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ARTICLE INFO ABSTRACT

Keywords: Solid organic matter (OM) in sedimentary rocks produces petroleum and solid bitumen when it undergoes
Organic matter thermal maturation. The solid OM is a ‘geomacromolecule’, usually representing a mixture of various organisms
Heterogeneity with distinct biogenic origins, and can have high heterogeneity in composition. Programmed pyrolysis is a

Raman spectroscopy
Maturation rate
Hydrous pyrolysis

common method to reveal bulk geochemical characteristics of the dominant OM, while detailed organic pet-
rography is required to reveal information about the biogenic origin of contributing macerals. Despite the ad-
vantages of programmed pyrolysis, it cannot provide information about the heterogeneity of chemical compo-
sitions present in the individual OM types. Therefore, other analytical techniques such as Raman spectroscopy
are necessary.

In this study, we compared geochemical characteristics and Raman spectra of two sets of naturally and
artificially matured Bakken source rock samples. A continuous Raman spectral map on solid bitumen particles
was created from the artificially matured hydrous pyrolysis residues, in particular, to show the systematic
chemical modifications in microscale. Spectroscopic data was plotted for both sets against thermal maturity to
compare maturation rate/path for these two separate groups. The outcome showed that artificial maturation
through hydrous pyrolysis does not follow the same trend as naturally-matured samples although having similar
solid bitumen reflectance values (%SBRo).

Furthermore, Raman spectroscopy of solid bitumen from artificially matured samples indicated the hetero-
geneity of OM decreases as maturity increases. This may represent an alteration in chemical structure towards
more uniform compounds at higher maturity. This study may emphasize the necessity of using analytical
methods such as Raman spectroscopy along with conventional geochemical methods to better reveal the un-
derlying chemical structure of OM. Finally, observation by Raman spectroscopy of chemical alteration of OM
during artificial maturation may assist in the proposal of improved pyrolysis protocols to better resemble natural
geologic processes.

1. Introduction

Shale is the most abundant fine-grained sedimentary rock and is
formed from compaction of silt and clay-sized minerals which also may
contain a significant amount of solid organic matter (OM). Kerogen (the
insoluble portion of OM) is a macromolecule and a mixture of OM types
with different origins (Types I, II, III and IV) (Garcette-Lepecq et al.,
2000; Ostadhassan et al., 2018). When kerogen experiences maturation,
weight concentration and the composition of the individual macerals
evolve (Yang et al., 2017). During this process, bigger molecules will
break down and the outcome will be hydrocarbons and bitumen in
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addition to water, CO, etc. (Schito et al., 2017). The remainder of the
organic matter acts as the storage reservoir by developing nanoscale
pores which hold generated hydrocarbons (Curtis et al., 2012; Chen and
Xiao, 2014). Furthermore, the process of thermal maturation will cause
or enhance the development of local heterogeneities within the re-
maining organic matter (Kong et al., 2018). This is due to differences in
the rate of maturation for the existing kerogen based on differences in
type and origin (Yang et al., 2017). Additionally, heterogeneity may
also be due to local variations in thermal alteration that is imposed on
the organic matter by catalysis from nearby mineral grains (Pan et al.,
2009). Understanding these heterogeneous patterns will enable better
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Fig. 1. (A) and (B) location of the Bakken formation and the wells used in this study for sampling; (C) and (D) Solid bitumen in samples of Well 1 and Well 5,
respectively, (E) occurrence of dispersed organic matter in the form of inertinite in Well 4. The red square in the middle of each image is a scale of 5 um of each side.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Geochemical properties of two sets of data. Note the systematic changes in Tmax, TOC, S2, HI, and PI with increasing maturity in both naturally and artificialy
matured samples.

Sample No. Depth (ft) TOC S1 (mg S2(mg Tmax (°)  HI (52¥100/  OI (S3*100/ PIS1/(S1 + S2) SBRo (%) HP time HP temp.

(wWt%)  HC/g)  HC/g) TOC) TOC) (hrs.) o)
Artificially matured ~ HP1 7652 1459  8.28 80.83 428 554 8 0.09 0.32 72 original
sample by HP HP2 13.3 4.5 72.02 429 542 10 0.06 0.35 72 280
HP3 1515 8 87.1 434 575 7 0.08 0.38 72 300
HP4 11.55  7.85 72.68 436 629 12 0.1 0.49 72 310
HP5 10.66  6.78 53.47 431 502 9 0.11 0.54 72 320
HP6 7.39 418 18.47 442 250 11 0.18 0.95 72 340
HP7 8.12 3.19 11.16 451 137 12 0.22 1.19 72 350
HPS 7.95 3.97 8.07 462 102 6 0.33 1.29 72 360
In situ matured Well 1 5438 2471 7.97 128.71 419 520 8 0.06 0.38 - -
samples Well 2 8326 16.27 827 90.69 428 557 2 0.08 0.54 - -
Well 3 9886 1576  9.27 83.7 432 531 1 0.1 0.59 - -
Well 4 10,555 13.26  0.31 33.01 449 260 1 0.013 0.86 - -
Well 5 10,725.5 9.04 6.13 13.94 450 154 1 0.31 0.94 - -
Well 6 11,199 16.36  0.71 28.05 452 171 1 0.024 0.92 - -
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Fig. 2. (A) area selected for Raman spectroscopy, a complete spectrum is acquired at every pixel of the area of interest (1000 spectra are acquired which can all be
processed with the same processing steps), (B) a point selected on solid bitumen, (C) and its corresponding Raman spectrum.
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Fig. 3. Raman signals before (A) and after (B) baseline correction for Well 2 as a naturally matured sample.

characterization of geochemical, petrophysical and geomechanical
properties of organic matter from a molecular point of view (Curtis
et al., 2012). In addition, these studies will enhance our understanding
of mechanisms related to generation and migration of hydrocarbons,
especially in self-sourced unconventional reservoirs.

