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Abstract

:

An assessment performed using raman spectroscopy has found space in the black shales of the Cisuralian-age rocks of the Karoo Basin in South Africa, particularly those from the Guadalupian Ripon, Cisuralian Whitehill and Prince Albert Formations. It is used in conjunction with geochemical screening techniques such as organic petrology and programmed pyrolysis. In turn, the combination of these techniques is used for the assessment of the thermal maturity of the sedimentary organic matter from the perspective of hydrocarbon generation, retention, and expulsion. To provide further understanding of the black shales in the Cisuralian-age rocks of the Karoo Basin in South Africa, this study focuses on the characterization of samples from the KWV−01 borehole drilled in the southeastern Karoo Basin. In addition, the USA Devonian/Carboniferous Berea Sandstone project samples were included for comparison, and were used as a quality assurance measure. Organic petrology was utilized to assess the organic quality and thermal maturity of the black shales. The results obtained showed that the Karoo Basin shales are overmature, containing an abundance of solid bitumen, and this often characterizes a shale reservoir with moveable hydrocarbons (shale gas). The programmed pyrolysis analysis conducted on the black shales of the Karoo Basin yielded artifact results, as they were determined from a very low and poorly defined S2 peak. This indicated the shales to be overmature and categorized them to be of poor hydrocarbon generation potential. Raman spectroscopy was used to gain insights about the molecular structure of the black shales and to assess if this technique could be used as a complimentary tool to determine the thermal maturity of the shale samples. Raman parameters such as G–D1 Band separation, G and D1 band full width at half maximum (Gfwhm and D1fwhm) and G band position were successfully correlated with vitrinite reflectance (RoV), demonstrating a good potential for Raman spectroscopy to predict the thermal maturity of the shales. Overall, the study provides valuable information and knowledge concerning black shale sample characterization (particularly the thermal maturity and molecular structural characterization) in the Karoo Basin, South Africa.
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1. Introduction


The shale gas exploration initiatives in the Karoo Basin, South Africa, were encouraged by the success of unconventional shale gas exploration in the United States of America (USA) and China. The Karoo Basin has a technically recoverable shale gas resource estimate of approximately 13 Tcf, with 19–23 Tcf of recoverable free gas [1,2,3]. This resource estimate is considered low when compared to those from other countries. However, the estimate represents a large resource with development potential for the South African petroleum and energy industries [3,4].



Various studies have recently been conducted in the Karoo Basin, focusing on the black shale of the Cisuralian formations which include the Prince Albert, Whitehill, and Collingham Formations [2,3,4,5,6,7,8,9,10,11,12,13]. These studies employed various geochemical and mineralogical techniques to characterize the organic-rich black shale. However, obtaining a detailed understanding of the properties of the organic matter within the black shale reservoir of the Karoo Basin, specifically with regards to their thermal maturity, remains a challenge due to limited knowledge. The understanding of the thermal maturity of the organic matter plays an important role in the initial assessment of unconventional gas resources [14,15]. This is of importance since the generated hydrocarbon quantities are a function of the organic matter content, type and maturity, as well as the degree of burial depth of the formation [16].



Traditionally, the thermal maturity of organic matter is evaluated using vitrinite reflectance (RoV) measurements [17,18,19,20,21,22]. However, this can be difficult to execute, particularly in vitrinite-lean rocks or in samples where primary vitrinite is absent [23,24]. In cases where vitrinite is absent, reflectance measurements can be conducted on solid bitumen to obtain the mean reflectance value (RoBr), which is converted to the vitrinite reflectance equivalent (RoVeq) [4,25,26,27]. Solid bitumen is the dominant maceral found in North American shales [22]. Organic petrographers describe solid bitumen as a secondary organic maceral product of hydrocarbon generation from kerogen [22,28]. The characteristic features of identifying solid bitumen include fracture filling, amorphous enveloping and void-filling textures, as well as the absence of plant structures [22,25,26]. The presence of solid bitumen can be an indicator for the presence of gas (and/or oil), especially in vitrinite-lean sedimentary sequences, and can also reveal some information on the migration pathways [25,26,29,30].



