Chapter 3 )
Geochemical Properties e

Abstract Shale reservoirs with organic-rich intervals are often characterized by
high quantities of kerogen, bitumen and also moveable hydrocarbons. Despite lots
of conducted studies to improve understanding of the shale characteristics, kerogen,
as one the main constituents of mudrocks, is not thoroughly understood.
Understanding organic matter properties in terms of maturity, content, and type are
crucial for the development of unconventional reservoirs. Studies also showed the
presence of organic matter has a non-negligible effect on hydraulic fracturing
operations. In this chapter, organic matter characterization by conventional methods
along with a new analytical method known as Raman spectroscopy are discussed.

3.1 Characterizing Geochemical Properties of Organic
Matter

Organic matter, predominantly kerogen, is formed from the burial and preservation
of living organisms and is interspersed within the mineral matrix (Hutton et al.
1994), Fig. 3.1. In order to study organic matter properties, bulk sample, Fig. 3.1a,
or isolated kerogen, Fig. 3.1b—d, can be used. Rock-Eval pyrolysis, vitrinite
reflectance, infrared and Raman spectroscopy, elemental analysis, and X-ray
absorption near edge structure are some techniques for evaluating the organic
matter. Parameters that are mostly considered are: maturity level, hydrogen and
oxygen richness, total organic content, aromaticity of kerogen structure, and
potential to produce hydrocarbon which are discussed in the following sections.
The main method to understand the thermal maturity of kerogen is the optical
inspection of vitrinite macerals, known as vitrinite reflectance (Diessel et al. 1978).
Vitrinite reflectance analysis can be challenging when samples contain dispersed or
no primary vitrinite (Hackley et al. 2015; Sauerer et al. 2017), Fig. 3.2. In order to
find the maturity for these samples, a mean of bitumen maturity (%Bro) can be used
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Fig. 3.1 a SEM images of Bakken shale sample, b-d STEM image of isolated kerogen at
different scales

to obtain an equivalent vitrinite maturity (% VRo). This can be done by using linear
Equation proposed by Jacob (1989) or converting Ty,,x from Rock-Eval (Table 3.1)
to %VRo through Eq. 3.2 (Jarvie et al. 2001).

%VRo = %BRo x 0.618 +0.4 (3.1)
%VRo = 0.0180 * Ty — 7.16 (32)

The common methods for evaluating organic matter properties are LECO,
Rock-Eval pyrolysis, and organic petrography by microscopic methods. Rock-Eval
(RE) pyrolysis is a universally accepted analysis in which a sample is subjected to a
programmed heating (Espitalie et al. 1985; Peters 1986; Behar et al. 2001).
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Fig. 3.2 a, b Two samples with organic matter comprises primary low-reflecting bitumen (L-B)
bitumen (Bit), while no reliable grain of primary vitrinite is encountered

Table 3.1 Direct and derived parameters from Rock-Eval

Direct measurements

Derived measurements

S1 Presents the already generated oil in TOC Known as total organic carbon and
the rock which will be distilled out is calculated as the sum of
of the sample at initial heating of the pyrolyzed OC and residual OC
sample (350 °C)

S2 Presents the amount of hydrocarbon | HI Is the ratio of S, to TOC as a
generated through thermal cracking measure of the hydrogen richness of
of kerogen (550 °C). S2 is the source rock
hydrocarbon which potentially will
be produced

S3 Is the trapped CO, released during Ol Is the ratio of S3 to TOC as a

pyrolysis (up to 390 °C) which is
proportional to the oxygen presents
in the kerogen

measure of the oxygen richness of
the source rock

(continued)



60 3 Geochemical Properties

Table 3.1 (continued)

Direct measurements Derived measurements

S4 Is the residual carbon content of a PI Known as production index which is
sample, with little or no potential to the ratio of already generated
generate hydrocarbons hydrocarbon (S1) to the total

potential of hydrocarbon (S1 + S2).
Low ratios indicate either
immaturity or extreme post-mature
organic matter. High ratios are
interpreted as the mature stage or
contamination by drilling additives
or migrated hydrocarbons

Tonax Is the temperature at the top of the OSI Known as oil saturation index which
S2 peak (maximum release of is the potential oil flow zones in
hydrocarbons during pyrolysis). It is shale reservoirs. The higher OSI, the
an indicator of thermal maturity higher chance of production. The

main reason for using OSI rather
than TOC for evaluating the real
potential of shale oil reservoir is that
OSI considers the fraction of TOC
that contains moveable hydrocarbon

The Rock-Eval process results in different parameters in which some are directly
measured, and some can be derived from the results (Lafargue et al. 1998;
Carvajal-Ortiz and Gentzis 2015), Table 3.1.

