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Abstract 
This study presents a robust correlation between Raman spectroscopy signal (expressed as the 

Raman band separation) and thermal maturity obtained by the vitrinite reflectance technique. The 

organic-rich mudstones used to build this correlation originate from a variety of paleo-marine 

sedimentary basins. The resulting correlation enables thermal maturity of kerogen expressed as 

vitrinite reflectance equivalent to be estimated in unknown formation samples using Raman 

spectroscopy. Raman spectroscopy can thus be used for determination of maturation windows 

(immature, oil, wet gas, or dry gas). Moreover, different to other Raman measurements that are 

performed on isolated kerogen or on polished surfaces of drill core and cutting fragments, the 

technique here is executed directly on fragments with minimal preparation, making it potentially 

applicable for wellsite maturity estimations. It is further shown that differences in the Raman 

analysis of kerogen seen among different published studies can be ascribed in part to the use of 

different Raman laser wavelengths. Taking wavelength dependence into account, the maturity 

determination of organic-rich mudstones by Raman spectroscopy may be developed into a 

generalized method, independent of the instrumental setup. 
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1. Introduction 

Depletion of conventional carbonate and sandstone reservoirs has led to recent exploration and 

production of so-called unconventional petroleum resources, in particular of petroleum source 

rocks, organic-rich mudstones commonly referred to as shales (Blyth et al., 1984). So far, the United 

States, Canada, and China are the only countries producing natural gas in commercial volumes from 

organic-rich mudstones (Aloulou, 2015). Development of these resources requires state-of-the-art 

and integrated drilling and completion techniques, posing significant financial burden on operators 

and rendering much of this resource unprofitable in times of low commodity prices. Technological 

advances in the characterization of organic-rich mudstones will play a key role in producing more 

cost effectively from these formations. 

Organic-rich mudstones are composed of fine-grained minerals that form rock layers with extremely 

low (micro- to nano-Darcy) permeability. Organic matter, predominantly kerogen formed from the 

burial and preservation of fossil living matter, is interspersed within the mineral matrix (Hutton et 

al., 1994). Under heat and pressure, kerogen thermally decomposes into petroleum (bitumen, oil, 

and gas), and non-petroleum products such as CO2, N2, and H2S (Peters et al., 2004). The thermal 

maturation of kerogen is also referred to as graphitization. This process can be grossly described by 

the loss of heteroatoms (N, S, and O) and hydrogen-rich (aliphatic carbon) groups, leaving a kerogen 

residue that is hydrogen-poor and dominated by aromatic carbon structures. The extreme 

endmember of kerogen decomposition, under metamorphic conditions, is the formation of pure 

carbon in the form of graphite (Rantitsch et al., 2016; Hood et al., 1975). The amount of petroleum 

generated is a function of kerogen type and initial content in the formation, and the magnitude and 

duration in which heat and pressure were applied (McCarthy et al., 2011). 

Conventionally, thermal maturity of kerogen is determined by optical inspection of vitrinite 

macerals, known as vitrinite reflectance (Diessel et al., 1978). This technique requires significant 

expertise and is labor intensive (Hackley et al., 2015). A common challenge for this method is the 

correct distinction of vitrinite from other macerals such as solid bitumen, semi-fusinite, and 

inertinite (Hackley et al., 2015). More significantly, this technique is impractical in formations that 

lack vitrinite. This is especially problematic in sedimentary formations older than the Devonian, prior 

to the evolution of vitrinite-rich land plants. There have been efforts to measure the reflectance of 

graptolites or chitinozoans that, similar to vitrinite, express a change in reflectance during 

maturation (Cardott and Kidwai, 1991; Petersen et al., 2013). Although it is possible to convert the 

measured reflectance of these zooclasts to vitrinite reflectance equivalent values, these correlations 

are not always straight forward due to reflectance anisotropy (Cole, 1994; Goodarzi, 1985a, 1985b; 

Petersen et al., 2013; Rantitsch, 1995). A second common method for estimating thermal maturity is 

Rock-Eval pyrolysis in which a formation sample is subject to programmed heating (Behar et al., 