Programmed pyrolysis is another characterization technique used to evaluate the thermal maturity of organic matter [31,32], and yields parameters that characterize the kerogen type, quality, and kerogen potential to produce hydrocarbons [15]. Raman spectroscopy has also been successfully utilized to evaluate the thermal maturity of organic matter [14,15,33,34,35,36,37,38,39,40,41,42,43,44,45]. Raman is used to study the vibration of molecules [14,46,47], and can provide molecular structural information in relation to the organic matter in shales [48,49,50]. The thermal maturity of the carbonaceous organic matter (kerogen) in shales can be measured using Raman spectroscopy, as the full width at half maximum (FWHM) values of the Raman G band (Gfwhm) are correlated with its thermal maturity [35,40]. An increase in the thermal maturity increases the structural order throughout the carbon network, thus decreasing the G band FWHM (Gfwhm).



This current study focuses on black shale samples from the Guadalupian Ripon, the Cisuralian Whitehill and the Prince Albert Formations of the Karoo Basin (RSA) (Figure 1), as well as the Devonian/Carboniferous shales (Berea Sandstone project samples) from the Appalachian Basin, USA. The samples were analyzed by organic petrology, programmed pyrolysis, and Raman spectroscopy. The main aim of this study was to acquire Raman spectroscopy signals from the organic matter of the black shales and correlate their signal properties with the maturity parameters such as vitrinite reflectance (RoV) and the geochemical properties obtained from programmed pyrolysis. It is anticipated that the application of Raman spectroscopy together with vitrinite reflectance measurements will contribute to a better understanding of the organic components of black shales and enhance the characterization technique of shale gas samples in the Karoo Basin and elsewhere.




2. Sample Materials and Methodology


2.1. Samples and Studied Formations


A stratigraphic chart containing the major lithostratigraphic subdivisions of the Karoo Supergroup hosted in the Karoo Basin of South Africa is presented in Figure 2. The studied formations include the Ripon, Collingham, Whitehill and Prince Albert Formations of the Cisuralian. These formations are of importance because they are considered to have shale gas reservoir properties with the potential for future shale gas exploration and production. They have attracted interest in exploration activities and scientific research in the field of shale gas in South Africa.



From an organic petrology perspective, the vitrinite reflectance (RoV) and maceral analyses methods, and the results of the 14 black shale samples considered in this paper, are presented in Chabalala et al. (2020) [4]. The samples include the SA KWV−01 samples and the USA Berea Sandstone project samples, selected based on their total organic carbon (TOC) results, formations, and geological units. The Devonian/Carboniferous Berea Sandstone project samples were included for comparison and for quality assurance purposes.




2.2. Programmed Pyrolysis


From the 14 black shale samples considered in this paper, only eleven (11) samples were selected and sent to India for programmed pyrolysis analysis. This was because the other three (3) samples not considered were sourced later after the 11 samples were already sent to India for analysis. The samples were selected based on their TOC results, formations, and geological units, considered in Chabalala et al. (2020) [4]. The analysis was conducted using a Rock-Eval 6 pyrolyser in the Earth Sciences Department at the India Institute of Technology (IIT Bombay), India. Powdered shale samples were progressively heated initially to 300 °C in a helium atmosphere. The temperature was programmed to increase at about 25 °C/minute, up to 550 °C over a period of 20 min, and further increased to 750 °C at the same rate (crudely simulating the effects of the much lower geological rates of heating). The S1 and S2 (the amounts of hydrocarbons released during the pyrolysis of a sample) are detected in the flame ionization detector (FID). An online infra-red detector continuously detects the gases such as carbon dioxide (CO2) and carbon monoxide (CO) released during pyrolysis. The obtained parameters, such as S1, S2, S3, Tmax, and TOC, were used to calculate the oxygen index (OI), hydrogen index (HI) and production index (PI) using equations 1 to 3, respectively [16,56,57].


OI = 100 × S3/TOC%



(1)






HI = 100 × S2/TOC%



(2)






PI = S1/(S1 + S2)



(3)




where S1 represents the amount of free hydrocarbon already in a sample; S2 represents the potential hydrocarbon yielded when kerogen is subjected to thermal cracking; S3 represents the CO2 released during the cooling phase of the pyrolysis; and Tmax is the temperature at which the maximum rate of hydrocarbon generation occurred. These parameters were used to evaluate the geochemistry and thermal maturity of the organic matter in the source rock. The programmed pyrolysis results are presented in Table 1.




