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Abstract

:

In order to assess a source rock for economical exploitation purposes, many parameters should be considered; regarding the geochemical aspects, the most important ones are the amount of organic matter (OM) and its quality. Quality refers to the thermal maturity level and the type of OM from which it was formed. The origin of the OM affects the ability of the deposited OM between sediments to generate oil, gas, or both with particular potential after going through thermal maturation. Vitrinite reflectance and programmed pyrolysis (for instance, Rock-Eval) are common methods for evaluating the thermal maturity of the OM and its potential to generate petroleum, but they do not provide us with answers to what extent solid bitumen is oil-prone or gas-prone, as they are bulk geochemical methods. In the present study, Raman spectroscopy (RS), as a powerful tool for studying carbonaceous materials and organic matter, was conducted on shale and coal samples and their individual macerals to show the potential of this technique in kerogen typing and to reveal the parent maceral of the examined bitumen. The proposed methodology, by exhibiting the chemical structure of different organic matters as a major secondary product in unconventional reservoirs, can also detect the behavior of solid bitumen and its hydrocarbon production potential for more accurate petroleum system evaluation.
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1. Introduction


Kerogen is a macromolecule (geopolymer) that forms the insoluble portion of the dispersed organic matter (OM) in source rocks and generates oil and natural gas through thermal maturation [1,2]. The capability of kerogen to generate oil or gas is dependent upon the maceral composition [3,4] and its burial conditions (pressure and temperature); however, the effects of local parameters (e.g., local heat transfer) should not be ignored either [5,6]. Thermal maturity level is traditionally measured by reflectance methods such as vitrinite, solid bitumen, or zooclast (graptolites, chitinozoans, and scolecodonts) reflectance as the most reliable approaches. The biogenic origin of kerogen, also known as the parent maceral, is usually represented by the particulate organic matter and bitumen that is distinguished in rock samples as a phytogenic organic substance with distinct chemical/physical properties, through microscopic examination (transmitted and reflected white, and ultraviolet lights) [7,8,9,10,11,12,13,14,15,16]. Other methods includng infrared spectroscopy (through the various ratios of aromatic/aliphatic compounds [17,18]), programmed pyrolysis (e.g., Rock-Eval-derived Tmax), liquid chromatography, gas chromatography, gas chromatography coupled with mass spectrometry, etc., could provide some information about its thermal maturity too [19,20]. Kerogen typing is not only useful to detect the origin and depositional environment (lacustrine, marine, and terrestrial) of recognized organic matter, but it also helps to develop models in regard to the OM petrophysical characteristics. For instance, as the thermal maturity of the OM advances, pore spaces are developed and evolves in it [21,22]. Ultimately, the combination of these studies will enable more precise petroleum system evaluation and petrophysical characterization, and finally reserve estimation in organic-rich shale plays.



Based on extensive organic petrography studies of source rock specimens, three major maceral groups of kerogens (Table 1) are identified considering their unique morphologies and grayness in reflected light [23,24]:




	
The liptinite group (Type I and II kerogen) includes primarily algal material or amorphous organic matter derived from algal or bacterial precursors,



	
the vitrinite group (Type III kerogen) refers to organic matter that is derived from the woody tissue of post-Silurian vascular plants,



	
and the inertinite group (Type IV kerogen) includes macerals that have experienced combustion, oxidation, or desiccation [25,26].








In addition to these three major maceral groups, zooclasts and secondary products (solid bitumen) are also considered in the present study. Zooclasts are organic matter with reflecting surfaces that have a similar grayness to vitrinite or solid bitumen that can be distinguished based on their unique morphologies [27]. Secondary products are the consequence of OM transformation and are usually referred to as solid bitumen or other by-products. Secondary products like solid bitumen are an important thermal maturity indicator when vitrinite is scarce/absent [28,29,30,31]. Although solid bitumen is not considered as an independent kerogen type, it becomes the predominant organic matter at higher thermal maturities in samples within the late oil to dry gas window [26,32,33,34].