2001; Lafargue et al., 1998; Peters, 1986). The temperature at which the maximum amount of 

hydrocarbons is generated from decomposition of kerogen (the S2 peak) is called Tmax, which has 

been calibrated to vitrinite reflectance (Jarvie et al., 2001). Experience has shown that this approach 

commonly fails in organic-lean formations and/or formations that are thermally mature because the 

resulting S2 peak is small (S2 ≤ 1 mg HC/g rock) and the Tmax estimate is unreliable. X-ray diffraction 

(Grew, 1974; Landis, 1971; Nishimura et al., 2000) and high-resolution transmission electron 

microscopy (Beyssac et al. 2002a; Bonijoly et al., 1982; Buseck and Huang, 1985) methods have also 

been used to examine graphitization of organic matter, but these approaches are generally limited 
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to metamorphic conditions at which organic materials develop well-defined crystal lattice structures, 

significantly above the range of temperature and pressure conditions relevant to the maturation of 

kerogen in source rocks. Moreover, the methods for XRD sample preparation involving grinding of 

the material generally render this approach as destructive (e.g., Wopenka and Pasteris, 1993). 

Raman spectroscopy offers potential for rapid and non-destructive measurements for maturity 

estimates of petroleum source rocks. Raman spectroscopy has been widely used to characterize the 

structure of carbonaceous materials (Ferralis et al., 2016; Kelemen and Fang, 2001; Liu et al., 2013; 

Liu et al., 2016; Marshall et al., 2010; Pasteris and Wopenka, 1991; Schmidt Mumm and İnan, 2016; 

Spötl et al., 1998; Tuinstra and Koenig, 1970; Yui et al., 1996). Raman scattering is a function of the 

molecular vibrations and symmetries of chemical bonds. Raman spectroscopy offers a high spatial  

resolution in the micrometer range (Marshall et al., 2012). The fundamental physics of Raman 

scattering on graphitic material have been described in earlier publications (Tuinstra and Koenig, 

1970). The first-order Raman spectrum of kerogen consists of two main peaks (Cesare and Maineri, 

1999; Marshall et al., 2010). The G band appears at ~1600 cm-1 and is indicative of well-ordered, 

graphite-like carbon structures in the kerogen. The origin of the G band is due to the in-plane E2g2 

vibrational modes of the carbon atoms in aromatic ring structures (sp2 carbon) exhibiting 4

6hD  

symmetry. The D band appears at ~1350 cm-1 and results from Raman-active A1g symmetry 

associated with lattice defects and discontinuities of the sp2 carbon network. These defects were 

found to be attributed to in-plane heteroatoms and tetrahedral carbons that are released in the 

early part of the maturation process (Beyssac et al., 2002b). It has been observed that the G and D 

peaks shift towards higher and lower wavelengths, respectively, as maturity of the kerogen 

increases. The Raman band separation (RBS), which is the wavelength separation between the G and 

D peaks, has been proposed as a reliable maturity indicator (Kelemen and Fang, 2001). 

In this study, we develop a robust correlation between RBS and vitrinite reflectance (%Ro). The 

maturity correlation is built using a set of organic-rich mudstone samples from multiple paleo-

marine sedimentary basins containing predominantly Type II kerogen that span a range of ages and a 

wide range of vitrinite reflectance from 0.6 to >4 %Ro. The use of a short laser wavelength and 

successful fluorescence suppression allows the acquisition of high quality Raman spectra, even for 

immature mudstone samples that typically show intense fluorescence (Lünsdorf, 2016; Schmidt 

Mumm and İnan, 2016). The correlation provides a reference from which to accurately estimate 

thermal maturity of organic-rich mudstones using Raman spectroscopy measurements.  

2. Materials and Methods 
2.1. Samples 

The eleven samples chosen for this study come from multiple organic-rich mudstone formations, 

predominantly from paleo-marine deposits of North America (Table 1). The age of the samples 

ranges from ~ 380 to 80 Ma and their total organic carbon (TOC) content ranges between 4 and 16 

wt%. Sedimentary organic matter (kerogen) in the samples is predominantly marine Type II. Thermal 

maturity reference values (0.6 to 4.3 %Ro) were provided by external laboratories prior to the study, 

using conventional vitrinite reflectance optical inspection.  
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Samples were obtained as 5–10 gram splits from either drill core (side-wall plugs) or cuttings. Cores 

were roughly chipped to pieces approximately 10–20 mm in diameter. Cuttings pieces were typically 