Despite the importance of assessing shale OM heterogeneity,
common bulk-rock geochemical measurement methods that have been
utilized for decades such as programmed pyrolysis and LECO total or-
ganic carbon (TOC) are incapable of providing information specific to
individual OM types. SEM (scanning electron microscope) analysis
combined with energy-dispersive X-ray spectroscopy (SEM-EDS) can
detect local changes in the abundance of higher atomic weight ele-
ments. However, it cannot recognize variations in molecular chemical
components which are the driving force behind OM heterogeneity
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(Schumacher et al., 2005; Piani et al., 2012). Organic petrography al-
lows identification of various types of organic components but cannot
detect molecular compositions (Hackley and Cardott, 2016). Moreover,
geochemistry of organic matter which is controlled by molecular
compounds is usually investigated by pyrolysis which is artificially
maturing the samples. Yet, to obtain meaningful results, many para-
meters (pyrogram) that are involved in the experiments should be set
accurately to resemble a natural maturation path (Carvajal-Ortiz and
Gentzis, 2015). This process can be done in the absence or presence of
water, anhydrous pyrolysis (AHP) and hydrous pyrolysis (HP), respec-
tively.

Lewan et al. (1979, b) discussed and performed several experiments
on the role of water in petroleum formation. He showed that AHP will
result in higher organic maturation rate compared to HP at the same
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Fig. 4. (A) schematic of binning; (B) single spectrum; (C) binning factor of 4; (D) binning factor of 8; (E) binning factor of 20. Note the increase in signal to noise ratio

and correspondingly losing spectral features by increasing binning factor.
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Fig. 5. Schematic of band peaking procedure using 5 peaks (D, G, D2, D3 and D4) and the experimental Raman spectrum (black). By adding more peaks, the
reconstructed spectrum is more similar to experimental results and the x2 value is reduced.

temperature conditions. Michels et al. (1995) discussed the effects of
effluents and water pressure on oil generation during confined pyr-
olysis. Lewan and Ruble (2002) showed that there is no correlation
between OM kinetic parameters derived from open-system pyrolysis
and HP. Pan et al. (2009, 2010) illustrated the impact of water on the
organic carbon ratio and mineral acidity during the conversion process
of OM to hydrocarbons. They concluded that organic matter maturation
rate slows down when a large amount of water is present. Further,
Lewan and Roy (2011) explained significant differences in the types of
products when water is involved at higher thermal maturity, noting that
water promotes thermal cracking of bigger molecules over cross-
linking. Other researchers have investigated the role of clay minerals in
maturation, crude oil formation, migration and accumulation (Curtis
et al., 2012; Chen and Xiao, 2014; Wu et al., 2012; Zhu et al., 2013; Hu
et al., 2014; Kadoura et al., 2016). Such studies illustrated that the
composition of petroleum is modified by interaction of clay minerals,
and also the presence of water affects the role of minerals in acid-cat-
alyzed cracking of kerogen. Despite advances in our understanding of
these interactions, mimicking the natural condition of kerogen con-
version to hydrocarbon remains poorly understood.

In a molecule, atoms are connected by chemical bonds, and thus
have periodic motions. These motions relative to each other are su-
perpositions of normal mode vibrations with the same phase and
normal frequency (Schrader, 2008). The most effective methods to
observe vibrational spectra as a signature representing a specific che-
mical compound are infrared and Raman spectrometry.

Kelemen and Fang (2001) showed the application of Raman spec-
troscopy for studying thermal maturity of OM, particularly in Silurian
and older rocks where vitrinite is absent. Other researchers also have
used Raman spectroscopy to reveal structural changes in organic matter
during maturation (Ferrari and Robertson, 2000; Jehlicka et al., 2003;
Quirico et al., 2005; Guedes et al., 2012, Liu et al., 2013). Khatibi et al.
(2018a, b, ¢, d) showed the potential application of Raman spectro-
scopy in correlating Raman signals to geochemical and mechanical
properties of organic matter. They explained that changes in Young's
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Table 2
Major D and G bands shifts for both artificially and naturally matured samples
in this study derived from the average spectrum across the ROIL

Sample No. Dband Gband G-D band
Artificially matured sample by HP  HP1 1362 1600 238
HP2 1363 1598 235
HP3 1362 1601.5 239.5
HP4 1358 1603 245
HP5 1359 1602 243
HP7 1363 1607 244
HP8 1357 1604 247
Naturally matured samples Well 1 1367 1585 218
Well 2 1367 1587 220
Well 3 1360 1591 231
Well 4 1354 1591 237
Well 5 1359 1594 235
Well 6 1357 1601 244

modulus are representative of molecular alterations happening through
thermal maturation. The application of Raman spectroscopy in quali-
tatively predicting geochemical properties of organic matter in terms of
Rock-Eval parameters has also been studied (Khatibi et al., 2018a, b).
Although Raman spectroscopy suffers from strong fluorescence back-
ground noise for immature shale samples, Khatibi et al. (2018d) showed
that solvent extraction will reduce the fluorescence background if
combined with specific signal processing techniques.