Kerogen constituents’ classifications are primarily based on their appearance and preservation states, using transmitted and reflected white light, and their fluorescence emission properties are investigated utilizing the ultraviolet light. These methods examine the kerogen morphology, and emphasis is made on the botanical source, and/or preservation states [35,36].



Under transmitted white light, kerogen can be divided into: Phytoclast group (fragments of tissues derived from higher plants or fungi); palynomorph group (organic-walled microfossils composed of entirely unmineralized proteinaceous material, such as: Chitinozoans, spores and pollen, prasinophytes, acritarchs, and dinoflagellates); zooclast group (faunal relics such as chitinozoans, graptolites, scolecodonts, and conodonts); amorphous group (amorphous organic matter) [36,37,38]. However, “Solid bitumen” is categorized as another group of organic matter occurring in sedimentary rocks. It is formed after the thermal decomposition of kerogen during the incipient-oil generation stage, and then decomposes to oil in the primary-oil generation stage, while, in the post-oil generation phase, the solid bitumen is decomposed to gas or pyrobitumen [35,39].



Incident light microscopy, optical reflectance, and programmed pyrolysis are conventional methods for evaluating the maturity level of the organic matter and a pathway to identify kerogen type [26,40,41]. However, these methods become challenging to be utilized on small volumes of OM or when a specific maceral cannot be recognized in the samples [22,42]. Additionally, programmed pyrolysis is a bulk analyzer that merely yields general information about the dominant kerogen type within the samples, and in overmature samples, it is difficult to recognize initial maceral composition from programmed pyrolysis. Thus, programmed pyrolysis is not sensitive to any maceral-specific information about the individual kerogen types within the sample, which means the unique impact of each component to the final result is completely ignored [43]. Thus, to overcome this shortcoming, organic petrography should be utilized to delineate existing types of kerogen macerals in a sample for detailed source rock evaluation. However, this method is exhaustive and requires significant training and expertise. Furthermore, petrographic approaches cannot state whether solid bitumen, as an individual particle, is oil-prone or gas-prone and, more in detail, what the original maceral is that produced the solid bitumen. Therefore, employing more elaborate analytical methods such as Raman spectroscopy (RS) can contribute toward a more accurate maceral characterization at smaller scales for individual OM particles [44,45,46,47,48,49,50]. Employing RS has also shown potential to detect the detailed composition of different OM types [22], and the impact of each component on hydrocarbon production by understanding their rate of maturation and their oil and gas proneness [43,48,49,51].



RS operates based on molecular vibrations to reveal the molecular structure of substances, such as the organic matter [52,53,54,55,56] and inorganic minerals [57,58,59]. In this method, after illuminating the sample surface with laser light, a corresponding spectrum will be generated that comprises some bands as fingerprints that refer to specific chemical structures. Raman spectrometers are easy to use and are commonly equipped with an optical microscope to identify and then analyze specific components in source rocks, including individual recognized macerals or solid bitumen [43,49,50,51,60]. Taking advantage of RS has helped researchers to better understand thermal maturity trends of different organic matters [35,51,59,61,62,63,64,65], and also provides information about their H/C ratio (Ferralis et al., 2016) and geochemical and even geomechanical properties [56,66,67].



Based on what is laid out above, the current study aims to employ Raman spectra signals to investigate the potential application of this method on kerogen typing or backtracking to the parent maceral that has produced the studied kerogen particle. This is done based on revealing the chemical structural information of different organic matter including macerals from three types of kerogen and solid bitumen and relating them statistically. Ultimately, based on relationships, the proposed method is applied to solid bitumen solely to investigate if RS can reveal the originating kerogen type that has led to the solid bitumen through thermal maturation. This study is an attempt for more accurate geochemical analysis of source rocks and shale plays for cost-effective exploitation and exploration purposes.