10 mm or less in diameter and did not undergo further size reduction. Core and cutting samples 

were cleaned using dichloromethane to remove native, soluble hydrocarbons and any residual 

drilling fluid. Approximately 1 gram splits of each sample were crushed to fine powder and sent to 

an external laboratory for total organic carbon (TOC) and Rock-Eval pyrolysis. Here, TOC 

concentrations reflect the carbon contribution only from kerogen and the data were used to confirm 

the presence of disseminated organic matter prior to Raman analysis. The Rock-Eval Tmax values from 

the S2 peak were used to estimate thermal maturity as further validation of the reference vitrinite 

reflectance values. The two techniques show good agreement up to thermal maturity ~ 1.4 %Ro, 

above which the Rock-Eval S2 peak is too low (< 1 mg HC/g rock) to obtain a reliable Tmax estimate.  

2.2. Raman measurements 

Raman spectroscopic measurements were made on sample chips without further preparation. The 

samples were not polished as this was observed to yield alteration of the Raman signal, most likely 

due to the creation of additional defects by mechanical abrasion, which could result in biased 

maturity estimates. Raman spectra were acquired using a Thermo Scientific DXRTM Raman 

Microscope. Monochromatic excitation was performed with a 532 nm laser, which was focused on 

the sample with a 10× magnification objective resulting in an estimated spot size of 2.1 m. Laser 

wavelength calibration, white light calibration, and laser frequency calibration were performed 

before measuring the samples. Laser power was set to 10 mW. A 25 m slit was used as aperture. 

The grating was set to 1800 lines/mm. Spectra were acquired from 1877 to 200 cm-1. The Raman 

spectra were acquired and processed using OMNIC v9.3.03 software. Automated fluorescence 

correction was applied. For each sample, 25 spectra were collected at different locations on the 

sample surface, representing different topological features. Each spectrum is an average of 16 scans. 

Acquisition of each spectrum is less than 2 minutes. The so-called G and D bands are the two Raman 

spectral features most commonly studied in carbonaceous materials (Beyssac et al., 2002a, 2002b, 

2003; Cesare and Maineri, 1999; Ferralis et al., 2016; Ferrari, 2002; Tuinstra and Koenig, 1970; 

Kelemen and Fang, 2001; Liu et al., 2013; Liu et al., 2016; Lünsdorf, 2016; Lünsdorf et al., 2014; 

Marshall et al., 2012; Matthews et al., 1999; Pasteris and Wopenka, 1991; Pócsik et al., 1998; 

Rantitsch et al., 2004; Schmidt Mumm and İnan, 2016; Spötl et al., 1998; Vidano et al., 1981; Wang 

et al., 1990; Yui et al., 1996). Following procedures established by earlier studies (Beyssac et al., 

2003; Lünsdorf et al., 2014), deconvolution and fitting of the Raman spectra were made using five 

peaks with mixed Gaussian/Lorentzian profiles and a linear baseline correction (Fig. 1). No 

constraints were put on the peak parameters in the curve fitting procedure to allow an optimal fit to 

the measured spectra. The band positions, amplitudes (intensities), full-widths at half maximum, and 

integrated areas of all peaks were extracted from the resulting curve fits. It was found that, although 

the 25 spectra for each sample showed significant ranges in the peak widths, intensities, and areas, 

the mean G and D1 band positions and the mean RBS could be reliably extracted from the spectra 

with an average deviation of ± 2.7 cm-1. 
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Fig. 1. Exemplary spectral deconvolution and Raman band identification: (a) sample M-10 and (b) sample M-3. 

The measured spectra are shown in black. The reconstructed spectra from the curve fitting using a graphitic 

band (G) and four defect bands (D1-D4) for each spectrum are shown by the red lines. G and D1 peak positions 

were reliably extracted from the curve fitting. 

