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Abstract

Determining the thermal alteration (maturity) of organic matter (OM) in sedimentary rocks is vital for
predicting hydrocarbon (HC) generation and to calibrate basin models that help petroleum geologists
delineate areas of interest for HC exploration. Vitrinite reflectance (VR) is the ‘gold standard’, however
uncertainty can arise in certain circumstances, such as in rocks with sparse vitrinite particles,
hydrogen-rich OM and from overpressured basins, plus issues relating to sample preparation and
operator inexperience. VR is also limited to post-Silurian rocks. It is therefore essential to have a wide

range of maturity methods available that an operator can call upon depending on the circumstances.

This study demonstrates that Raman spectroscopy is a viable rapid and non-destructive technique to
determine OM maturity that requires minimal sample preparation for coals and mudrocks. A new
standard acquisition and processing method is described that is rapid and introduces less bias than
previous methodologies, as spectral deconvolution is not performed. The method includes performing
a Savitzky-Golay smoothing filter using a 21-point quadratic polynomial algorithm, a 3™-order
polynomial baseline correction, followed by normalizing all spectra to a maximum G-band height of
2000 au. An automated spreadsheet is presented that automatically calculates the most commonly
used Raman parameters including the G-band full-width at half-maximum (G-FWHM), Raman band
separation (RBS), R1 (height ratio of the D1- and G-band) and a new parameter termed the scaled

spectrum area (SSA; total area between 1100-1700 cm™™).

The method has been tested successfully on a suite of prospective shale gas Carboniferous rocks from
the UK with a wide maturity range and has been calibrated with VR. The G-FWHM is the most reliable
Raman parameter with a strong correlation with VR (R? 0.96), followed by the SSA (R? 0.88); R1 (R?
0.73) and RBS (R 0.65). The method has been extended to characterise a suite of shale gas geological
reference materials from the United States Geological Survey (USGS) and Jurassic—Cretaceous
mudrock samples from the UK and Norwegian continental shelf. It is shown that isolating the organic
matter using mineral acids alters the Raman parameters by reducing/removing background
fluorescence caused by the non-organic components of the rock. This reduces the bias associated with
background subtraction, improving precision and accuracy. Results on samples with known VR

retardation due to overpressure demonstrate that Raman may be insensitive to the retardation effect.

A portable Raman instrument has also been tested on a set of coal and shale rock-chips samples. The
results demonstrate that the portable Raman is more suited to coal samples, as the shale samples
have considerable background fluorescence which obscures the OM Raman bands, as well as

increasing the bias associated with the background subtraction.



A comparison of maturity results from Raman, VR, Rock-Eval (Tmax and production index) and illite
crystallinity, illustrate that discrepancies can occur due to technical, methodological and theoretical
issues and further supports the consensus that multiple maturity parameters should be used in order

reduce the risk in estimating the maturity of source rocks.

Raman is a viable alternative method to determine the maturity of OM for HC exploration, but this
study highlights the pitfalls and advantages of differing Raman methodologies. It is essential that the
analytical community develops a standard approach for the method to be more widely adopted in the

future.



“The man on top of the mountain didn’t fall there.”

Vince Lombardi
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Figure 4.2. Tectonic framework of the Mississippian for northern England and Wales showing the location and
stratigraphic ages of the samples used in this study. IS — International series; IS* — international stage; ES —
European stage; ESS — European substage; F — Formation; AZ — ammonoid zones; Brigan — Brigantian; LBS —
Lower Bowland Shales. Tectonic units: BH — Bowland High; BT— Bowland Trough; CLH— Central Lancashire High;
DH — Derbyshire High; EG — Edale Gulf; GT — Gainsborough Trough; Hdb — Huddersfield Basin; HB — Humber
Basin; HS — Hathern Shelf; LDH — Lake District High; MH — Manx High; RB — Rossendale Basin; WG— Widmerpool
Gulf. Base map from Waters et al. (2009). Reproduced with the permission of the British Geological Survey
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Figure 4.3. Comparison of the Raman spectra acquired for a translucent phytoclast in a strew slide from sample
SSK 4471 using a 633 nm (red) and 514.5 nm (green) laser. The 633nm laser produces more fluorescence than

the 514.5 NM WAVEIENGEN......eeiiiee e e e e s e e st e e s eae e e s at e e e esastee e s nseeeesnnteeeennseeeesnnnnes 102