In this study, heterogeneity within the organic matter, solid bi-
tumen, as a result of thermal advance (natural and artificial) has been
studied in the Bakken Formation source rock samples. All samples were
evaluated by OM reflectance, programmed pyrolysis and Raman spec-
troscopy. Then, maturation paths of two groups of naturally and arti-
ficially matured samples were compared. Raman spectroscopy results
showed that HP did not follow the same natural geological conditions in
maturation rate. This study also demonstrates the potential of Raman
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Fig. 6. SBRo and Tmax (as maturity in-
dicators) vs. band separation along with
95% confidence interval of regression and
residual error profile for each sample set.
The 95% confidence interval defines a range
of values that the population mean is cov-
ered with 95% of certainty. Note the con-
sistent increase of band separation with in-
creasing thermal maturity. Trendlines for
HP and naturally matured samples along
with their corresponding correlation coeffi-
cients are shown on each plot. Orange re-
presents naturally matured samples and blue
represents HP samples. (For interpretation
of the references to colour in this figure le-
gend, the reader is referred to the web ver-
sion of this article.)
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Fig. 7. (top) %SBRo vs. TOC; (middle) %SBRo vs. S2; (bottom) %SBRo vs. HI along with 95% confidence interval of regression and residual error profile. For each
parameter plotted vs. %SBRo, trends are different for artificially and naturally matured samples. Orange represents naturally matured and blue represents HP

samples.

52



S. Khatibi, et al.

16

y =-0.0018x+1.4228
R?=0.9205

14

12

0.8

SBRo (%)

y=-0.0011x+1.1246

Bt R =0.88

0.4

0.2

0 100 200

300

International Journal of Coal Geology 206 (2019) 46-64

600

400 500 700

HI (mg HC/g TOC)

residual error of natural samples

0.2

0.1

residual error of HP samples

0.2
0.1

|| —
0 m
-0.1
-0.2

-0.3

Fig. 7. (continued)

600

@ Naturally matured (other sources)
580

@ Artificially matured (this study)
560
540 Naturally matured (Ithis study)

480
460
Oil Window
480 . - - ..o P T S R S s S
420
Oll Window
400
0 0.5 1 15 2 25

%VRo

Fig. 8. Observed relationship between VRo% and Tpay for natural samples
(modified after Epistalié et al., 1985; Dembicki, 2016; Abarghani et al., 2018).
It should be noted that measurements were based on %SBRo and were con-
verted to vitrinite reflectance %VRo using the Jacob (1989) equation. Hydrous
pyrolysis results (red circles) do not exactly follow the natural trend limits with
dark blue curves. Light orange circles are naturally matured samples in this
study, and black circles are naturally matured Bakken data extracted from
Abarghani et al. (2018). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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spectroscopy to analyze OM in terms of the spatial heterogeneity of
solid bitumen. The results can enable us to build more accurate pet-
roleum system models for shale plays, and also to develop protocols for
pyrolysis to better resemble natural maturation conditions.

2. Samples and methods

Six samples were retrieved from the Bakken Formation as one of the
most important source rocks in the Williston Basin, and consists of
upper and lower organic-rich shales and a middle member of very fine-
grained dolomitic sandstone and siltstone that was deposited during the
Late Devonian and Early Mississippian Periods (LeFever et al., 2011).
Williston Basin is an elliptical shaped depression in the western portion
of North Dakota, the northeastern region of Montana and extends into
parts of Saskatchewan and Manitoba in Canada, Fig. 1(A). Upper and
lower shales that are the source for the Middle Bakken which is the
reservoir, have the same lithofacies type (E.g. Angulo and Buatois,
2012; Zhang and Buatois, 2016) and are considered to have been de-
posited under relatively deep marine (> 200 m depth) anoxic condi-
tions (Steptoe, 2012). Six samples at different stages of thermal ma-
turity varying from 0.38 to 0.98%SBRo (Solid Bitumen reflectance)
along with one immature sample (%SBRo of 0.32) that was artificially
matured by HP to maximum maturity of 1.29% SBRo were used in this
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Fig. 9. Hydrogen index vs. Trax for kerogen typing. As seen all samples including naturally an artificially matured are approximately in type II kerogen (modified

after Tyson, 1995).

study, Fig. 1(B). Geochemical analyses were performed by Rock-Eval 6,
on both naturally and artificially matured samples, as summarized in
Table 1.

