticity has been broken upon functionalization

(Shirakawa et al., 1973).

2.5 Raman thermal maturity parameters

Debate still exists on how to relate Raman spectral features to carbonization ranks at low thermal maturity levels
(Rantish et al., 2016). Tuinstra and Koenig (1970) proposed the relation ID/IG = C(vL)/La (TK relation), to
study the thermal evolution of carbonaceous materials. ID/IG is the ratio between the intensities of the D and G
peaks, La is the lateral dimension (parallel to the graphene planes) of the nanocrystal and C(uL) is a constant
which depends on the laser frequency. Taking IG as a reference value, which is independent of the size of the
crystal (Cangado et al., 2008), Tuinstra and Koenig (1970) found an inverse relation between the intensities of
the D band and the crystal dimensions. Following the TK correlation, Wopenka & Pasteris (1993) correlated
certain Raman parameters with metamorphic zonation as determined by mineral assemblages.

Subsequently, Yui et al. (1996) demonstrated the high sensitivity of some Raman parameters to metamorphic
grade from low-grade to greenschist facies, while Beyssac et al. (2002) developed the so called RSCM
geothermometer (Raman Spectroscopy of Carbonaceous Material). RSCM, which expresses a relationship
between the Raman parameter R2 (R2 = D/([G + D + D2] area ratio) and metamorphic temperature, was
initially calibrated in a range between 330-640°C, and later extended to contact- metamorphic rocks (Aoya et
al., 2010) and low-grade metamorphism (Lahfid et al., 2010, RA1 and RA2 parameters; Liinsdorf, 2016).

Given the low temperature interval covering the sub-bituminous coal to the anthracite ranks, spectral features
and carbonization are not so clearly correlated. In general, FWHM, positions of the G and D bands and D/G area
ratio are the most sensitive parameters to maturation (Sadezky et al., 2005; Jehlicka et al., 2009; Marques et al.,
2009; Guedes et al., 2010; Zhou et al., 2014; Hinrichs et al., 2016; Liinsdorf, 2016). Romero-Sarmiento et al.
(2014) suggested that the FWHM of the G band shows the best correlation against Rock-Eval Tmax values in a
set of samples from the Barnett shales (US), and Liu et al. (2012) determined thermal maturity by using the D-G

distance in mature to highly mature carbonized samples of solid organic matter.

3 Results

3.1 Raman spectra
From a first qualitative assessment of spectral features, we observed a regular decrease of the fluorescence
signal, resulting in the reduction of the slope of the spectra (Fig. 1), and a corresponding narrowing of the G

bands along the same trend. We refer to Rebelo et al. (2016) for band nomenclature. Position and bands names
6
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are shown in Figure 2a for low maturity OM and in Figure 2b for high maturity OM. Best fit results were
achieved by considering S, DI and Dr as purely Gaussian, and D, G and Gl as more mixed Gaussian-Lorentzian
functions. Generally, in response to increasing thermal maturity, the width of the G band decreases, the D-G

peak position difference increases and the Gl area decreases.

3.2 Correlation of Raman parameters against thermal maturity - Malembo Formation
To correlate spectral features with thermal maturity, the following parameters were calculated: D and G
position, D-G distance, full width at half maximum of the D and G bands (FWHM) and D/G intensity, area and
full width at maximum height ratio. Moreover, we redefined the parameters RA1 and RA2 following the work
of Lahfid et al. (2010), calculated as follows:

1) RAI1 =area (S+DI+D) / area (S+DI+D+Dr+Gl+G);

2) RA2 =area (S+DI+D) / area (Dr+GIl+G).
The D band position decreases slightly with depth from about 1380 cm! to 1360 cm!, while the G band position
(Fig. 3a) shows no trends with depth, ranging between 1590 cm! and 1600 cm! (Fig. 3b). As a consequence, the
D-G difference increases slightly with depth from about 220 cm™! to 240 cm ! (Fig 3c).
The full width at half maximum (FWHM) of the D band ranges between 90 cm™! and 110 cm™! with no defined
trend, while the full width at half maximum (FWHM) of the G band decreases from about 90 cm! to 55 cm™!
(Fig.3d-e). The intensity ratio between the D and G bands does not show any correlation with depth (Fig. 31),
while the D/G area ratio and full width at maximum height ratio shows a trend of increasing values with depth,
ranging from about 0.5 to 1.0 and 1.0 and 1.8, respectively (Fig. 3g-h). Both RA1 and RA2 show values ranging
from 0.35 to 0.50 for RA1 and from about 0.55 to 1.10 for RA2 (Fig. 3i-j). The best correlations with depth are
provided by the D-G difference (Fig. 3c), the FWHM of peak G (Fig. 3e), the D/G area ratio (Fig. 3g), D/G
width ratio (Fig. 3h) and the RA2 parameter (Fig. 3j).
We plotted these parameters against the maturity profile of the well expressed in R,% (for details see Schito
et al., 2016) in Fig. 4. A power equation was used to fit the D/G area (R’ = 0.93), RA2 (R?=0.95) and D/G
width (R’ = 0.96) parameters (Fig.4c-d-e), FWHM-G parameter (R’ = 0.91) and the D-G distance (R* = 0.94)