2. Samples and Measurements


For this study, samples were retrieved from Penn State Coal Bank, Green River, Eagle Ford, Woodford, and Bakken Formations (Figure 1) to make sure a wide range of maturities and identified kerogen types are included, as shown in Figure 2. Coal samples were retrieved from Penn State Coal bank samples as a set of vitrinite-rich coals of increasing rank from low to high rank A. The Green River Formation is an Eocene-aged geologic formation that has the sedimentation in a group of intermountain lakes in Colorado, Wyoming, and Utah, USA. Samples were retrieved from depths of 12,200 to 12,280 ft (~3718 to 3743 m) with maturities from VRO-Eq ~1.56 to 1.59 [43]. The Eagle Ford Shale is a Late Cretaceous sedimentary rock located in Texas, USA. The Eagle Ford is composed of organic matter-rich fossiliferous marine shales and marls with interbedded thin limestones. Samples were retrieved from depths of 7200 to 9100 ft (~2194 to 2773 m) with maturities from VRO-Eq ~0.95 to 1.1. The Woodford Shale covers the state of Oklahoma, USA and is mostly Late Devonian in age with the uppermost part as Early Mississippian [26]. Samples were retrieved from depths of 12,210 to 12,290 ft (~3721 to 3746 m) with maturities from VRO-Eq ~0.55 to 4.3. The Bakken Formation is a rock unit from the Late Devonian to Early Mississippian age in the Williston Basin, underlying parts of Montana, North Dakota in USA and Saskatchewan and Manitoba in Canada. This formation consists of three members: Lower shale, middle dolomite, and upper shale. The shales were deposited in relatively deep anoxic marine conditions and samples were retrieved from depths of 5438 to 11,199 ft (~1657 to 3413 m) with maturities from VRO-Eq ~0.38 to 0.92 [6].



For organic petrology and reflectance (%VRO) analysis, the whole-rock samples were crushed to 20 mesh (850 µm) particles, mixed with the epoxy resin and hardener, and left to harden under vacuum conditions for 24 h [68,69]. In the next step, at least 30 measurements per sample were acquired following the TSOP/ICCP protocols [15] for reflectance measurements. Bakken samples were also analyzed by the Rock-Eval Basic/Bulk-Rock-programmed pyrolysis method where 15 or 60 mg (depending on reactive kerogen richness as delineated in some research [6,70]) of ground bulk samples were heated isothermally, and the temperature was then increased at a rate of 25 °C/min up to 650 °C, in helium carrier gas flowing through the pyrolysis oven. Residual carbon from the previous stage was transferred into the oxygen oven and combusted to obtain the geochemical parameters including S1, S2, S3, S4, and Tmax. Using these parameters enables the calculation of hydrogen index (HI), oxygen index (OI), and production index (PI), which can be used for cross-plotting and to create a pseudo-Van Krevelen diagram.



RS operates based on molecular vibrations and symmetries of chemical bonds after excitations with a laser beam to characterize carbonaceous materials [50,63,71,72,73,74,75,76]. The first-order Raman spectrum (0–1800 cm−1) of kerogen depicts several bands [73,77], Figure 3. The assignment of these bands and the details of what they represent have been studied before [74,78,79,80] and is summarized in Table 2. It should be mentioned that the proximity of these recognized bands in terms of their wavenumbers limits the applicability of the RS, which can be resolved by a proper band fitting algorithm to a good level [74].