3. Results and Discussion 
3.1. Raman maturity indices 

Fig. 2 shows measured Raman kerogen spectra for all mudstones studied here, stacked in order of 

their vitrinite reflectance. All but one sample gave clean Raman spectra with clearly identifiable, 

characteristic G and D bands as is typical for kerogen. The exception is sample M-1, for which the 

spectra has low signal-to-noise and poorly resolvable bands. Sample M-1 contains predominantly 

Type IIS kerogen (sulfur-rich, > 13 wt% S), and the unique composition of this sample appears to 

detrimentally impact the Raman measurement. Previous Raman studies have documented 

systematic changes in both the positions and areas of the D1 and G bands in the Raman spectra of 

carbonaceous materials as a function of thermal maturity (Beyssac et al., 2002a, 2002b; Kelemen 

and Fang, 2001; Liu et al., 2013; Pasteris and Wopenka, 1991; Schmidt Mumm and İnan, 2016; Spötl 

et al., 1998; Yui et al., 1996): The G and D1 band positions (WG and WD1) separate, and the G and D1 

band areas (AG and AD1) increase and decrease, respectively, during thermal maturation. Fig. 2 shows 

qualitatively that the band positions for the samples examined here widen with increasing thermal 

maturity, consistent with results from earlier studies. Two common types of Raman thermal 

maturity indicators have been extracted from Raman spectra:  (1) Raman band separation, RBS = WG 

– WD1 from G and D1 band positions (Table 1, Fig. 3) and (2) Raman band ratios based on band 

intensities or band areas (Table 1, Fig. 4).  
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Fig. 2. Measured Raman spectra of organic-rich mudstones. The spectra are stacked in order of increasing 

thermal maturity (vitrinite reflectance) and offset for clarity. The spectra reveal the spread in the G and D band 

positions as a function of maturity. 

 

The G and D1 band positions were, in general, readily determined from the Raman spectra without 

imposing any constraints on the curve fitting procedure (Fig. 3a). The resulting RBS increases 

systematically with increasing thermal maturity, with a tightly defined correlation (R2 = 0.95; Fig. 3b). 

Sample M-1 (Type IIS kerogen) is excluded from this correlation because the extracted G band 

position could not be resolved with adequate accuracy and its RBS estimate falls off the trend. The 

root-mean-square-error (RMSE) of the RBS estimate from the correlation is 3.0 cm-1. The uncertainty 

on the maturity estimate from RBS increases as maturity increases because of the logarithmic form 

of the regression. The estimated uncertainty (2σ) is ±0.25 % for samples with %VRe values of ~ 1 %, 

increasing to ±0.5 % or larger for samples with %VRe values above ~ 2 %. These uncertainties are on 

par with those for conventional vitrinite reflectance measurements (Hackey et al., 2015). The 

uncertainties on the Raman maturity estimates can likely be reduced by increasing the number of 

standards in the calibration, in particular for samples with thermal maturity > 2 %Ro. 

It was found that the G and D1 band areas were more difficult to reliably determine than were their 

positions. The Raman spectra are a composite of multiple, overlapping bands (Fig. 1), and the fitted 
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peak areas are highly sensitive to signal-to-noise, the baseline correction, and the shape function 

(i.e., the shape of the curve allowed to fit each Raman band) (Lünsdorf et al., 2014). (The positions of 

the G and D1 bands and the RBS appear largely insensitive to these factors.) The unconstrained 

curve fitting procedure resulted in a large variability among the band areas from the 25 spectra 

acquired for each sample. Here, the D/G area ratio, (D1/G)Area, was observed to increase with 

thermal maturity, albeit with significant error (Fig. 4a). This trend implies increasing disordering of 

the kerogen structure during maturation, which is inconsistent with recognized changes in kerogen 

structure including increasing aromaticity (Beyssac et al., 2002b; Lünsdorf et al., 2014). Other band 

ratios previously used for interpreting Raman spectra, such as R1 = (D1/G) Intensity and R2 = 

(D1/[D1+D2+G])Area (Beyssac et al., 2002b; Lünsdorf et al., 2014), were also examined for these 

samples without obtaining robust maturity correlations (Fig. 4b and 4c). The accurate determination 

of individual band areas and intensities appears challenging because of the broad and overlapping 

peaks in Raman spectra of kerogens, and thus the robustness of band ratios is questionable 

especially for less-ordered carbonaceous materials like kerogen (Wopenka and Pasteris, 1993). We 

note, for example, the very different position and peak shape of the poorly differentiated D2 band in 

the Raman spectra shown in Fig. 1. Different peak fits can be obtained by placing constraints (upper 

and lower bounds) on each of the peak parameters (position, FWHM, amplitude, shape function, 

etc.) in the fitting procedure, but caution is required in this instance because individual Raman peak 

parameters are not all known a priori.  