Using parameters yield from Rock-Eval, different plots can be generated to
graphically show Kerogen type, its potential to produce hydrocarbon, quality and
its position in gas/oil window, such as in Fig. 3.3.

The complexity of shale plays in terms of constituent components has demon-
strated that new analytical methods should be acquired to better understand
hydrocarbon generation processes. One of the new methods for characterizing
organic rich shales is Raman spectroscopy. Raman spectroscopy, based on
molecular vibration, can provide chemical composition information of samples.
Structural changes of organic matter while maturation process can be monitored by
Raman spectroscopy and yields valuable information in terms of organic matter
properties. In the following section, the ability of Raman spectroscopy on the
characterization of organic matter is discussed.
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Fig. 3.3 a Hydrogen index versus T,,x for kerogen type, b PI versus Ty, for finding the level of

kerogen conversion
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3.2 Raman Spectroscopy

In Raman spectroscopy, the sample is irradiated by intense laser beams in the
UV-visible region, and the scattered light is usually observed in the direction
perpendicular to the incident beam. The scattered light consists of two types: one,
called Rayleigh scattering, is strong and has the same frequency as the incident
beam (if), and the other, called Raman scattering, is very weak (almost 107 of the
incident beam) and has frequencies iy = mg, where m; is a vibrational frequency of
a molecule. Thus, in Raman spectroscopy, we measure the vibrational frequency as
a shift from the incident beam frequency (Reich and Thomsen 2004; Amer 2009).

In diatomic molecules, the vibration occurs only along the chemical bond
connecting the nuclei. In polyatomic molecules, the situation is complicated
because all the nuclei perform their own harmonic oscillations. However, we can
show that any of these complicated vibrations of a molecule can be expressed as a
superposition of a number of “normal vibrations” that are completely independent
of each other (Mitra 1962).

The Raman spectrum of kerogen consists of two main peaks known as G and D
bands (Cesare and Maineri 1999; Marshall et al. 2010; Tuschel 2013), Fig. 3.4a.
The G band refers to graphite, which appears at approximately 1600 cm™' with a
sharp peak. The origin of the G band is due to the inplane E,,, vibrational modes of
the carbon atoms in aromatic ring structures (sp” carbon) exhibiting D¢, symmetry
(Sauerer et al. 2017). The D band refers to a disorder in the atoms which appears
around 1350 cm™' as a narrow peak which is a result from the Raman-active A, o
symmetry associated with lattice defects and discontinuities of the sp® carbon
network (Sauerer et al. 2017; Khatibi et al. 2018). In some literature, two more
minor defect bands are also detected around 1510 and 1625 cm™' (Beyssac et al.
2002; Huang et al. 2010). It is worth mentioning that, Raman spectroscopy can also
show the presence of other components present in organic rich shale such as
Calcium carbonate, Titanium dioxide, Pyrite and Dolomite as discussed by Tuschel
(2013), Fig. 3.4b, c, which is out of scope of this book.

3.3 Raman Spectroscopy for Geochemical
Characterization of Shale Reservoirs

The hydrocarbon-generating potential of source rocks can be assessed by tracking
physical and chemical changes in the molecular structure of kerogen through
thermal maturation. Since, compared with other carbonaceous materials, the com-
plex kerogen structure is closely related to its maturity (Khatibi et al. 2018).

By increasing maturity structural changes take place in organic matter which can
be detected by Raman Spectroscopy and yield valuable information. When kerogen
undergoes maturity, its aromaticity will increase which is followed by a shift in the
position of the D band (as disorder band) towards lower wavelength and lower
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Fig. 3.4 a Raman spectra of six different samples with different maturity levels. Note the two
major bands and also change of band position and amplitude for each sample, b, ¢ other peaks
corresponding to other components in organic rich shale

intensities. This shift is attributed to the increase of larger aromatic clusters and
more ordered-structure kerogen (Schito et al. 2017; Khatibi et al. 2018). While,
changes for G band position is a slight shift towards higher wavelength. This
process allows for Raman to detect different levels of maturation by considering
band separation (the distance between two major bands), Fig. 3.5. At initial stages
of maturation, band separation increases with a higher intensity while this rapid
growth tapers off over higher maturities. This might be explained by the fact that
cracking of organic matter before the peak oil window is faster than the post peak
oil window (Khatibi et al. 2018). Gao et al. (2017) detected abrupt changes in the
structure of kerogen before the peak oil window and at the end of the oil window by
the artificial maturation of oil shale kerogen. The sudden drop in HI during the peak
oil window also supports the elimination of the oil potential from the kerogen
residue. Consequently, after the oil window, structural changes decrease which can
be reflected by the slope of line in Fig. 3.5.