were fitted according to a second order polynomial equation (Fig. a-b).

4 Discussions

We observed good correlations between Raman parameters and well depth for kerogens from the Cenozoic
Malembo Formation (Lower Congo Basin, Angola) in our study. The Raman parameters also correlate very
well with vitrinite reflectance values reported by Schito et al. (2016), which range from about 0.3% to about
1.5% R,. In the investigated well, Raman spectral features vary continuously with depth independent of
kerogen composition. This is in general agreement with Chen et al. (2012) who showed that differences in

parameters derived from micro-FT-IR analyses on vitrinite and liptinite macerals (e.g., AOM) were
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negligible. Raman spectra parameters that best correlate against thermal maturity are: 1) D and G band

position difference; 2) G band FWHM and 3) D and G bands area/width ratio (including the RA2 parameter).

4.1 Distance between D and G bands

The shift in position of the D and G bands is related to processes that occur at different carbonization ranks.
According to Ferrari and Robertson (2000), the D band shift toward lower wavenumbers is attributable to the
increase of larger aromatic clusters passing from disordered to more ordered materials.

The increase of the D-G distance with thermal maturity is mainly driven by the shift of the D position toward
lower wavenumbers (Fig. 3a), while no apparent trend is visible for the G position (Figure 3b). This
observations are in agreement with those made others (Ferrari and Robertson, 2000; Kelemen and Fang,
2001; Nestler et al., 2003; Quirico et al., 2005; Guedes et al., 2010; and Liu et al, 2012). The D-G distance is
one of the best parameters to correlate against vitrinite reflectance (Fig. 4a). Our results are in agreement

with Kelemen and Fang (2001) and Liu et al. (2012) (for samples with R,% varying between 0.5% and 4%).

4.2 Full Width at Half Maximum of the G band

According to Ferrari and Robertson (2000), the width of the G peak increases as a function of the bond-angle disorder at
sp? sites (in aromatic rings and olefinic) and its values are the greatest for high sp? sites content (aliphatic chains) in
highly disordered materials. This parameter increases as a function of decreasing temperature or thermal maturity in
regional metamorphism (Beyssac et al., 2002; Lahfid et al., 2010) and progressive coalification (Ferrari and Robertson,
2000;; Kelemen and Fang, 2001; Jehlicka et al., 2003; Quirico et al., 2005; Marques et al., 2009; Guedes et al., 2010a ;
Wilkins et al., 2014, Hinrichs et al., 2016). In agreement with existing studies, we observed a decrease of FWHM-G as
a function of increasing R,% (Figs. 4b). According to spectra deconvolution, the overall decrease in the
integrated intensity of the G region is attributable to both a decrease in the FWHM of the G band and to a
decrease in area of the Gl band (Fig. 5). This is in good agreement with the assignment of the GI band to
polyacetylene-like structures (e.g., polyene chains) which are expected to decrease as thermal maturity
increases (Castiglioni et al., 2004; Rebelo et al., 2016 ). Similar behaviour is seen in the Gr (1540 cm!) and
V1(1465 cm™) of Li et al. (2007), assigned to mainly amorphous carbon structures in char, especially smaller
ring systems (e.g., with 3-5 fused benzene rings) which also are expected to decrease as thermal maturity

increases.

4.3 Area and width ratio parameters (D/G area, RA2, D/G width)

The intensity ratio between D and G bands, is related to the in-plane crystallite size (Tuinstra and Koening,
1976) in disordered graphite and shows an inverse correlation against paleotemperatures between 330-650
°C (Beyssac et al., 2002).The same relationship is not seen at low temperatures (Ferrari and Robertson,
2000) and the area ratio of D and G bands and parameters related to this ratio (RA1 and RA2, Lahfid et al.,
2010) correlate better against temperature and thermal maturity (Kelemen and Fang, 2001; Jehlicka et al.,

2003; Quirico et al., 2005; Sadezky et al., 2005; Marques et al., 2009; Guedes et al., 2010; Liu et al., 2012).
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This is probably due to the fact that while the intensity ratio behaves similarly to the D/G area ratio for
disordered graphite, this correlation is no longer valid for amorphous carbon where the width of both bands
are related to the disorder in the structure (Ferrari and Robertson, 2000).