Samples were prepared for petrographic analyses according to
ASTM D2797 (ASTM, 2015a) wherein the rock particles were mounted
in a thermoset plastic briquette, then ground and polished with suc-
cessively finer abrasives until a 0.05-um (um) finishing stage. Solid
bitumen reflectance analyses followed ASTM D7708 (ASTM, 2015b). In
this technique, incident white light 546 = 10 nm is reflected from solid
bitumen positioned under the microscope crosshairs at 500 X magni-
fication, measured at a detector and compared to measured light re-
flected from a calibration standard. At least 20 measurements of solid
bitumen reflectance were collected for each sample, with only 1 mea-
surement per individual rock fragment. Since there was no reliable
identification of primary vitrinite in the samples, mean random solid
bitumen reflectance (%SBRo) is here reported in place of vitrinite re-
flectance, as practiced by many other workers (Jacob, 1989; Riediger,
1993; Jarvie et al,, 2001; Hackley, 2012; Petersen et al., 2013;
Valentine et al., 2014). Moreover, all analyses in the following sections
were made on solid bitumen for better comparison purposes and con-
sistency. Solid bitumen and vitrinite in shale are generally character-

ized as structureless gray substances in reflected white light, Fig. 1(C, D
and E).

54

2.1. Hydrous pyrolysis

In order to perform hydrous pyrolysis on the immature sample and
generate results comparable to the natural maturation sequence, the
sample was first homogenized (broken to smaller pieces and thoroughly
mixed). Homogenization was performed to make sure every portion is
representative of the same original sample. Then, each part was taken
through the HP process at elevated temperatures (300-360 °C) based on
the method of Lewan (1993, 1997) in which crushed rock samples
(2-4 g) were loaded into reactors and covered with de-ionized water.
The amount of water should cover the sample and also be in contact
with it constantly at the maximum temperature for each step of the
experiment. The amount of rock and water added to each experiment
were calculated from rock densities, reactor internal volumes, and
steam tables as described by Lewan (1993). The stainless steel (SS-316)
SwageLok™ mini-reactor vessels [25-35 ml (mL) internal volume] were
assembled from 1.5-in. tubing caps and plugs, sealing with ~270 ft-
pounds torque using Fel-Pro C5-A copper-based anti-seize thread lu-
bricant. Once the reactor was sealed, it was placed into a gas chroma-
tograph oven, and isothermally heated for 72 h. at 300-320-340-350-
360 °C. It may take around 5-10 min for the oven to reach the experi-
mental temperature which was not included in the main course of ex-
periment durations. Pyrolyzed rock residues were removed and rinsed
with acetone and then vacuum-dried overnight prior to preparations for
further analyses.
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Fig. 10. sample HP1 with 0.32%SBRo: (top) Showing spots selected for averaging Raman signals (each green circle has about 3 3.6 um2 area); (middle) Raman
spectra of corresponding spots; (bottom) Histogram of D and G bands position along with the statistical information of Avg.: average, SD: standard deviation, CI+:
upper bound of confidence interval and CI-: lower bound of confidence interval. Bin sizes were defined based on Deviant (2011), range of data divided by number of

bins.

2.2. Raman spectroscopy

To generate the Raman spectrum, we illuminated the sample surface
with monochromatic laser light. Raman mapping mode was acquired on
the region of interest (ROI) where organic matter (solid bitumen) was
detected. As the probe scanned the area, 1000 points were collected (2
spectra per 1um?), Fig. 2. The power of laser that was used for the
acquisition of Raman data was 1 mW (1% of total laser power), with 1's
acquisition time, 3 s of accumulation which led to 3 mW.s of the energy
dumped onto the surface of the sample. In terms of spectral precision,
the grating (1200 grating/mm) was not moved from one spot to an-
other; therefore, there was not any change in the spectral calibration.
Moreover, the Raman spectrometer was calibrated before each data
acquisition session using the 520 cm~' Raman band of a silicon re-
ference sample. The Si Raman band is an adjustment to an overall ca-
libration of the spectrometer made with atomic emission lamps over the
entire working spectral range of the spectrometer.

The benefit of using mapping mode is that statistical analysis can be
used to estimate the shift of the major Raman bands of organic matter
more accurately in microscale instead of acquiring a single Raman
spectrum to represent the whole ROI. Furthermore, heterogeneity of
OM composition can also be evaluated since a larger area is surveyed
with a high spatial resolution. Moreover, one of the most important
challenges regarding Raman spectroscopy is the fluorescence back-
ground which masks the Raman signal (Zhou et al., 2014; Myers et al.,
2017). This issue is more critical while evaluating lower maturity
samples due to the presence of high fluorescence intensity in OM, which
is reduced at higher maturity (Liinsdorf, 2016; Sauerer et al., 2017). An
appropriate processing technique can notably reduce the fluorescence
background levels. For this purpose, a same polynomial baseline curve
was fitted to the whole spectrum (from 50 cm ™! to 2750 cm ™ %) (Fig. 3-
left), which was the long wavelength function of the fluorescence, and
then was subtracted from the spectrum (Fig. 3-right). Lower order
polynomial functions are less flexible to adapt to the data and may not
be able to include highly fluctuating backgrounds. Using this mathe-
matical approach provides a flat zero baseline spectrum in order to pick
Raman band positions in a more straightforward manner.

To improve signal to noise ratio (S/N) during Raman acquisition a
binning procedure was used. In this process, a number of adjacent
spectra (binning factor) in the ROI were co-added to increase the signal
to noise ratio as displayed in Fig. 4. However, while using the binning
factor, one should be cautious to avoid losing spectral features because
of large binning. All spectra were collected with a frequency-doubled
Nd:YAG 532nm laser and the data were processed with the same
background noise subtraction method explained earlier. Using 532 nm
excitation with the MPlan 50 X objective results in the beam diameter
of 860 nm or 0.86 um. The instrument was equipped with a 50 X long
working distance objective to easily locate the spot for Raman signal
acquisition. Scan range of the instrument in mapping mode was
120 um X 120 um with a step size of 1.5 um.