Raman spectra were acquired from the samples that were prepared for organic petrography by illuminating the surface with a monochromatic laser light of 632.8 nm in wavelength with approximately 1 µm resolution. The power of the laser was 1 mW (1% of total power), with 1 s of acquisition time and 3 s of accumulation, which led to 3 mW.s of the energy dumped on the surface of the sample. In terms of spectral precision, the grating (1200 grating/mm) was not moved from one spot to another; therefore, there was no change in the spectral calibration. The instrument was equipped with a 50× long working distance objective to easily pinpoint the studied OM particle for Raman signal acquisition. To characterize Raman spectral parameters, a curve-fitting step was performed. In this method, the experimental Raman spectrum was reconstructed by deconvolving overlapping peaks in such a manner that the summed spectrum of individual peaks matches the experimental data. To do so, a mixed Gaussian–Lorentzian peak morphology in LabSpec 6 spectroscopy suite (Mark of Horiba Scientific) was used to make sure the best fit was achieved. This method is utilized when both functions are not suitable to reproduce an experimental spectrum. The minimum and maximum width that were allowed for peaks were 10 and 200 cm−1, respectively, and 30 iterations were performed for band picking. Figure 3 shows a representative of the first-order Raman bands related to one of the OM particles that was studied after deconvolution. Ultimately, Table 3 presents the details of the Raman spectra peak decomposition of the samples in this study. It is worth mentioning that in order to remove the long-wavelength function of the fluorescent, a baseline correction using a polynomial order method was also performed.




3. Results and Discussion


3.1. Raman Spectroscopy and Maturity


The molecular structure of OM has a strong correlation with its maturity level from the fictional group variation stand point. Previous studies have documented systematic changes in the structure of the OM by RS (band positions, band separation, FWHM, etc.) as a function of maturity advancement [56,63,66,67,74,81]. When kerogen advances toward higher maturities, its aromaticity will increase and, in this process, the macromolecule breaks down and loses its O, N, and S content [63,82], which can be detected by the Raman response. Figure 4 depicts the correlation between the separation of two major Raman bands (G-D) versus equivalent vitrinite (VRO-Eq) maturity of the samples retrieved from different formations. The increase in the band separation with maturity is attributed to the shift in the D band toward lower wavenumbers with a minor change in the G band toward higher wavenumbers. Moreover, at lower maturity levels, band separation changes at a higher rate; however, toward the higher levels of thermal maturity, the rate decreases and the separation of the G-D bands gradually tapers off. This can be interpreted as the advancement to a more homogenous OM. This happens because by increasing the maturity, H/C and O/C ratios decrease and the final composition of the OM approaches the pure carbon (graphite), which can be reflected by minor changes in band separation [83].



We also plotted each maceral’s reflectance versus G-D band separation to better delineate the existence of different chemical information in our samples, Figure 5. As each OM in this graph should have different maceral origins and, consequently, different physico-chemical properties, they demonstrate various rates of band separation vs. maturity as they progress toward aromatization [50]. This phenomenon is represented by the slope of the curves that is fitted through the data for each group of macerals. As seen in Figure 5, fusinite and macrinite (Type IV kerogen) show similar trends in the curves. This similarity can be related to the fact that, fundamentally, both of them are derived from the same origin (plants) and result from the decay path before or during peatification [43,84,85]. Collotelinite and another (undisclosed) Type III kerogen also demonstrate similar trends. Graptolites (zooclasts) and Type II (unknown maceral) kerogen, even though from different origins, have similar slopes, which is in agreement with the Raman studies of previous studies [50,86].



At the same level of thermal maturity, the general existing fraction of aromatic carbon in kerogen has the order of: Type IV > Type III > Type II [17,25,82,87], which is exactly opposite the slopes seen in Figure 5. It can be described that the rate of maturation of different organic matters would differ and result in a varying rate of band separation. This varying maturity rate is equivalent to different rates (which corresponds to different slopes in the figures) of advancement toward higher aromaticity levels in each kerogen type or OM particle. Furthermore, researchers have also documented that at the same maturity level, the reflectance of kerogens types is on the order of Type IV > Type III > Type II prior to converting the reflectance values to the equivalent vitrinite reflectance [88,89,90]. This has been inferred to be due to different aromaticity levels of various kerogen types and OM [31,91,92]. Therefore, slopes of different organic matter in Figure 5 represent the macromolecular aromatic components of OM, which also confirms their optical characteristics.