 

Fig. 3. Raman structural parameters plotted as a function of vitrinite reflectance: (a) G and D1 band positions, 

(b) Raman band separation (RBS). There is an excellent correlation between RBS calculated from the measured 

G and D1 band positions and vitrinite reflectance. The trend line is the best fit regression through the data. 
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Fig. 4. Raman structural parameters plotted as a function of vitri nite reflectance: (a) D1/G area ratio, (b) D1/G 

intensity ratio, and (c) D1/(D1+D2+G) area ratio. 

 

Fig. 5 overlays the correlation between RBS and thermal maturity for the organic-rich mudstones 

analysed in this study with RBS data reported by earlier studies (Kelemen and Fang, 2001; Schmidt 

Mumm and İnan, 2016; Spötl et al., 1998). The different datasets confirm the same, systematic 

trend. Our trend plots within the distribution of most other studies, but spans a wider range of 

maturities and shows a tighter correlation.  The data of Schmidt Mumm and İnan (2016) show a 

parallel trend, but apparently offset toward higher RBS. Theirs are RBS estimates from the analysis of 

Silurian graptolites from the Qusaiba Formation in Saudi Arabia. This Silurian-age formation lacks 

vitrinite macerals, so vitrinite reflectance equivalent maturity estimates were derived from 

graptolite reflectance measurements for comparison with younger organic-rich mudstones. The 

different petrographic measurements used to determine vitrinite reflectance for the different 
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studies compared in Fig. 5 may factor into the offset trends. In addition, several studies have 

reported the wavelength dependence of the D band position in the Raman spectra of carbonaceous 

materials (the G band position is reported to be practically independent of the excitation energy) 

(Ferrari, 2002; Lünsdorf, 2016; Marshall et al., 2010; Matthews et al., 1999; Pócsik et al, 1998; 

Vidano, 1981; Wang et al., 1990). Schmidt Mumm and İnan (2016) used a laser wavelength of 632.8 

nm, different to that used in our study (532 nm). However, Schmidt Mumm and İnan (2016) also 

reported the dispersion in their D band position as a function of laser wavelength between 488 and 

788 nm (D band positions of 1338 and 1320 cm-1, respectively), which allows their RBS values 

obtained at 632.8 nm to be recalculated to the laser wavelength of 532 nm used in our study. The 

dispersion in the D band amounts to 5.5 cm-1 between 632.8 and 532 nm, and when this adjustment 

is applied, the RBS values from Schmidt Mumm and İnan (2016) indeed move closer to the RBS data 

from our study (Fig. 6). On the other hand, the Raman measurements in this study and in that of 

Spötl et al. (1998) were obtained at nearly the same laser wavelengths (532 and 514.5 nm, 

respectively) and the two sets of RBS estimate overlay. The D band dispersion shown by earlier 

studies appear to fall along slightly different slopes (Fig. 7), indicating that the magnitude of the 

dispersion may be instrument specific and that no universal correction exists. The RBS data of 

Kelemen and Fang (2001) also overlay our RBS estimates, but these Raman data were acquired using 

a reported laser wavelength of 632.8 nm. Kelemen and Fang (2001) did not report D band dispersion 

as a function of laser wavelength, thus an instrument dispersion correction for better comparison is 

not possible for this data set. To a first order, it is seems possible to adjust RBS values obtained at 

different laser wavelengths to a common wavelength, although individual calibration of the 

magnitude of the D band dispersion as a function of laser excitation wavelength for kerogen of the 

similar maturity may be necessary for each Raman instrument. 

 

Fig. 5. Comparison of Raman band separation (RBS) for organic -rich mudstones from this and earlier studies. 

The data reveal the consistent trend of increasing RBS with increasing maturity. 
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Fig. 6. Example of the laser wavelength dependent ‘correction’ to the Raman band separation. 

 

   

Fig. 7. Laser wavelength dependency of the D1 band position in carbonaceous materials from literature 

publications. 