It should be mentioned the sample for thermal alteration were
checked by viewing spectra in 1-second real-time display and setting
the laser power such that no changes in the spectra occurred over at
least 20 s of laser illumination prior to acquisition of a spectrum. The
stable spectrum throughout illumination indicated that no burning was
occurring over that time period. Furthermore, the samples were viewed
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by white reflected light microscopy after the measurement looking for
any visible signs of sample burning. The absence of any change in the
appearance of the sample after laser illumination indicated that no
burning had occurred.

To characterize Raman spectral parameters such as peak position,
intensity and area, a curve-fitting step should be performed. In this
method, the experimental Raman spectrum was reconstructed by de-
convolving overlapping peaks such that the summed spectrum of in-
dividual peaks matches the experimental data. A mixed Gaussian-
Lorentzian peak morphology was used with 150 iterations until the best
fit was achieved. The quality of fit was evaluated visually from the
residual spectrum and numerically by the standard error (x2), where
smaller x2 corresponds to a better reconstruction as outlined by pre-
vious researchers (Quirico et al., 2005; Sadezky et al., 2005; Bonoldi
et al., 2016; Lupoi et al., 2017). Researchers often fit 5 peaks for OM
evaluation in shale plays (Schito et al., 2017; Sauerer et al., 2017;
Schmidt et al., 2017; Cheshire et al., 2017; Lupoi et al., 2017), known as
D, G, D2, D3 and D4 as shown in Fig. 5. In this study, 5 fits were fitted
as well, but major bands (D and G) were only considered in the results
(Table 2) as the molecular significance and appearance of the minor
bands (D2, D3 and D4) are not well understood (Beyssac et al., 2003).
Please note that the bands in Table 2 were derived from the average
spectrum across the ROL.

3. Results and discussion

LECO total organic carbon (TOC) values for the samples vary from
7.39 wt% to 24.71 wt%. The higher S1 values in the lower maturity
samples could be the result of a) in-situ hydrocarbon generation, b)
contamination by oil-based mud (in the naturally-matured samples), or
c) a combination of both (in the naturally matured samples). Some of
the samples exhibit higher S2 values (33.01-128.71 mg HC/g rock),
indicating excellent remaining hydrocarbon generating potential. The
high Hydrogen Index (HI) values for the immature samples represents
oil-prone organic matter. TOC and S2 (as well as HI) show a decrease
with increasing thermal maturity. The Production Index (PI) values are
also low, which is common for samples that are immature to marginally
mature.

Previous studies have reported that thermal maturity causes a lo-
gical variation in the positions, separations and other important para-
meters of Raman spectral bands for organic matter (Spotl et al., 1998;
Ferrari and Robertson, 2000; Kelemen and Fang, 2001; Sauerer et al.,
2017; Khatibi et al., 2018a, b). Moreover, similar studies have been
conducted on solid bitumen in particular and the results found to be in
agreement with the trend that was observed on the organic matter
(Jehlicka et al., 2003; Court et al., 2007; Zhou et al., 2014).

It is well known that with increasing kerogen maturity, aromaticity
increases with concurrent loss of H, O, N and S content (Tissot and
Welte, 1984; Tyson, 1995). Such compositional evolution can be re-
flected in both bulk geochemical analysis (programmed pyrolysis) and
molecular scale as measured by Raman spectral character (Kelemen and
Fang, 2001; Quirico et al., 2005; Sauerer et al., 2017). In Raman
spectra, the major bands of D and G represent the aromaticity level of
organic matter and the level of disorder in molecular structure of or-
ganic atoms. Therefore, Raman spectroscopy can detect different levels
of thermal advance based on the response from these molecular signals.
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Fig. 11. Sample HP6 with 0.95%SBRo: (top) Showing spots selected for averaging Raman signals; (middle) Raman spectra of corresponding spots; (bottom)
Histogram of D and G bands position along with the statistical information of Avg.: average, SD: standard deviation, CI+: upper bound of confidence interval and CI-:
lower bound of confidence interval. Bin sizes were defined based on what is discussed by Deviant (2011), range of data divided by number of bins.

A well-known increase in the G-D band separation with maturity (up to
dry gas window) is due to the shift in the D band position towards lower
wavenumbers and the G band towards higher wavenumbers (Kelemen
and Fang, 2001). These shifts are attributed to the increase of larger
aromatic clusters and better ordered-structure kerogen in terms of the
existing organic compounds (Schito et al., 2017). Fig. 6 shows a cross-
plot of SBRo vs. band separation and Tmax vs. band separation along
with 95% confidence interval (CI) of the regression line and corre-
sponding error profile (residuals) for both naturally (orange) and HP
samples (blue). Confidence interval represents the range that the mean
response is likely to fall, given the specified settings of the predictors
(Hicks and Irizarry, 2018). Residual error is the difference between the
observed value and the estimated value by the regression. If the points
in a residual plot are randomly dispersed around the horizontal axis, a
linear regression model is appropriate for the data (Lawson and Erjavec,
2000) which is the case in the results from this study and observed
errors. A similar plot was also shown by Zhou et al., (2014) which
showed natural and artificially matured samples do not show the same
trend when plotting full width at half maximum (FWHM) of D band vs.
SBRo.