2.3. Raman Spectroscopy


A Raman spectroscopy analysis was conducted on mounted sample blocks already prepared for petrographic analysis [4]. This analysis was conducted using an alpha 300R (WITec) confocal laser Raman microscope in the Geology Department at the University of Johannesburg. The Raman microspectrometer was calibrated with a silicon (Si) standard (111). The baseline was established through the deconvolution and fitting of Raman spectra while examining the change in bandwidth and frequency of the Raman bands. The scattered radiation of the Raman spectra of the carbon particles was collected using a 50X objective lens and a 532 nm wavelength with a frequency-doubled Nd-YAG laser beam. The vitrinite particles were measured for the Berea Sandstone samples, and solid bitumen/pyrobitumen was measured for the KWV samples. The laser power was set at 2 mW to avoid thermal degradation, and the sample laser spot diameter was 4–5 µm.



Approximately 30 different particles of vitrinite (from the Berea Sandstone project samples) and of pyrobitumen (from KWV samples) were randomly chosen and analyzed from each polished block. The spectral range recorded was from 0 to 4500 cm−1, which covered the first-order and second-order spectra. Each spectrum acquisition time was 60 s, with 10 accumulations to obtain a good signal-to-noise ratio and to minimize laser induced degradation. The setting of 30 s integration time with a total of five cycles was adhered to during the analysis. Curve fitting was applied on each spectrum. The residuals of the curve fittings were the Raman bands, appearing between 700 and 3500 cm−1. Any portion of the Raman spectrum below 700 cm−1 and above 3500 cm−1 was discarded. The Raman spectra were fitted using the Lorentzian and Gaussian peak shapes, and no position was held fixed during the fitting. The fitted peak parameters, such as peak position, peak intensity ratios, and peak full width at half maximum (FWHM), are presented in Table 2.





3. Results and Discussion


3.1. Organic Petrology


The organic petrology data presented in this article are taken from Chabalala et al., (2020) [4], and the results of the selected samples considered in this research study are summarized in Table 1. The thermal maturity results indicate that the KWV−01 shale samples are overmature, with an average calculated vitrinite reflectance equivalent (RoVeq.Av) ranging from 3.74 to 4.40% RoV. The thermal maturity of the Berea Sandstone project shale samples ranges from immature (0.52% RoV) to mature (1.28% RoV). The maceral analysis results of the KWV−01 shale samples are presented in Figure 3, which indicate the dominance of solid bitumen, particularly in the Whitehill Formation. The presence of the solid bitumen can be an indicator of the presence of gas, especially in the Whitehill Formation, and can also provide information on the migration pathways of the gas [25,26,29,30]. These results will render the Whitehill Formation a target horizon for shale gas exploration in the Karoo Basin. However, the proportion of organic matter in the KWV−01 shale samples was much lower when compared to the Berea Sandstone project shale samples, with up to 35.4% by volume of organic matter obtained from Berea Sandstone project shale samples [4].




3.2. Programmed Pyrolysis


In programmed pyrolysis, the OI is of significance for kerogen type determination; HI is of significance for thermal maturity, kerogen type and oil/gas proneness; and PI is referred to as the transformation ratio, being of significance for free petroleum content/yield. The threshold for oil production occurs at a PI of around 0.1 to 0.4. Beyond a PI of 0.4, gas will be the main hydrocarbon phase [56,58]. Equations (1)–(3) were used to calculate the OI, HI and PI [16,56,57].



The programmed pyrolysis data for the KWV−01 shale samples and the Berea Sandstone project shale samples are presented in Table 1. In order to determine the kerogen type, a modified van Krevelen diagram of the programmed pyrolysis HI versus the OI plot was constructed, following Peter and Cassa (1994) [56]. The programmed pyrolysis data indicates that the KWV−01 shale samples possess Type III gas prone kerogens, as indicated in Figure 4. The KWV−01 shale samples are characterized by very low S1 and S2 values, reflecting wide and poorly defined peaks, low Tmax values and very low HI values compared to the minimum required level (above 150 mgHC/gTOC) for a good yield. The Tmax and HI data generated from the KWV−01 samples are due to instrumental artifacts, hence they can be plotted as outliers in the immature to mature field of Figure 5. These samples are overmature, and they fall in the category of poor hydrocarbon generation potential. Similar findings were observed by Ross and Bustin (2008) [59] with Besa River shales, from which the programmed pyrolysis data did not yield a distinct S2 peak despite TOC values of 5.7 wt%, highlighting the overmature nature of the shales. The thermal maturity of the evaluated Besa River shales is about 2.5% RoV.