Figure 4.4. Images before and after spectra acquisition of a phytoclast from a strew slide (SSK 4471) using a laser
wavelength 514 nm, with associated Raman spectra. The white circles highlight the area where the
measurements were taken. Scale bar is 8 um. (a) before spectra acquisition. Image after spectra acquisition
using: (b) 0.2 mW; (c) 1 mW; (d) 2 mW; (e) 10 mW laser power. (f) associated spectra using the different laser
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Figure 4.5. Comparison of the spectra acquired from the same spot using variable laser power, accumulation
time and number of accumulations. (a) 0.02 mW laser power with a 10 s accumulation time, with 1 — 3
accumulations. (b) 0.02 mW laser power with a 20 s accumulation time. (c) 0.2 mW laser power with a 10 s
accumulation time. (d) 0.2 mW laser power with a 20 s accumulation time. Note that the 0.2 mW laser produces
a significantly better signal to noise ratio than using the 0.02 mW laser power, and shows no significant

improvement for a signal accumulation tiMe >10 S. ...ouiiiiieiiie e e 104

Figure 4.6. An example of how noise can affect an automated background correction; a—d are all the same
original spectra from a translucent phytoclast (sample SSK 4471). (a) An unsmoothed spectrum with the
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predicted background shape. (b) Outcome of the background correction from spectra (a). (c) A smoothed
spectrum with the predicted background shape. (d) Outcome of the background correction (c). Note the sharp
peaks created by the noise in (a) affects the control point at 1850 cm™; here the control point lies above the
trend of the background and the resulting spectrum (b) is unsuitable. For a smoothed spectrum the sharp peaks
associated with noise are absent and therefore the control points are less affected by noise and produce a better
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Figure 4.7. Different five band deconvolution outcomes when performed on an un-smoothed and smoothed
spectrum using the same fitting constraints, from sample SSK 5422. (a) Phytoclast 1 un-smoothed spectra and
deconvolution outcome. (b) Phytoclast 1 smoothed spectra and deconvolution outcome. (c) Phytoclast 2 un-
smoothed spectra and deconvolution outcome. (d) Phytoclast 2 smoothed spectra and deconvolution outcome.
Note that the fitted spectrum for a smoothed spectrum has a better fit with the original spectrum statistically

and visually; and that the shape and position of the individual bands are different..........ccccceeciiiiniieeinnnen. 106

Figure 4.8. Raman parameters (Table 1) derived from un-smoothed and smoothed spectra after deconvolution
from five translucent phytoclasts in sample HC01-04. (a) R1 ratio. (b) G-FWHM. (c) D-FWHM. (d) D4/D5 band
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Figure 4.9. Comparison of different background corrections on a phytoclast spectrum from sample SSK 4471. (a)
Linear baseline correction with the location of the control points. (b) Result of background deconvolution from
spectrum (a). (c) 3™-order polynomial baseline correction with the location of the control points. (d) Result of
background correction from spectrum (c). Note the difference in the shape of the spectra and the different
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Figure 4.11. Comparison of the methods used in this study to determine the Raman features and bands to derive
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Figure 4.13. Comparison of Raman spectra from sample HC01-04 derived from a strew slide and polished block.
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Figure 4.14. Comparison of the R1 ratio from sample HC01-04 for a strew slide and a polished block. Note that
the polished block produces a greater range and more scattered distribution, whereas the strew samples

produces a more normally distributed histogram with less scatter and a smaller range. .....cccccccvvvevciveeernnennn. 117

Figure 4.15. Depth profile of the R1 ratio derived from two phytoclasts (a) and (b) in a polished block (sample
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Figure 4.16. Raman parameter results of each organic matter type: 1 — AOM; 2 — opaque phytoclast; 3 — pseudo-
amorphous phytoclast; 4 — translucent phytoclast (Appendix C). Data points for each sample are the mean of 7
to 15 measurements and the error bars are 1 sigma standard deviations. (a) R1, (b) RBS, (c) Saddle Index, (d)
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Figure 4.17. Intra-sample variation for a translucent phytoclast, pseudo-amorphous phytoclast and AOM in
sample SSK 4471. 1: one measurement; 2: average of two measurements; 3: average of three measurements;
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Figure 5.1. (a) Geological framework of the Carboniferous and the location of the wells used in this study. Base
map from Waters et al. (2009). The Pennine Basin, a complex fault-controlled mosaic of shelves and sub-basins,
extends between the Southern Uplands and the Wales-Brabant High. BH—-Bowland High; BT-Bowland Trough;
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the quartz dolerite sill (Midland Valley Sill) in the Inch of Ferryton-1 borehole. %VR, values from Raymond (1991).
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aureole as determined from each analytical parameter. (a) Measured %VR,, (b) G-FWHM, (c) SSA, (d) RBS, (e)
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Introduction