Functions fitted to the two separate datasets (naturally and artifi-
cially matured samples) show visibly distinct slopes. It is known that
different organic matters mature at various rates due to the presence of
specific functional groups (Yang et al., 2017) with different kinetic
parameters. To remove this effect, as mentioned earlier, solid bitumen
was used exclusively in our study. Lewan and Ruble (2002) concluded
kinetic parameters derived from HP would determine geologically sig-
nificant differences between source rocks bearing different kerogen
types, conversely to open-system pyrolysis. This difference in matura-
tion trend is also observed for changes in bulk measurements such as
TOC, S2 and HI, as shown in Fig. 7. Relationships between measured %
VRo and programmed pyrolysis values have been introduced in pre-
vious studies (Olson, 2008; Klentzman, 2009; Hackley et al., 2015). For
example, Espitalie et al. (1985), Dembicki (2016) and Abarghani et al.
(2018) investigated different geochemistry datasets from the Bakken
and presented a ‘normal’ kerogen maturation pathway for T.x as a
function of %VRo as shown in Fig. 8. Fig. 8 also depicts artificially
matured samples of this study do not follow the trend of natural ones in
Tmax-VRO space which is also reflected in the Raman spectra (Fig. 6).
This difference is mainly inferred to the fact that HP residues are still
reactive. Therefore, although the SBRo of HP samples are the same as
the natural sequence, their compositions are not. Mumm and Inan
(2016) presented different trends of maturity vs. band separation for
different OM including Type I, III, coal and bitumen samples. They also
observed, for the same reflectance range, the results for different types
of organic matter could vary. They assumed such discrepancy might
originate from the experimental setup, while part can be attributed to
dissimilarities in structural composition of these samples which has
been reflected in Raman signals. Ferralis et al., (2016) also used Raman
spectroscopy in a novel quantitative method to correlate Raman signals
to the microchemistry of carbonaceous materials through the elemental
H:C ratio. Thus, they detected different trends for HP and naturally
matured samples reflecting differences in structural characteristics of
each set of samples.

This discrepancy in the rate and path of maturation for naturally
and artificially matured samples can be referred to a separate reaction
medium between HP and natural geologic processes of maturation. The
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importance of reaction medium (defined as the effect of water, mi-
nerals, heating rates, and pressure on organic maturation in HP) has
been discussed extensively (Monthioux and Landais, 1987, Monthioux,
1988; Michels and Landais, 1994; Mansuy et al., 1995; Dieckmann et al.
2000; Bajc et al., 2001; Pan et al., 2009, 2010; Liang et al., 2015).
Water as the exogenous source of hydrogen seems to have an important
role in oil generation and simulation of the natural reaction medium
(Lewan, 1997), whereas the dominant reaction pathway in the absence
of water is formation of pyrobitumen due to C—C bond cross linking.
Additionally, in the presence of water, the primary reaction pathway is
formation of saturate-enriched oil due to thermal cracking of C—C
bonds (Monthioux et al., 1985). Mineral acidity also increases ma-
turation rate as well as affecting the byproducts from maturation (Pan
et al., 2009), while impermeability of fine-grained sediments prevents
forward reaction progress (McTavish, 1998; Li et al., 2004; Hao et al.,
2007). Several researchers have investigated the effects of reaction
medium in formation rates of hydrocarbon (Cramer et al., 1998, 2001;
Tian et al., 2007). Definitely based on the extent of kerogen conversion,
the amount of trapped bitumen in the pyrolyzed and naturally matured
samples might be also different. Monthioux et al. (1985) showed nat-
ural maturation is best simulated when pyrolysis is performed under
confined conditions in which free volume or diluting inert gas is not
present. Kinetic constants of geochemical reactions derived from HP has
shown that reaction mechanisms in nature and in the laboratory are
distinctly different (Mackenzie and McKenzie, 1983; Rullkotterand and
Marzi, 1988).

Therefore, it can be concluded that the presence of water, minerals,
heating rates, and pressure are all affecting the maturation paths of
organic matter in addition to the variability of the macerals present.
Kinetics of hydrocarbon generation and maturation all are dependent
upon molecular structure of kerogen (Tegelaar and Noble, 1994; Behar
et al., 1997; Killops and Killops, 2013). This dependency can also be
extended to nanomechanical and nanoporosity evolution of organic
matter (Chen and Xiao, 2014; Liu et al., 2017, 2018). In this regard,
bulk chemical measurements suffer notably from representing mole-
cular structure of kerogen, a property which is not known fully. For
instance, although Rock-Eval data and (Pseudo) Van Krevelen diagram
(Van Krevelen, 1993) as seen in Fig. 9, exhibits very similar organic
matter type/origin, detailed molecular analyses of the samples are
proving otherwise.