 

3.2. A rapid thermal maturity assessment using Raman spectroscopy 

Several published Raman methods for thermal maturity estimations relied upon extensive sample 

preparation including embedding and polishing of bulk sample in resin (Lünsdorf, 2016; Schmidt 

Mumm and İnan, 2016), or isolation of kerogen from the bulk shale by concentrated HF/HCl 

treatment (Diessel et al., 1978; Spötl et al., 1998). By comparison, the Raman measurements in this 

study were made directly on drill core or cuttings chips without the need to cut and polish surfaces 

or to isolate kerogen. The shorter laser wavelength (532 nm) used here reduced background 

fluorescence (Lünsdorf, 2016) and, combined with automated fluorescence suppression, made it 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

possible to rapidly acquire reliable Raman spectra even for samples with low thermal maturity. The 

result is a robust correlation between RBS and thermal maturity spanning from at least 0.6 to 4.3 

%Ro. The robust and quantitative relationship makes it possible to estimate vitrinite reflectance 

equivalent maturities and hydrocarbon type (i.e., oil, condensate, or gas window) from Raman 

measurements of unknown oilfield formation samples. Fig. 8 overlays the RBS maturity map with 

hydrocarbon typing based on thermal maturity windows for Type II kerogen presented by Tissot and 

Welte (1984). Moreover, the minimal and rapid sample preparation used here gives potential for the 

Raman maturity estimates to be made at the wellsite in near real-time, rather than in the laboratory 

weeks after the drilling process is complete.  

The Raman method here has been applied to organic-rich mudstones with total organic carbon 

content of 4 wt% or above. This method with minimal sample preparation and no isolation of 

organic matter may be less practical for organic-lean samples (TOC < 2 wt%), due to lower signal-to-

noise ratios of the respective Raman spectra. The method has been calibrated specifically on Type II 

kerogen that comprises mixed marine organic material (e.g., phytoplankton, zooplankton and 

bacteria) and is the most common type of sedimentary organic matter dispersed in petroleum 

source rocks. Only limited Raman data are available for the other principal kerogen types (i.e., 

lacustrine Type I and higher-order terrestrial Type III kerogen) that are less common in petroleum 

source rocks. Further study is necessary to establish RBS maturity maps for different organic matter 

types, since it is recognized that the windows for petroleum generation fall within different vitrinite 

reflectance values for the different kerogen types (Dembicki, 2009; Tissot and Welte, 1984). 

  

Fig. 8. Thermal maturity map for Type II kerogen. The Raman band separation can be used to determine the 

appropriate maturity window and hydrocarbon type in a petroleum source rock. 
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4. Conclusions  
Raman spectroscopy is a powerful tool to assess the thermal maturity of kerogen in organic-rich 

mudstones. In particular, the Raman band separation (RBS, the shift between the G and D1 bands in 

Raman spectra) is a highly reliable estimate of thermal maturity. This study established a robust 

correlation (R2 = 0.95) between RBS and thermal maturity expressed as vitrinite reflectance (%Ro) 

for a variety of paleo-marine petroleum source rocks spanning a wide range of maturity (0.6 to 4.3 

%Ro). High-quality Raman spectra were acquired for the majority of samples by taking advantage of 

a short laser wavelength (532 nm) and successful Raman fluorescence suppression. The laser 

wavelength-dependence of the Raman D band position is one factor for observed differences in 

absolute RBS values as a function of thermal maturity among different laboratories. Accounting for 

this wavelength-dependence is necessary to develop universal correlation between RBS and thermal 

maturity expressed as vitrinite reflectance in organic-rich mudstones, independent of Raman 

instrumental protocols. Published Raman-based maturity estimations have largely relied on polishing 

of bulk rock fragments embedded in resin or the isolation of kerogen from the host rock by the use 

of concentrated acids. Our study shows that reliable Raman spectra can be acquired directly on drill 

core or cuttings of organic-rich formations without requiring such sample preparation. This opens 

the potential for rapid and non-destructive Raman measurements of petroleum source rocks directly 

at the wellsite for near real-time assessment of thermal maturity and hydrocarbon typing.  The 

method here has been calibrated for Type II kerogen, which is the most relevant for the evaluation 

of petroleum source rocks. Further study is necessary to develop quantitative correlations between 