It is worth mentioning in such studies it is very important to consider the laser wavelength used while acquiring Raman spectra. Therefore, different laser wavelength cannot be compared, since peak position and intensity for carbonaceous materials is strongly dependent on the laser source.




3.2. Raman Spectroscopy and Kerogen Typing


Each kerogen type comprises a set of macerals that share almost similar physical and chemical properties [93,94], which make them more closely related compared to macerals from other kerogen types [1]. Based on this idea, RS as a tool that provides insight to study molecular structures through vibrational methods (a physical characteristic related to chemical structure) should have the potential in separating various types of kerogen and delineating the pathway of OM overall evolution.



To do so, we plotted different existing bands (wavenumbers) against one another from the studied samples and realized, among all, that the G (vibration within the aromatic ring) band vs. D5 (vibrations originating from aliphatic hydrocarbon chains) displayed a good distinction of different kerogen types, Figure 6, which was in accordance with previous research [22]. Based on the position of each kerogen type in this diagram, it can be inferred that the sulfur (S) content of the studied OMs is playing a key role in the separation of various kerogen types. Table 4 explains the average elemental composition of immature kerogens reported by another study [95]. It can be found that type II kerogen has the highest sulfur content, type I the least, and type III in between [35,96], which follows the trend seen in Figure 6. Lacustrine environments yield kerogens, which are relatively depleted in S, while marine environments based on anoxic/euxinic conditions and mineralogy result in kerogens with varying amounts of organic S [97]. Type II-S kerogen contains a higher amount of S (8–14 wt%) compared to other kerogen types and is derived from autochthonous OM in highly reducing conditions in a marine environment, which is mostly associated with upwelling conditions [95,98]. As seen in Figure 6, type II-S is located at the far right region of this graph representing the OM with the highest sulfur content.



The D5 band has been uniquely related to vibrations originating from aliphatic hydrocarbon chains [74]. Li et al. [79] utilized light-element electron microprobe (EMP) and micro-ATR-FTIR to study macerals in bituminous coals with variable organic sulfur content from different geographic locations. This study argues that the higher organic S content in the maceral appears to be accompanied by a greater proportion of aliphatic functional groups, as a result of the replacement of some of the oxygen (O) within the maceral in ring structures with sulfur (S). This can explain the trend that is observed in Figure 6, where kerogens with higher sulfur content (corresponds to a greater proportion of aliphatic functional groups) exhibit higher D5 values. Moreover, Kelemen et al. [97] used X-ray photon spectroscopy (XPS) and sulfur X-ray absorption near edge structure (S-XANES) to analyze a wide range of organic matter types and maturities. They detected that when the amount of aromatic carbon is increased, aliphatic sulfur declines for all kerogen types. This idea can also corroborate the distribution trend of macerals in the changing format from the upper left to lower right regions in this plot. The G band is purely of aromatic character [74] and the shift in the G band toward higher wave numbers by increasing aromaticity has also been observed by others [50,63]. Thus, when the G band wavenumber is increased (shifting toward the upper left region of the graph for each kerogen type that is separated), the D5 wavenumber would decrease, which can be associated with a decrease in aliphatics (sulfur).