The Berea Sandstone project shale samples are characterized by values much higher than those obtained from the KWV−01 shale samples (Table 1). The HI and OI values indicate that the organic material of these samples is mainly oil-prone kerogen type I and II (Figure 5 and Table 1). The PI values from 0.02 to 0.03 that were obtained for the Berea Sandstone project shale samples (Table 1) are below the threshold for oil production (ranging from 0.1 to 0.4) [56,58]. The Tmax values of the Berea Sandstone project shale samples range from 415–431 °C, averaging 426 °C and corresponding to the measured RoVr average of 0.55% RoV (Table 1). These shale samples plot in the immature field, just below the Tmax of 430 °C/0.58% reflectance threshold for entrance to the oil window (Figure 5). The obtained results correspond to the kerogen type plots illustrated in Figure 5, as anticipated. Therefore, the results confirm that the Berea Sandstone project shale samples are thermally immature, making them less likely to have potential for oil generation.




3.3. Raman Spectroscopy


Table 2 presents the Raman spectroscopy results obtained in this research study. The first-order Raman spectra are characterized by two primary peaks, the D1 and G bands. The D1 band of the studied shale samples is observed from 1339 to 1357 cm−1, and this band indicates the disorder structure of the carbon. The G band is observed from 1585 to 1594 cm−1 and it indicates the graphitic structure (which is a more ordered, carbon-like structure). In comparison to the G band location of the Berea Sandstone project shale samples, the G-band of the KWV−01 shale samples shifted up slightly into the range of 1601 to 1605 cm−1 (Table 2). Figure 6 shows the appearance of additional first-order “disorder bands” (D-bands) found between the range of 1188 and 1251 cm−1 for the D4 band; from 1500 to 1552 cm−1 for the D3 band; and the second-order “disorder bands” from 2654 to 2687 cm−1 and from 2922 to 2937 cm−1, respectively, which are clearly observed in the overmature KWV−01 shale samples. The activation of these bands (D bands) is caused by finite size effects and structural defects of the carbon material [62,63,64]. The additional first-order bands (D3 and D4 bands) and the second-order “disorder bands” could not be identified clearly on the spectra from the immature to mature Berea Sandstone project shale samples (Sample 3411 to 4155) due to the broadening of the peaks, as shown in Table 2 and Figure 7.




3.4. Correlations between Raman Parameters and Vitrinite Reflectance


The viability of Raman spectroscopy as an assessment tool for the determination of thermal maturity in carbonaceous materials has previously been studied [14,15,33,39,41,44,45]. Raman spectral parameters considered included the positions and separation of the D1 and G bands as well as the FWHM bands. The systematical change in these parameters is a function of thermal maturity, which reflects molecular structural transformations of carbonaceous materials at different maturation levels.



Figure 8 shows G–D1 band separations to correlate with thermal maturity through RoV (RoVr and RoVeq—applicable to overmature samples). It is observed that as RoV increases, the G–D1 band separation also increases/widens with bad correlation, possibly due to the disorder caused by the D1 band. The increase in G–D1 band separation during maturation can be attributed to the increasing aromatic clustering and the structural ordering of the kerogen [35,44,45,65]. This is true since the D1 band refers to the disorder of the heteroatom-rich organic precursors attached to the aromatic structure of organic matter, while the graphitic structure that emerges with the origin of in-plane E2g vibrational modes of the aromatic carbon atoms is represented by the G band [24,44,45]. During maturation, the number of attachments that separate from the aromatic carbons increases [14,66], while clusters of aromatic bands are formed. Figure 8 also shows that the Raman band separation variation can be used to determine the maturation windows (immature, oil, wet gas and dry gas).



Other changes observed in the Raman spectra of the black shale samples include the narrowing of the FWHM band with increasing thermal maturity. The G band FWHM (Gfwhm) was observed to narrow from 87 to 45 cm−1 with increasing thermal maturity (Figure 9). The obtained results are consistent with those reported by various authors [34,48,67,68,69]. The reduction of Gfwhm occurred as a result of the increase in the carbon network structural ordering, which was due to an increase in the thermal maturity [35,40]. The G band originated as a result of the in-plane E2g vibrational modes of the aromatic carbon atoms [14,24,44,62,70]. The G band shifted slightly to the higher wavenumber as the thermal maturity increased concurrently with the increasing aromaticity, as illustrated in Figure 10 [33].