To date, HP/AHP are known to be the most suitable simulation
methods for thermal maturity progression. However, as it was discussed
there exist several parameters that should be known prior to experi-
ments to make them mimic natural maturity pathway. For example, a
better understanding of molecular structure of OM that can be detected
by Raman spectroscopy in a fast and accurate way using methods
provided by Ferralis et al. (2016) and Khatibi et al. (2018d) can provide
a better insight into the samples variability to set HP/AHP parameters.
In order to achieve this goal, it is suggested first, different HP/AHP
experiments to be performed on immature samples from the same
source rock, then compare the cross-plot of Raman bands vs. maturity
for both naturally and artificially matured samples as shown in Fig. 6. If
the fitted curves on both datasets exhibit the same slope, it can be
concluded that HP/AHP has followed natural geologic processes for
thermal maturation, which was not the case in this study. In conjunc-
tion with Raman spectroscopy, variations in the extent and timing of
petroleum generation in pyrolysis can also be compared using gas
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Fig. 12. Sample HP8 with 1.29%SBRo: (top) Showing spots selected for averaging Raman signals; (middle) Raman spectra of corresponding spots; (bottom)
Histogram of D and G bands position along with the statistical information of Avg.: average, SD: standard deviation, CI+: upper bound of confidence interval and CI-:
lower bound of confidence interval. Bin sizes were defined based on what is discussed by Deviant (2011), range of data divided by number of bins.

chromatography-mass spectrometry (GC-MS) at the bulk scale to find
the optimum method in which natural maturation is better followed.

3.1. Heterogeneity

Spatial variability in chemical structures and other properties of
organic matter can be distinguished using Raman spectral mapping
mode. In this method, regions on the surface of solid bitumen were
selected and their corresponding spectra were analyzed, as presented in
Figs. 10 to 12. To avoid the inconsistency of different biogenic sources
and natural variability, the following results are based on HP samples
and Raman spectra were obtained only from solid bitumen particles. In
order to minimize the effects of technical detail (excitation laser energy,
processing steps, sample preparation etc.) the same procedures were
used for all samples.

It has been shown that carbonaceous matters are sensitive to the
polishing process, and the effect is significant (Liinsdorf, 2016). The
excitation wavelength might also affect the Raman results, so in order
to avoid such bias, the same wavelength for each and all sample sur-
faces was used to acquire Raman spectra. Moreover, short laser ex-
citation wavelengths (488 nm and less) are usually used for Raman
acquisition of organic matter to invoke far less fluorescence background
noise (Liinsdorf, 2016), which is also the case in this study. Raman
spectral mapping mode showed that different locations within the same
solid bitumen particle did not necessarily present the same Raman
spectral characteristics. This variation in the spectra is represented
herein by G-D band separation as well as the corresponding statistical
details in the tables representing the histograms (Figs. 10 to 12). Please
note bin size and the number of the bins in Figs. 10 to 12 were decided
based on the discussion by Deviant (2011). If it is assumed that pol-
ishing and laser wavelength had negligible effects on collected data, it
can be concluded that the variability in Raman spectral results might be
due to the heterogeneity of organic matter in terms of chemical com-
position. Results are also in agreement with recent research that was
performed by Jubb et al., (2018) who detected high variability in the
Raman response across a < 5 um spatial distances of single OM in shale
samples.

Moreover, as thermal maturity advances, observed variation in G
and D band parameters reduce for different locations within the same
solid bitumen particle. This observation suggests that heterogeneity of
organic matter decreases with increasing thermal maturity; note the
decrease in standard deviation values or confidence interval range
(upper and lower bounds of confidence interval define a range of values
that we can be 95% certain contains the population mean) for different
samples in Figs. 10 to 12. Similar results are also reported by Jubb
et al., (2018) for Niobrara shale sample that OM chemical heterogeneity
is lost for samples with higher thermal maturity. This can be explained
by increase in aromaticity, and heteroatoms expulsion; therefore, no
matter its origin or type, OM tends to become graphite-like at higher
maturity (Tuinstra and Koenig, 1970; Waples, 1981; Tissot and Welte,
1984; Tyson, 1995; Ferrari and Robertson, 2000; Quirico et al., 2005;
Potgieter-Vermaak et al., 2011; Zhou et al., 2014; Liinsdorf, 2016;
Mumm and Inan, 2016; Schito et al., 2017). This is also in accordance
with the original Van Krevelen diagram in which all kerogen types
converge to the origin as their composition and structure become si-
milar when thermal maturity is increased (Killops and Killops, 2013).

Raman band separation maps for solid bitumen particles in
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Figs. 10-12 are displayed in Fig. 13. Table 3 also shows the corre-
sponding standard deviation (SD) and coefficient of variation (CV) of
spectra for each sample. Results are showing decreasing of band se-
paration variability with increasing maturity. Interpolation method for
surface data generation is performed using the minimum curvature
method which uses an operator that keeps the surface data smooth with
a minimum amount of bending, while attempting to honor the data as
closely as possible (Yang et al., 2004; Amorin, 2009). It can be seen,
across the surveyed solid bitumen particles, band separation (G-D) ex-
hibits variations which might represent changes in chemical composi-
tion, matrix effects (specifically near the edge of the grain) and/or
surface quality. In order to demonstrate these variations in Raman
signals across each surveyed particle more clearly, CLS (classical least
square) fitting was used as a multivariate decomposition technique.
This procure was used to calculate the contribution of the reference
spectra in the same size area to create a profile based on the similarity
of each spectrum to the reference spectrum. The reference spectrum
was selected in the middle of each sample to be far from edges, Fig. 14.
From the figures it can be concluded: by increasing maturity the mag-
nitude of fluctuations in band separation is decreasing, and distribution
of band separation will become more uniform throughout the solid
bitumen particle which might denote advancement towards composi-
tional homogeneity. Similar results were observed by Liinsdorf (2016)
and Jubb et al., (2018).