As mentioned earlier, solid bitumen is a secondary product, which is not categorized under any kerogen type, while it is a product of any type of kerogen (I, II, or III) conversion through the thermal maturity or petroleum de-asphalting process [34]. Therefore, it is expected that any solid bitumen based on the parent maceral will somehow display similar physicochemical properties to a particular type of kerogen that it is basically originating from. The gas/oil proneness of solid bitumen, which explains its hydrocarbon generation potential, and its role in thermal maturity evaluation, make solid bitumen an important particle in unconventional organic-liquid-rich shale plays [34,99,100,101,102]. However, organic petrography is inadequate for accurately detecting gas/oil proneness and incapable of relating the identified solid bitumen particle to its parent maceral. In order to investigate if the results from this study that was performed on macerals can be extended to solid bitumen and reveal the kerogen type that specific solid bitumen originates from, we utilized samples from the Bakken and Eagle Ford Shale Formations and examined solid bitumen particles that were identified to acquire their Raman spectra. G and D5 bands from the studied solid bitumen particles are overlaid on the same plot as Figure 6 and presented in Figure 7. It is observed that two separate solid bitumen populations are delineated, which indicates properties similar to two different types of kerogen. This can be supported by the fact that solid bitumen is a product of OM transformation. Furthermore, authors believe that the positioning of different solid bitumens in this plot is more related to their G bands rather than the changes in the D5 band.



Figure 8 is the pseudo-Van Krevelen diagram from the bulk analysis of shale samples from the Bakken Formation, pointing to type II as the dominant kerogen type in the samples with which Raman spectroscopy was used to examine their solid bitumen. Bulk analysis such as programmed pyrolysis will describe the relative abundance of kerogen types. However, considering solid bitumen as the predominant organic matter in the late oil to dry gas window [26,32,33,34], it is reasonable to assume that programmed pyrolysis reflects properties of the solid bitumen relevant to type II kerogen, mostly, from which it has been originating, while solid bitumen from Eagle Ford presents properties similar to type III kerogen, enforcing the separation of the data between these two studied solid bitumen particles. Therefore, we can propose that utilizing RS is able to detect the parent kerogen of the existing solid bitumen in the samples.



The results can also explain the difference in the trends between some of the major equations that have been introduced to convert solid bitumen reflectance to VRO-Eq in the literature. These equations are developed from measurements on solid bitumen that are the product of various types of kerogen conversion through thermal maturity, and, therefore, discrepancies should be expected.



Bulk analyses such as programmed pyrolysis on OM can provide general information without considering the impact of each component on the result. In this study, by employing RS as a well-known tool for studying carbonaceous materials, the potential of kerogen typing using Raman signals was investigated, which benefits from being applicable directly to embedded OM particles in sediments (no need for kerogen isolation) in a fast and accurate way without high labor cost.



Results showed that plotting the peak position of the G band vs. D5 will distinguish different kerogen types based on their aromaticity level and sulfur content. In the next step, the proposed method was performed on solid bitumen samples to support the idea of different behaviors and multiple populations of solid bitumen in shale rocks, which can lead to a new path to further studies on solid bitumen as one of the key components in shale plays and source rocks as hydrocarbon generators, thermal maturity indicators, and hydrocarbon storage and migration.
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Figure 1. The map of where the samples are retrieved from, showing major shale plays in North America. (Source: USA Energy Information Administration based on data from various studies). 
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Figure 2. (A) Inertinite particles (gray) in a matrix of amorphous organic matter (AOM); (B) the same view under UV (ultraviolet) light. Inertinite particles have no fluorescence, but the AOM is recognizable with yellowish-green fluorescence; (C) inertinite particles (gray) in a matrix of lamellar algal matter and AOM; (D) the same view under UV light. Lamellar algal matter is recognizable by dull yellowish-green fluorescence. Photomicrographs A–D represent Type I and IV kerogens; (E) alginite (Tasmanites) with dull golden yellow fluorescence under UV light; the central suture line is clearly visible; (F) Leiosphaeridia alginite with golden-yellow fluorescence. Photomicrographs E–F represent Type II kerogen; (G) elongated low-reflecting solid bitumen (gray), (SBRO, ran = 0.27%); (H) solid bitumen, (SBRO, ran = 0.40%); photomicrographs A–D and E–H were taken from the samples of the Green river Formation and the Bakken Formation, respectively, using a 50× oil immersion objective. The red square in the middle of each image is a scale of 5 µm of each side. (I,J) Collotelinite and fusinite samples; images are extracted from [43] used in this study. 
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Figure 3. Schematic of band picking of a Raman spectrum of a representative organic matter (OM) sample of this study. 
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Figure 4. Raman band separation (G-D) vs. maturity (VRO-Eq%) for 13 samples from different geologic regions including the Bakken Formation, Green River, Penn State, Marcellus, Duvernay, and undisclosed Formations. (Data are extracted from other research [64,67,81] acquired by the 532 nm laser wavelength). 
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Figure 5. Comparison of band separation and reflectance of several OM types. Data are extracted from other researches [43,50,63] acquired by the 632 nm laser wavelength. 
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Figure 6. G vs. D5 is important for kerogen typing. As seen, different types of kerogen are located on this graph based on what is expected from their sulfur content (Type II > Type III > Type I) (numbers reflect thermal maturity of the samples). (Data are from this study acquired by the 632 nm laser wavelength). 
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Figure 7. G vs. D5 for kerogen typing. Solid bitumen samples are also shown in this figure. As seen, solid bitumen populations can show different characters. Data points are the same as Figure 6, except for the red and black triangles that represent solid bitumen from the Eagle Ford and Bakken, respectively. Data acquired in this study with the 632 nm laser wavelength. 