The D1 band FWHM (D1fwhm) of the studied black shale samples was observed to narrow from 306 to 59 cm−1 (Figure 11). The D1 band represents the disorder and defects of the sp2 carbon network-like heteroatoms [14,24,44,45]. Therefore, the attachments (aliphatic carbon linkages and heteroatoms) that separate from the organic matter during thermal maturation concurrent with hydrocarbon generation can be measured using the D1 band. Previous studies observed a shift in the D1 band position to a lower wavenumber (1370 to 1330 cm−1) with increasing thermal maturity [65,71]. This relates to the transformation of organic matter from a disordered state to more ordered molecules as a result of increasing attachments such as aliphatic carbon linkages and heteroatoms separating from the aromatic groups [15]. The narrowing of the D1fwhm with the increase in thermal maturity (Figure 11) observed in this study verifies this phenomenon.





4. Conclusions


The current study investigated the viability of Raman spectroscopy as a tool for assessing the thermal maturity of the Karoo Basin samples. The Berea sandstone project samples from the Appalachian Basin, USA, were included in order to benchmark the analytical techniques (TOC, RoV) used in South Africa in comparison to those used in USA. In this study, Raman spectroscopy was applied in order to gain insight into the molecular structure of the organic matter. The study findings lead to the following conclusions:




	
The Gfwhm and D1fwhm showed good correlations with RoV.



	
The Gfwhm and D1fwhm are the most reliable indicators of change in carbon structure, making them the most accurate means of measurement for the Raman thermal maturity index.



	
The G–D1 band separation can be used as a maturity indicator; however, its correlation with RoV is poor.



	
The reduction of Raman Gfwhm and Dfwhm with an increase in thermal maturity was observed and shown to have a positive correlation with RoV.



	
No correlation was found between Raman parameters and programmed pyrolysis parameters.



	
Programmed pyrolysis data indicate that the KWV−01 samples possess type III gas-prone kerogens. These samples are overmature, and they fall in the poor hydrocarbon generation potential category.








Therefore, the integration of Raman spectroscopy and vitrinite reflectance measurements provides an opportunity to find an alternative or additional method for evaluating the thermal maturity of organic matter in shales. Raman spectroscopy was successfully applied as a complementary analytical technique in the characterization of the organic matter in the Karoo Basin black shales. Collectively, this research provides valuable data for the characterization of Karoo Basin samples, and ultimately broadened our knowledge of shale gas exploration and development in the Karoo Basin, South Africa.
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Figure 1. Geological map of the Main Karoo Basin showing the location of the KWV−01 drill core studied, as indicated by the yellow circle (modified from Geel et al., 2015 [2]). 
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Figure 2. International Chronostratigraphic chart 2020/03 [51,52,53,54,55]. Formations of relevance to this research are indicated. 
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Figure 3. Maceral data (mineral matter basis) for selected KWV−01 samples. 
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Figure 4. A modified van Krevelen diagram showing the kerogen type for the KWV−01 and Berea Sandstone project samples (modified from Espitallié et al., 1977 [60]; Peters, 1986 [58]). Solid curved lines indicate kerogen type (kerogen I to III). 
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Figure 5. HI vs. Tmax (°C) showing the thermal maturity range of organic matter for the Berea Sandstone project samples (modified after Espitallié et al., 1977 [60]; Senguler et al., 2008 [61]). The KWV−01 samples were not included in this figure as their Tmax results were artifacts. Solid curved lines indicate kerogen type (Type I, II and III). Broken lines indicate vitrinite reflectance (RoV) cut-off. 
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Figure 6. Example of deconvoluted Raman spectrum of the KWV−01 sample. 
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Figure 7. Examples of deconvoluted Raman spectrum of the Berea Sandstone project samples. 
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Figure 8. G–D1 Band separation versus RoV for the Berea Sandstone project and KWV−01 samples [24]. Note that RoVr was conducted for the Berea Sandstone samples while average calculated RoVeq was conducted for KWV samples (n—number of analyses). The blue line shows the G–D1 band separation curve that increase with RoVr. The colourful boxes indicate the windows of each resource. 
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Figure 9. Correlation of Raman Gfwhm versus vitrinite-based reflectance presenting a negative relationship. The standard deviations are indicated by bars on the plot (n—number of samples). 
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Figure 10. Correlation of % RoV with G band position (n—number of samples). 
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Figure 11. Correlation of Raman D1fwhm versus RoV for the Berea Sandstone project and KWV−01 samples (n—number of samples). 