This representation of heterogeneity within a solid bitumen phase
may explain other heterogeneous behaviors such as mechanical prop-
erties of OM. It has been shown in the literature, as thermal maturity
increases, mechanical properties (e.g., elastic modulus) of organic
matter alter (Eliyahu et al., 2015; Li et al., 2018a, b). It can be described
as in immature source rocks the OM appears to surround other mi-
nerals, becoming a load-bearing part of the rock framework (Liu et al.,
2017, 2018; Zargari, 2015). Conversely, by increasing the maturity,
kerogen becomes more isolated between the other grains and results in
an increase in its Young's modulus (Zargari, 2015; Dietrich, 2015). In
terms of molecular structural evolution, organic matter transforms
gradually from chaotic and mixed-layered to a better-ordered aromatic
molecular structure (Beyssac et al., 2003; Quirico et al., 2005; Khatibi
et al.,, 2018d). This reasoning is also consistent with the previous
paragraph regarding decreasing of heterogeneity of molecular structure
by increasing maturity.

The continuous chemistry information obtained from solid bitumen
particles by Raman spectroscopy may have the potential to enhance
conventional petrographic or bulk geochemistry analytical approaches.
For example, Raman spectroscopy has the benefit of minimal sample
preparation (It can be done on sample chips as well) in a non-de-
structive manner and fast acquisition by pinpointing the organic matter
and illuminating by proper laser wavelength. Additionally, the cross-
plot of SBRo with Raman data, can enable us to adjust the condition of
pyrolysis to make it resemble natural maturation pathways more ac-
curately at the small scale and confirm it with bulk measurements in
programmed pyrolysis. To do so, several HP and AHP setups can be
performed and the cross-plot of Raman bands vs. maturity should be
compared to naturally matured samples. Moreover, detecting hetero-
geneity and providing maturity maps can also be a tool for further
understanding of kerogen characteristics. The latest requires extensive
sample collection (sample number/ft) and spectroscopy study both
laterally and vertically from source to reservoir. To accomplish more
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Fig. 13. Raman map of a bitumen corresponding to Figs. 10 to 12 (HP 1, HP6 and HP8, respectively). Note the changes of band separation indicating changes of
chemical composition of the solid bitumen. As seen, variation of band separation is reducing by increasing maturity. Please note bar graphs next to colour scales

shows the frequency of each band separation.

Table 3

Standard deviation (SD) and Coefficient of variation (CV) of band separations
for HP 1, HP6 and HP8 for the entire area of interest. As see, by increasing
maturity, the measures of variability are decreasing. CV is useful for calculating
the relative magnitude of the standard deviation when few data are available
for different datasets.

Maturity of the sample SD (9%

0.32 11.725 0.050
0.95 8.621 0.036
1.29 6.036 0.026

extensive results, this study will be continued by analyzing samples
with a wider range of maturities, including different type of macerals,
and complement our Raman data with Nano-IR measurements to give a
better insight to heterogeneity of organic matters.

4. Conclusion

In this study, samples from the source rock of the Bakken Formation
varying in depth and maturity were retrieved. One of the samples was
then artificially matured through various stages of hydrous pyrolysis.
Solid bitumen reflectance, programmed pyrolysis and Raman spectro-
scopy were performed on all samples to obtain general maturity, bulk
geochemistry and chemical fingerprinting. In the next step, Raman
signals were acquired on solid bitumen particles on HP samples (at each
stage) to show the heterogeneity of organic matter more possibly due to
chemical composition. In addition, Raman data revealed different ma-
turation rates between natural and artificially matured samples. We
understand that various parameters are affecting the path that leads OM
towards higher maturity levels, however, the overall impact of all of
them would be on the chemical structure of the remaining OM. This
structural evolution can be detected by Raman spectroscopy as a whole
at different maturity levels no matter the dominant underlying reason.
Previous studies evaluated these governing factors separately whereas

Bitumen (SBR0o=0.32%)

it

Bitumen (SBR0o=0.95%)

here, we were able to see a combined effect of them via Raman spectra.
Based on the results the following conclusions are made:

e Raman spectroscopy was able to detect molecular alterations in the
organic matter as it undergoes thermal maturity.

e Raman mapping mode provided a way to compare different OM
solid bitumen particles in microscale in a continuous format at
varying maturity levels.

e We found, HP although known as the best thermal maturity simu-
lation method, did not necessarily follow natural maturation con-
ditions. This was revealed by the cross-plot of Raman spectroscopy
data vs. conventional geochemistry results. The result can help to
propose protocols and adjust experimental parameters for HP based
on those cross-plots for more accurate thermal maturity progression
steps in the lab.

e Raman spectroscopy can reflect heterogeneity of organic matter at
microscale which can also represent expected heterogeneity in
geochemical and geomechanical properties of the OM.

o It was found as maturity increases, heterogeneity of organic matter
decreases and Raman map of solid bitumen particle shows more
uniform distribution of G-D band characteristics.
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similarity of each spectrum to the reference spectrum is shown. Higher values in the legend show higher dissimilarity.
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