64 3 Geochemical Properties

280
270
A
* - ————
260 Ay A_--
A~
g *
_. 250 e
E N ; ’ # el
£
S 240 N ® Green River
[a] o \\\< - B Fruitland
1 .
U] /& -" & Duvernay
230 Y, A Pocahontas
¥ » Beulah Zap
> ’.“' ’l‘ 4 Upper Freeport
220 v .F. w Lewiston
7 & Penn State
210 ’ 4 undisclosed
‘e A Atokan Formation
* > Bakken Formation
200
0 1 2 3 4 5 6
%Ro

Fig. 3.5 Band separation of major Raman spectroscopy bands versus maturity for 12 different
fields

Table 3.2 Average values of TOC content, vitrinite reflectance, hydrogen index, IR aliphatic
carbon content, and NMR carbon aromaticity. As seen, by increasing maturity, HI and aliphatic
carbon decrease, while aromaticity increases. Source modified from Witte et al. (1988)

TOC % HI (mg HC/gr Aliphatic carbon (mg Carbon aromaticity
(wWt%) VRo rock * gr TOC) aliph. C/gr rock) (from NMR)
10.56 0.48 664 47.8 0.33

7.83 0.66 642 38.5 0.43

6.16 0.88 361 225 0.60

5.90 1.45 74 10.1 0.80

Major molecules in kerogen are aromatics linked by aliphatic and heteroatomic
moieties (Kelemen and Fang 2001) in which solid bitumen (soluble in organic
solvents) may be trapped as well (Wopenka and Pasteris 1993). During hydro-
carbon generation, many of the aliphatic carbon linkages are lost. The aliphatic
portion of organic matter is the main contributor for hydrocarbon production (Witte
et al. 1988; Schenk et al. 1986; Gao et al. 2017) which can be attributed to S2 peak
in the Rock-Eval analysis which represents the potential of kerogen to produce
hydrocarbons. These structural changes can be detected by different spectroscopy
methods (Quirico et al. 2005). Witte et al. (1988) used Infrared Spectroscopy (IR) to
show that aliphatic carbon concentrations decrease with an increase in maturity of
the samples, Table 3.2. Gao et al. (2017) exposed the samples to artificial matu-
ration and presented that mostly, CH, groups (aliphatic) are the contributing
compound to the hydrocarbon generation using quantitative '>*C DP MAS NMR
spectra.
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Fourier Transform InfraRed (FTIR), the preferred method of infrared spec-
troscopy, can be used to identify chemical compounds in organic materials and
verify the results from the Raman spectroscopy. Figure 3.6 shows how FTIR
spectra of kerogens with increasing maturity exhibit increasing aromatic absorption,
decreasing aliphatic absorption for six samples with natural maturity level. Chen
et al. (2015) also used micro-FTIR chemistry map of integrated peak area of ali-
phatic CH, groups on Shale samples at different maturity levels (by artificial
maturation procedure). They showed, in response to the increase in thermal stress,
convertible carbon gradually transforms into hydrocarbons that can later be
expelled from the rock, and consequently, the intensity of aliphatic groups
decreases, as evidenced by the low intensity of aliphatic IR absorbance in highly
mature samples.

This notable change in kerogen molecular structure and clustering of aromatics
were also detected by Quirico et al. (2005) using high-resolution transmission
electronic microscope (TEM). By increasing maturity, the number of stacked aro-
matic layers slightly increases, and onion ring microtexture will be visible for
higher mature samples (Beyssac et al. 2002).

Such structural change can also be detected by Raman spectroscopy (Wang et al.
1990) and related to other properties. As mentioned before, the origin of the G band
in Raman spectroscopy is because of the inplane Eg, vibrational modes of the
carbon atoms in aromatic ring structures (Beyssac et al. 2002, 2003; Sauerer et al
2017). The abundance of aromatic structures means less potential to produce
hydrocarbon, thus, S2 from Rock-Eval can be correlated to G band from Raman
spectroscopy, Fig. 3.7.