Figure 11. Correlation of Raman D1fwhm versus RoV for the Berea Sandstone project and KWV−01 samples (n—number of samples).



[image: Minerals 13 01199 g011]







 





Table 1. TOC, RoV and programmed pyrolysis results of the Berea Sandstone project and the KWV−01 Karoo Basin samples.
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Sample Name

	
Geological Unit/Formation

	
Sample Number

	
TOC *

	
RoVr/RoVeq.Av

	
Programmed Pyrolysis




	
S1

(mg HC/g)

	
S2

(mg HC/g)

	
S3

(mg HC/g)

	
Tmax

(°C)

	
HI

(mg HC/g)

	
PI

	
TOC **

(wt%)




	
(wt%)

	
(%)






	
Berea Sandstone project

	
3 Lick

	
3411

	
6.47

	
0.56

	
0.85

	
24.32

	
1.49

	
426

	
357

	
0.03

	
6.82




	
Cleveland

	
3415

	
12.16

	
0.56

	
2.37

	
66.51

	
0.99

	
431

	
490

	
0.03

	
13.57




	
3416

	
16.15

	
0.56

	
2.3

	
86.11

	
1.33

	
429

	
517

	
0.03

	
16.66




	
3417

	
4.70

	
0.57

	
0.46

	
21.82

	
0.57

	
426

	
404

	
0.02

	
5.4




	
Sunbury

	
3420

	
20.19

	
0.52

	
2.69

	
99.17

	
3.04

	
415

	
467

	
0.03

	
21.24




	
3424

	
15.93

	
0.53

	
2.46

	
84.33

	
2.34

	
419

	
505

	
0.03

	
16.71




	

	
3426

	
22.24

	
0.55

	
3.77

	
112.60

	
2.71

	
415

	
489

	
0.03

	
23.05




	
L. Huron

	
3373

	
9.99

	
0.72

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Sunbury

	
3812.5

	
4.94

	
1.22

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
U. Huron

	
4155

	
2.35

	
1.28

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
KWV−01

	
Ripon

	
1315.53-66 *

	
0.39

	
4.40

	
0.06

	
0.06

	
0.09

	
-

	
10

	
0.48

	
0.61




	
1415.55-61 *

	
0.31

	
4.29

	
0.04

	
0.08

	
0.09

	
-

	
22

	
0.35

	
0.37




	
Whitehill

	
2300.53-63 *

	
6.90

	
3.74

	
0.1

	
0.2

	
0.23

	
-

	
3

	
0.33

	
6.84




	
2307.37-42 *

	
5.76

	
3.98

	
0.21

	
0.28

	
0.22

	
-

	
5

	
0.43

	
6.2




	
Prince Albert

	
2319.00-07 *

	
0.18

	
4.08

	
0.02

	
0.07

	
0.13

	
-

	
30

	
0.25

	
0.23




	
2328.93-29.00 *

	
0.85

	
3.97

	
0.1

	
0.12

	
0.12

	
-

	
17

	
0.46

	
0.69








TOC *—total organic carbon from carbon analyzer; TOC **—total organic carbon from Rock-Eval 6; RoV—random vitrinite reflectance (RoVr) and average calculated vitrinite reflectance equivalent (* RoVeq.Av—applicable to overmature samples); RoVr—random vitrinite reflectance. Sample numbers with * are KWV samples and those without a * are Berea Sandstone samples.













 





Table 2. Raman spectroscopy results for the Berea Sandstone project and the KWV−01 Karoo Basin samples.
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Sample Name

	
Geological Unit/Formation

	
Sample Number

	
D4 Band

	
D1 Band

	
D3 Band

	
G Band

	
G—D1

(cm−1)

	
PI

	
D5 Band (2nd Order)

	
D6 Band (2nd Order)