We observe that the ID/IG ratio does not correlate with depth (Fig. 3f) or R,% while D/G area and width
ratio (Figs. 3g) and RA1 and RA2 parameters (Figs. 3i - j) increase linearly with thermal maturity. The
increase in D/G area and width ratio and in RA1 and RA2 parameters are partially attributable to the thinning
of the G band due to the clustering of the aromatic rings (Ferrari and Robertson, 2000; Li et al., 2007) and
also to the decrease in intensity of peak Gl (Fig. 5). However, other contributions may also be important to
consider. For this reason, in order to understand and isolate the contribution of each single band to the
RAland RA2 variation in our set of samples, we normalized each band to the G band intensity in Figure 6,
where the ratio between the G band intensity and the area of the D, S, DI and Dr bands against an increasing
maturation pattern on the x axes is presented. No significant variations are observed in the IG/S area or in the
IG/DI area ratio, while a decrease in the IG/D area (e.g., D area band increase) and an increase of the IG/Dr
area ratio (e.g., Dr band area decrease) are clearly visible.

We conclude that the increase in RA2 ratio is attributed to the decrease in width and intensity of G and Gl
bands and to the decrease of the satellite band Dr. This is accompanied by a corresponding increase in D
band area (IG/D area decrease) which is mostly due to an increase in FWHM of the D band (Fig 3d).

While the D band increases, the G, Gl and Dr decrease with increasing structural ordering, in agreement with
the interpretations already proposed by Ferrari and Robertson (2000), Li et al., (2007) and Rebelo et al.
(2015). The interpretation of the Dr and S bands is not straightforward. Rebelo et al. (2015) assign these
bands (S and DI) to the same vibrational modes and to the same structural units of Gl and Dr bands,
respectively; thus, we would expect similar coupled behaviour for these bands at increasing temperature.
However, we observe a decoupling between S and Gl and DI and Dr bands with temperature.

A similar decoupling was observed by Ferralis et al. (2016) who suggested a different origin for the S and DI
bands (called the D4 and D5 bands in Ferralis et al., 2016). The authors observed that in the 1200 cm™ 1300
cm! region the D4 and D5 bands are related to deformation modes of C-C (D4) and CH (D5) species
associated with long saturated and unsaturated alkane chains. These bands show an intensity increase with
the increase of H:C ratio from weakly metamorphosed kerogen to graphite.

On the other hand, no trend is observed for the S and DI bands in Figure 6. This could be due to the different
composition of the OM in the upper part of the well (varying terrigenous OM and AOM enrichment)
generating different responses of the excitation bands with increasing thermal maturity. The variation of C-C
and C-H associated with aliphatic at low maturity stages (R,% < 1.5) is not straightforward and depends on
complex chemical changes that occur simultaneously, such as shortening of aliphatic chains, decreased
branching of aliphatic chains and formation of cyclic compounds (Lis et al., 2005). Therefore, we infer that
the assignment of the S and DI bands is still unclear and further investigations are strongly needed to fully

address this issue.
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4.3 Raman spectra evolution in Organic matter

Comparing our results with those obtained at higher degrees of maturation (Beyssac et al., 2002; Lahfid et
al., 2010 and Rantish et al., 2016), we can trace the evolution of Raman spectra of the OM over a wide range
of paleotemperatures. Using data from previous studies, we observed the following changes going from
anthracite to graphite ranks (i.e. typically greenschist facies and above, see Wopenka and Pasteris, 1993;
Beyssac et al., 2002): a decrease in the D band area, a shrinking of the G band and a shift of the G band
toward the triperiodic graphite position (Fig. 7). Conversely, going from low volatile bituminous coal to
anthracite ranks, we observed from the works of Lahfid et al., (2010), Hinrichs et al., (2016) and Liinsdorf,
(2016) an increase of the D band and a progressive disappearance of the minor bands. From results from this
work, we found that changes in Raman spectra in diagenesis consist mainly in a narrowing of the G band
region and a small increase of the D band area. The decrease of the G band area is due to a progressive
shrinking of the G band and to the decrease in the area of the Gl and Dr bands assigned to small aromatic
rings and small polyene domains present only in kerogen at low thermal maturity levels (Castiglioni et al.,

2004; Li et al., 2007; Rebelo et al., 2016).