During the maturation and increase in produced hydrocarbons, the heteroatom-
rich organic precursors lose many of their oxygenated and hydrogenated chemical
groups (Oberlin et al. 1980; Rouzaud and Oberlin 1989) and attachments separating
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Fig. 3.7 G band position versus S2 from Rock-Eval
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Fig. 3.8 D band position versus S1 from Rock-Eval

from aromatic carbons increases (Kelemen and Fang 2001). It was mentioned
earlier that D band refers to a disorder in the atoms which is resultant from
the Raman-active A, symmetry associated with in-plane lattice defects and
discontinuities of the sp2 carbon network like heteroatoms (Sauerer et al. 2017).
Therefore, D band from Raman spectroscopy can be used as a measure of attach-
ments separated from organic matter which is concurrent with hydrocarbon gen-
eration. This process can be presented by S1 peak in Rock-Eval, Fig. 3.8.



3.3 Raman Spectroscopy for Geochemical Characterization of Shale Reservoirs 67

In addition to geochemical properties of organic matter, Raman spectroscopy has
the potential to predict the mechanical property of organic matter in terms of
Young’s modulus (Khatibi et al. 2018). This method is helpful since kerogen is
dispersed in the rock matrix and conventional mechanical properties measurements
in literature on core samples (Aghajanpour et al. 2017) cannot be performed on
organic matter.

It is believed that in immature source rock samples, the organic matter appears to
surround other minerals, becoming a load-bearing part of the rock framework.
However, as the maturity increases, kerogen becomes more isolated among other
grains (Zargari et al. 2011; Dietrich 2015; Khatibi et al. 2018) and its Young’s
modulus increases. Few studies have been able to confirm this interpretation by
direct measurement (Emmanuel et al. 2016; Li et al. 2017), Fig. 3.9. This phe-
nomenon can be discussed from a molecular point of view. When maturity happens,
kerogen loses heteroatoms (O, S and N) and its aliphatic carbons (hydrogen-rich
groups). The residue is a hydrogen-poor structure molecule, which is dominated by
aromatic carbons. During the process of maturation, which increases with burial
depth, pore-walls rupture. This sequence promotes the mechanical reorientation and
alignment of the aromatic units, thus will facilitate the reduction of defects (Khatibi
et al. 2018). This is due to diffusion, elimination of bonding vacancies and
annealing of aromatic sheets to triperiodic graphite (Bustin 1996). Therefore, from
the early stages of maturation, the macromolecule arrangements transform gradu-
ally from the chaotic and mixed layers to a more ordered arrangement (Pan et al.
2013; Khatibi et al. 2018).

Considering the relationship that exists between Raman spectra versus maturity,
Fig. 3.5, and Young’s modulus versus maturity, Fig. 3.9, Raman data can be used
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Fig. 3.9 Maturity versus Young’s modulus for two different datasets. Note the general increasing
trend in Young’s modulus by increasing maturity
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Fig. 3.10 Young’s modulus versus band separation. Considering the relationship that exists
between maturity and Raman spectra, and maturity with Young’s modulus, Raman data can be
used as an indirect method to study the mechanical properties of organic matter

as an indirect method to study the mechanical properties of organic matter (Khatibi
et al. 2018), Fig. 3.10.

It was shown in Fig. 3.5 when %Ro varies from 0.3 to 3 (initial stages of
maturation to the late dry gas window), band separation varies approximately
between 210 and 255 cm™', respectively. Based on correlation in Fig. 3.10,
Young’s modulus (E) can be estimated approximately from 0.32 to 40 GPa for
organic matter (Khatibi et al. 2018). This is in line with previous results by Eliyahu
et al. (2015) who predicted Young’s modulus of organic matter in the range of 0-25
GPa for maturities up to %Ro = 2.1.

What mentioned above was a brief introduction to different methods for char-
acterizing organic matter and discussing employing new methods such as Raman
spectroscopy in the study of shale reservoirs. High resolution for the laser focal
volume of the Raman equipment (around 3 pm?®) allows for the analysis of small
volumes of dispersed organic material with good precision. Furthermore, the
minimal and rapid sample preparation for Raman spectroscopy enables acquiring
Raman spectrum in minutes.
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