	
Position

	
ID4/IG

	
FWHM

	
Position

	
ID1/IG

	
FWHM

	
Position

	
ID3/IG

	
FWHM

	
Position

	
FWHM

	
Position

	
FWHM

	
Position

	
FWHM






	
Berea Sandstone project

	
3 Lick

	
3411

	
-

	
-

	
-

	
1343 ± 3

	
1.126

	
260 ± 31

	
-

	
-

	
-

	
1594 ± 3

	
75 ± 3

	
251 ± 0.3

	
0.46

	
-

	
-

	
-

	
-




	
Cleveland

	
3415

	
-

	
-

	
-

	
1349 ± 6

	
0.995

	
289 ± 25

	
-

	
-

	
-

	
1591 ± 2

	
80 ± 5

	
242 ± 4

	
0.46

	
-

	
-

	
-

	
-




	
3416

	
-

	
-

	
-

	
1357 ± 6

	
0.926

	
292 ± 24

	
-

	
-

	
-

	
1591 ± 1

	
87 ± 7

	
234 ± 5

	
0.46

	
-

	
-

	
-

	
-




	
3417

	
-

	
-

	
-

	
1355 ± 6

	
0.929

	
291 ± 15

	
-

	
-

	
-

	
1591 ± 1

	
85 ± 7

	
236 ± 4

	
0.46

	
-

	
-

	
-

	
-




	
Sunbury

	
3420

	
-

	
-

	
-

	
1346 ± 4

	
0.958

	
298 ± 24

	
-

	
-

	
-

	
1585 ± 2

	
79 ± 5

	
239 ± 2

	
0.46

	
-

	
-

	
-

	
-




	
3424

	
-

	
-

	
-

	
1349 ± 4

	
0.978

	
295 ± 17

	
-

	
-

	
-

	
1585 ± 2

	
84 ± 5

	
236 ± 2

	
0.46

	
-

	
-

	
-

	
-




	

	
3426

	
-

	
-

	
-

	
1350 ± 4

	
0.982

	
306 ± 23

	
-

	
-

	
-

	
1585 ± 2

	
86 ± 6

	
235 ± 2

	
0.46

	
-

	
-

	
-

	
-




	
L. Huron

	
3373

	
-

	
-

	
-

	
1349 ± 5

	
0.89

	
254 ± 15

	
-

	
-

	
-

	
1592 ± 1

	
82 ± 4

	
243 ± 4

	
0.46

	
-

	
-

	
-

	
-




	
Sunbury

	
3812.5

	
-

	
-

	
-

	
1341 ± 4

	
0.954

	
244 ± 16

	
-

	
-

	
-

	
1594 ± 3

	
72 ± 5

	
253 ± 1

	
0.46

	
-

	
-

	
-

	
-




	
U. Huron

	
4155

	
-

	
-

	
-

	
1339 ± 4

	
0.97

	
243 ± 18

	
-

	
-

	
-

	
1593 ± 3

	
70 ± 5

	
254 ± 1

	
0.46

	
-

	
-

	
-

	
-




	
KWV −01

	
Ripon

	
1315.53–66 *

	
1251

	
0.171

	
318

	
1343 ± 3

	
1.002

	
96 ± 10

	
1543

	
0,136

	
99

	
1603 ± 4

	
45 ± 2

	
260 ± 1

	
0.46

	
2654

	
554

	
2922

	
131




	
Whitehill

	
2300.53–63 *

	
1194

	
0.101

	
257

	
1354 ± 0.6

	
2.078

	
59 ± 4

	
1500

	
0,082

	
106

	
1601 ± 0.9

	
62 ± 1

	
247 ± 0.3

	
0.46

	
2687

	
153

	
2937

	
104




	
2307.37–42 *

	
1188

	
0.099

	
187

	
1351 ± 0.9

	
1.823

	
70 ± 3

	
1551

	
0,117

	
80

	
1605 ± 1

	
49 ± 2

	
254 ± 0.2

	
0.46

	
2673

	
264

	
2930

	
130




	
Prince Albert

	
2328.93–29.00 *

	
1196

	
0.094

	
169

	
1350 ± 0.6

	
1.716

	
66 ± 1

	
1552

	
0,083

	
68

	
1605 ± 1

	
46 ± 1

	
255 ± 0.5

	
0.46

	
2670

	
272

	
2934

	
111








ID1/IG—intensity ratio of D1 to G band; ID3/IG—intensity ratio of D3 to G band; ID4/IG—intensity ratio of D4 to G band; FWHM—full width at half maximum; (G—D1)—band separation; PI—Production Index. Sample numbers with * are KWV samples and those without a * are Berea Sandstone samples.
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