5 Conclusions

Raman spectroscopic measurements were performed on shalescollected from a 5 km deep well drilled across
the Miocene-Oligocene Malembo Formation in the Lower Congo Basin (offshore of Angola). Bulk kerogens,
with a thermal maturity range increasing from about 0.3 R,% at the top of the well to about 1.5 R,% at the
bottom were analysed.

The best correlations of Raman spectral parameters against the increase of thermal maturity are: D-G band
distance; FWHM of the G band; D/G area ratio; RA2 ratio (calculated as S+DI1+SD/Dr+GI+G band ratio) and
the D/G width ratio.

These results demonstrate that, at low diagenetic stages (between the immature and mid-mature stages of
hydrocarbon generation) changes in Raman spectra of undifferentiated dispersed organic matter show
quantifiable changes in response to thermal maturation and can be used to successfully parameterize the

thermal evolution of a sedimentary succession.
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Figure captions

Figure 1. Examples of Raman spectra measured on organic matter extracted from cuttings at different

stratigraphic depth. The stratigraphic column is redrawn after Schito et al. (2016)
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Figure 2. Example of bands and bands position obtained by Raman analysis on dispersed organic matter for:
low matured samples collected at the top of the well (a) and high matured samples collected at the bottom of
the well (b)

Figure 3. Trends with depth of: position of the D band (a), position of the G band (b), difference between G
band and D band positions (c), width at half height of the D band (d), the width at half height of the G band
(e), intensities ratios between D and G bands (f), area ratios between D and G bands(g), full width at
maximum height of the D and G bands (h), RA1 parameter (i) and RA2 parameter (j).

Grey dots indicate terrestrial derived organic matter rich kerogen, black dots amorphous organic matter rich
kerogen. Bars indicate standard deviation for each samples

Figure 4 Correlation between R,%,, calculated based on clay mineralogy and FT-IR analyses and distance
between D and G band (a), width at half height of the G band (b), area ratio between D and G bands (c); RA2
parameter (d) and width ratio between D and G ratio ()

Figure 5. Schematic evolution of the Gl and the G bands

Figure 6. Ratio of G intensity against: S band area (a), DI band area (b), D band area (c) and Dr band area (d)
for all sample (not average per each depth) of the analysed well

Figure 7. Evolution of the Raman spectra from high metamorphic stages to the immature stage of HC
generation. Raman spectra for temperatures higher than 170 °C are redrawn from Lahfid et al. (2010) and
Beyssac et al. (2002). Temperature for samples from this work were carried out from thermal model by
Schito et al. (2016).