Raman signatures and thermal maturity in other types of sedimentary organic matter. 
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Table 1. Geochemical characteristics of kerogen in organic-rich mudstones 
 

Sample 
ID 

Formation 
OM 
Type 

TOC 
[wt% ] 

Vitrinite reflectancea Rock-Evalb Raman 
 

%Ro 
mean 

std N 
S2        

[mg HC 
/g rock] 

Tmax         
[°C] 

Tmax 
maturity        
[% VRe] 

G position, WG                  
[cm-1] 

D1 position, WD1                  
[cm-1] 

RBS, WG-WD1           
[cm-1] 

(D1/G)Area (D1/G)Intensity (D1/[D1+D2+G])Area 
 

M-1 Undisclosed IIS** 
15.

7 
0.5

5 
  - 

129.
5 

416 0.3 1585.1 ± 3.2 1377.0 ± 4.1 208.0 ± 4.5 0.25 ± 0.12 0.45 ± 0.07 0.29 ± 0.10 
 

M-2 Marcellus II 4.8 2.2   - 0.2 - - 1604.3 ± 1.1 1349.5 ± 1.1 254.8 ± 0.9 1.87 ± 0.23 0.56 ± 0.03 0.26 ± 0.09 
 

M-3 Undisclosed II 4.4 
0.7

6 
0.04 25 9.6 442 0.8 1599.7 ± 1.2 1367.0 ± 4.8 229.7 ± 5.4 0.70 ± 0.25 0.63 ± 0.04 0.36 ± 0.09 

 

M-4 Undisclosed II 5.0 0.8 0.07 14 10.8 441 0.8 1598.7 ± 1.7 1367.0 ± 5.1 231.7 ± 5.3 0.61 ± 0.14 0.60 ± 0.04 0.34 ± 0.08 
 

M-5 Woodford II 5.8 
0.5

5 
  41 22.7 434 0.7 1597.7 ± 1.8 1373.5 ± 4.3 224.2 ± 3.7 0.57 ± 0.12 0.63 ± 0.04 0.27 ± 0.06 

 

M-6 Woodford II 5.9 0.7   40 18.0 435 0.7 1597.9 ± 1.3 1369.3 ± 3.7 228.6 ± 3.9 0.66 ± 0.28 0.58 ± 0.07 0.53 ± 0.05 
 

M-7 Woodford II 4.1 0.9   52 3.4 446 0.9 1600.9 ± 0.6 1361.3 ± 2.7 239.6 ± 2.9 1.00 ± 0.35 0.54 ± 0.07 0.62 ± 0.09 
 

M-8 Woodford II 4.3 
1.5

5 
  40 0.6 - - 1601.9 ± 1.2 1360.7 ± 3.8 241.2 ± 3.5 0.95 ± 0.28 0.53 ± 0.11 0.30 ± 0.07 

 

M-9 Woodford II - 4.3 0.33 80 0.1 - - 1601.9 ± 2.1 1340.2 ± 2.9 261.7 ± 2.8 2.72 ± 1.07 0.94 ± 0.13 0.45 ± 0.04 
 

M-
10 

Undisclosed II 
11.

0 
1.4 0.07 17 4.0 470 1.3 1602.7 ± 1.1 1359.6 ± 2.2 243.1 ± 2.0 0.81 ± 0.25 0.47 ± 0.06 0.14 ± 0.05 

 
M-

11 
Undisclosed II 7.6 1.4   - 2.6 474 1.4 1601.0 ± 1.4 1355.4 ± 1.2 245.6 ± 1.4 1.41 ± 0.29 0.50 ± 0.06 0.28 ± 0.08 

 
aVitrinite maceral count (N) and standard deviation (std) reported where prov ided as histograms by the laboratory  

bVitrinite reflectance equivalent from Tmax: % VRe = [0.018*Tmax]-7.16, from Jarv ie et al. (2001) 

**Type IIS kerogen omitted from the correlation 
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Manuscript Highlights 

 Robust correlation of Raman signal and thermal maturity for organic-rich mudstones. 

 Diverse sample set covering a broad range of maturities and geographical locations. 
 Measured directly on cores and cuttings requiring only minimal sample preparation. 

ACCEPTED MANUSCRIPT