Figure 7. G vs. D5 for kerogen typing. Solid bitumen samples are also shown in this figure. As seen, solid bitumen populations can show different characters. Data points are the same as Figure 6, except for the red and black triangles that represent solid bitumen from the Eagle Ford and Bakken, respectively. Data acquired in this study with the 632 nm laser wavelength.



[image: Minerals 10 00679 g007]







[image: Minerals 10 00679 g008 550] 





Figure 8. Hydrogen index vs. Tmax for kerogen typing using Rock-Eval parameters for the Bakken Samples.4. Conclusion. 
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Table 1. Maceral groups classification of The Society for Organic Petrology/International Commission for Coal and Organic Petrology (TSOP/ICCP). (Modified from: [25,26,28]). Zooclast and Secondary products are not categorized in any kerogen type.
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	Maceral Group
	Kerogen Type
	Grayness
	Some of the Macerals in the Group





	Liptinite
	I and II
	Dark gray
	Alginite, Sporinite, Cutinite, Suberinite, Resinite, Liptodetrinite



	Vitrinite
	III
	Medium to light gray
	Collotelinite, Vitrodetrinite, Telinite



	Inertinite
	IV
	White and can be very bright
	Fusinite, Macrinite, Micrinite, Funginite



	Zooclast
	-
	Medium to light gray
	Graptolite, Scolecodont



	Secondary products
	-
	Medium to light gray
	Solid bitumen
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Table 2. Band assignments for Raman peaks [74,78,79,80].






Table 2. Band assignments for Raman peaks [74,78,79,80].









	Raman Band Shift
	Description of the Band Assignment





	G (around 1600 cm−1)
	
	
In-plane sp2 bond stretching shear vibration within the aromatic ring in a large, graphene-like cluster, E2g-Symmetry








	D (around 1350 cm−1)
	
	
Breathing mode of the sp2 aromatic ring within a graphitic cluster.



	
Highly resonant, which means that the optical response is strongly influenced by the electronic structure of the local environment.



	
Defect in the aromatic texture (such as vacancies, heteroatoms, and functional groups)








	D2 (around 1620 cm−1)
	
	
Corresponds to disordered graphite lattice



	
Shoulder on the G band



	
E2g-Symmetry








	D3 (around 1500 cm−1)
	
	
Amorphous carbon



	
Appear only in very poorly organized carbonaceous material



	
Originates due to interstitial defects outside the plane of aromatic layers








	D4 (around 1150 cm−1)
	
	
Not being currently well understood



	
As broad shoulders of the D



	
Vibrations of Caromatic-Calkyl; aromatic aryl-alkyl ethers, C-C in aromatic rings and C-H in aromatic rings, as well as trans-polyene-like C-C and C=C stretch bonds








	D5 (around 1265 cm−1)
	
	
Not being currently well understood



	
D5 is uniquely related to vibrations originating from aliphatic hydrocarbon chains



	
Disordered graphitic lattice (A1g symmetry), polyenes, ionic impurities
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Table 3. Information on the sample band spectral shifts.