Table 1. Organic matter composition and Raman parameters for each depth interval analysed. Acronyms:
AOM amorphous organic matter; MPH marine phytoplankton; CHF continental herbaceous fragments; CWF
continental wooden fragments; stdv: standard deviation; pD: position of the D band (cm™'); pG: position of
the G band (cm™); wD: full width at maximum height of the D band (cm™"); wG: full width at maximum
height of the D band (cm™'); A D-G: difference between G band and D band position (cm™'); ID/IG: intensity
ratio between D and G bands; aD/aG: area ratio between D and G bands; RA1: area (S+DI+D) / area
(S+DI+D+Dr+GI+G); RA2: area (S+DI+D) / area (Dr+GI+G); wD/wG: ratio between full width at
maximum height of D and G bands; s.d: standard deviation
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Depth (m) Kerogen composition pD s.d. pD pG s.d. pG wD s.d. wD w s.d. w6 A D-G s.d. A DG
1290 AOM1oCHF25CWF 65 1378. 71 4. 14 1595. 58 3.48 96. 96 9.15 89. 82 4. 60 1378. 33 4. 97
1390 AOMsMPH5CHE 30CWF 60 1376. 38 2.98 1596. 75 4. 34 93. 57 8. 84 85. 07 6. 48 1376. 02 3.91
1500 AOMgoCHF15CWF5 1376. 70 4.01 1596. 85 6.73 94.29 13.22 87. 63 7.18 1376. 35 5.08
1600 AOM70CHF20CWF 10 1372. 34 3.54 1593. 79 3.02 96. 48 6. 85 86. 00 7.53 1371. 98 4.79
1700 AOM70CHF25CWF5 1376. 55 3.18 1601. 14 2.69 92. 35 8. 66 83. 61 7.78 1376. 17 4.23
1800 AOM1oMPH5CHF 25CWF 60 1372. 48 2.30 1595. 36 2.84 98. 37 4. 65 84. 37 5.02 1372. 09 3.34
1950 AOM2oMPH10CHF 25CWF 45 1371. 25 2. 86 1594. 40 4. 04 95. 80 7.94 81.72 4.94 1370. 87 3.28
2120 AOMgoCHF 15CWF 25 1375.91 5.47 1599. 96 3.45 97. 02 4. 85 84. 76 3. 96 1375. 53 4. 05
2260 AOM1oMPH10CHF 15CWFg5 1375. 04 2. 46 1600. 35 4. 29 90.29 10.81 82. 33 4. 64 1374. 66 3. 36
2460 AOMgoMPH5CHEF 10CWE5 1370. 33 3.32 1598. 46 3.35 92. 54 7. 64 79. 28 5.55 1369. 95 5.25
2600 AOMgoCHF5CWF5 1366. 90 3. 43 1594. 10 4. 40 94. 35 8. 88 84. 44 5. 47 1366. 51 4. 76
2790 AOMgoMPHsCHEF 10CWE 5 1375. 53 1.91 1603. 05 1.77 99. 12 3.40 78. 84 2.74 1375. 13 2.75
2930 AOM10CHFE 20CWF 40 1366. 95 5.75 1597. 50 2. 11 96. 04 4. 82 75. 14 8. 42 1366. 54 6. 47
3070 AOMgoCHF5CWF5 1363. 48 4.10 1592. 56 1. 22 97.53 4. 27 80. 53 3.08 1363. 08 4. 33
3190 AOM25CHE35CWF 40 1363. 32 3.49 1592. 70 3. 16 97. 67 4. 59 71.74 8. 87 1362. 90 4. 75
3370 AOM35CHF15CWE50 1360. 63 3.21 1588. 77 2.49 100.04  0.22 83. 77 2.79 1360. 20 3.71
3610 AOMsoCHE 25CWE 15 1366. 95 1. 90 1600. 68 1. 36 99. 86 1.82 69. 37 3. 38 1366. 50 1.99
3710 AOMsoMPH10CHF5CWE5 1361. 53 2.21 1595. 32 1. 81 100. 16 1.92 69. 61 4.50 1361. 07 2.06
3830 AOM9oCHE5CWE5 1358. 91 1. 88 1595. 29 2.12 100. 73 1. 30 66. 94 3. 78 1358. 45 2.07
3910 AOM10CHF20B1T70 1366. 58 1. 40 1599. 71 2.42 101.30  2.85 68. 79 5.61 1366. 11 1. 57
4020 AOMssCHF 15 1358. 27 2.97 1597. 20 2. 98 104.89 7.01 67. 39 7.39 1357. 80 1.73
4110 AOMy00 1358. 07 1.45 1594. 67 1.03 105.18  4.00 66. 98 4. 80 1357.59 1. 39
4220 - 1360. 34 4. 27 1596. 89 3. 67 106.20 6.79 65. 71 6. 30 1359. 85 2.43
4270 AOMy00 1358. 01 3.29 1596. 61 2.79 104.93 4.76 67. 08 6. 99 1357. 52 2.28
4380 AOM100 1354. 77 2.79 1594. 43 1. 80 105. 20 1. 46 64. 73 4. 39 1354. 29 3. 47
4510 - 1361. 91 2.62 1601. 08 2.19 104.07  3.91 60. 87 3.16 1361. 42 2.37
4570 AOMi00 1362. 64 2.82 1601. 82 1. 34 106.27  3.26 60. 23 3.49 1362. 14 3. 10
4600 AOM100 1361. 13 4. 60 1596. 56 4. 35 104.32  4.98 64. 14 6. 32 1360. 66 3. 18
4680 AOMi00 1354. 64 1.28 1593. 58 2.16 107.15  3.44 59. 84 3.93 1354. 14 1. 49
4780 - 1360. 10 2.41 1598. 16 1. 82 111.75  3.88 63.13 4. 61 1359. 60 2.61
4810 AOMi00 1359. 13 3.08 1593. 21 2. 84 116.39 8.92 66. 81 4. 19 1358. 63 3. 87
4880 AOM100 1354. 58 3.09 1595. 37 2.83 106.33  5.39 60. 04 4. 63 1354. 06 3. 46
4950 1359. 74 1. 64 1600. 22 2.97 105.69 5.64 57. 38 3. 90 1359. 24 S 15
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Highlights

e We analysed kerogen from a well from the offshore Angola with Raman spectroscopy

e Thermal maturity ranges between immature and mature stages of HC generation

e Raman parameters show good trends with depth in the well

e We found a good correlation between thermal maturity trend and Raman parameters

e We discuss the physical-chemical meaning of Raman spectra variations in diagenesis