Table 3. Information on the sample band spectral shifts.





	VRO-Eq.
	Type
	D (cm−1)
	G (cm−1)
	D5 (cm−1)





	1.56
	I (Green river)
	1349
	1581
	1225



	1.59
	I (Green river)
	1350
	1582
	1223



	0.5
	IIS (undisclosed)
	1377
	1600
	1284.8



	2.2
	II (Woodford)
	1349.5
	1604.3
	1257



	0.76
	II (Woodford)
	1367
	1599.7
	1251



	0.8
	II (Woodford)
	1367
	1598.7
	1252.5



	0.55
	II (Woodford)
	1373.5
	1597.7
	1257.6



	0.7
	II (Woodford)
	1369.3
	1597.9
	1255.4



	0.9
	II (Woodford)
	1361.3
	1600.9
	1258.1



	1.55
	II (Woodford)
	1360.7
	1601.9
	1260



	4.3
	II (Woodford)
	1340.2
	1601.9
	1259



	1.4
	II (Woodford)
	1359.6
	1602.7
	1263



	1.4
	II (Woodford)
	1355.4
	1601
	1272.3



	0.5
	III (Penn State Coal)
	1353.4
	1592.2
	1243.6



	0.69
	III (Penn State Coal)
	1362.4
	1589.8
	1251.8



	0.81
	III (Penn State Coal)
	1351.9
	1590.4
	1234.9



	1.19
	III (Penn State Coal)
	1352.1
	1591.1
	1256.1



	1.6
	III (Penn State Coal)
	1347.5
	1588.2
	1259.5



	2
	III (Penn State Coal)
	1346.2
	1591.7
	1252.1



	4
	III (Penn State Coal)
	1325.8
	1596.5
	1241.7



	0.92
	Solid bitumen (Bakken)
	1354
	1594
	1260



	0.94
	Solid bitumen (Bakken)
	1361
	1603
	1265



	0.86
	Solid bitumen (Bakken)
	1358
	1593.5
	1263



	0.54
	Solid bitumen (Bakken)
	1367
	1601
	1269



	0.38
	Solid bitumen (Bakken)
	1361
	1593.5
	1274



	0.59
	Solid bitumen (Bakken)
	1361
	1593
	1263



	0.71
	Solid bitumen (Bakken)
	1365
	1601
	1270



	1.08
	Solid bitumen (Bakken)
	1362
	1605.5
	1275



	1.09
	Solid bitumen (Bakken)
	1360
	1603.5
	1268.5



	0.91
	Solid bitumen (Bakken)
	1365
	1605
	1259



	0.95
	III (Eagle ford)
	1354
	1578
	1255



	0.98
	III (Eagle ford)
	1353
	1582
	1256



	1.1
	III (Eagle ford)
	1350
	1586
	1248



	NA
	Solid bitumen (Eagle Ford)
	1357
	1575
	1248



	NA
	Solid bitumen (Eagle Ford)
	1362
	1574
	1253



	NA
	Solid bitumen (Eagle Ford)
	1360
	1576
	1260










[image: Table] 





Table 4. Average elemental composition of C, H, O, S, and N in kerogen [95].






Table 4. Average elemental composition of C, H, O, S, and N in kerogen [95].





	Kerogen Type
	%Carbon
	%Hydrogen
	%Oxygen
	%Sulfur
	%Nitrogen





	Type I
	80
	10.9
	4.9
	1.3
	1.6



	Type II
	68.9
	7.3
	6.6
	10.6
	1.5



	Type III
	56.2
	4.4
	27.8
	2.4
	1.6
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