Measuring the thermal alteration (maturity) of organic matter (OM) in sedimentary
source rocks is extremely important for petroleum geologists. Data are used to
calibrate basin models which can help determine the timing and location of oil and
gas generation and expulsion, as well as quantifying missing lithostratigraphic units,
and constraining poroperm-critical diagenetic reactions such as quartz and carbonate
cementation and illitization (Susanne et al., 2008; Allen and Allen, 2013; Andrews,
2013). Although this study focuses on determining the thermal maturity of OM for
hydrocarbon exploration, it is also routinely applied for metamorphic studies and

frictional heating in fault zones during earthquakes.

Vitrinite reflectance (VR) is considered to be the gold standard for quantitively
assessing the maturity of source rocks (Hackley et al., 2015). It measures the reflective
properties of a highly polished scratch-free, relief-free and clean surface of vitrinite
particles, which are the major constituent in coals and occur as dispersed OM particles
in sedimentary rocks. However, it has long been recognized that VR can produce
unreliable results for dispersed OM in shales. This is attributed to misidentification of
primary indigenous vitrinite particles and the suppression and/or retardation of VR
values, caused by rocks having high hydrogen contents (e.g. liptinites, amorphous
organic matter and hydrogen-rich vitrinites), contrasting organic matter composition
and behaviour in different lithologies, and overpressuring in basins (Price and Baker,
1985; Durand et al. 1986; Teichmiiller, 1987; Mukhopadhyay and Dow, 1994; Car,
2000; Suarez-Ruiz et al, 2012; Hackley and Cardott, 2016; Schito et al., 2017).

In order to reduce the risk in maturity assessment, several methods are often
implemented together, such as: spore colouration index, thermal alteration index of
various organic matter components, fluorescence microscopy and spectroscopy,
Rock-Eval™ pyrolysis, and biomarker analysis (Hartkopf-Fréder et al., 2015). All of

these methods analyse organic matter (OM) in sedimentary rocks, as OM is the most
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Chapter 1 Introduction

temperature-sensitive component and undergoes irreversible physical and chemical
changes as it is exposed to higher temperatures (Tissot and Welte, 1984). However,
non-OM methods are also used, such as: apatite fission tracking, fluid inclusion
thermometry, illitization (illite crystallinity), standard oxygen isotopes and clumped

isotopes.

All OM maturity methods contain technical, methodological and theoretical problems
(Espitalie et al., 1977; Merriman and Kemp, 1996; Wilkins, 1999; Hartkopf-Froder et
al., 2015). It is therefore advised that multiple methods are combined in order to help
minimize the risk by cross-checking the results, as no single maturity method is
universally reliable (Nuccio, 1991; Whelan and Thompson-Rizer, 1993; Wilkins, 1999).
Having a wide selection of methods also allows petroleum geoscientists to optimize
their analysis based on the quantity, composition and age of the sample, maturity

grade, operator expertise, equipment availability, and time and money constraints.

Raman spectroscopy (RS) is now emerging as a commonly used method to determine
the maturity of OM in sedimentary rocks (Schito et al., 2019; Goryl et al., 2019; Henry
et al., 2018, 2019; Hou et al., 2019; Khatibi et al., 2019; Lupoi et al., 2019; Rantitsch et
al., 2019; Wang et al., 2019). It is also increasingly being used to estimate the
metamorphic temperatures of rocks (Wopenka and Pasteris, 1993; Beyssac et al.,
2002; Jehlicka et al., 2003; Rahl et al., 2005; Aoya et al., 2010; Lahfid et al., 2010; Endo
et al., 2012; Mathew et al., 2013; Kouketsu et al., 2014; Muirhead et al., 2016; Chen
et al., 2017; Fomina et al., 2019; Kouketsu et al., 2019; Yu et al.,, 2019) and
temperatures reached in fault zones after an earthquake (Furuichi et al., 2015; Kaneki
et al., 2016; Liu et al., 2016; Kouketsu et al., 2017; Kuo et al., 2017, 2018; Kaneki and
Hirono, 2018, 2019; Mukoyoshi et al., 2018).

The novelty of Raman spectroscopy is that it is a fast, non-destructive method that
requires minimal sample preparation (Henry et al. 2019; Lupoi et al., 2019), depending
on the methodology used. Developing an automated objective methodology is an
ongoing issue and has been a major research topic in recent years (Kouketsu et al.
2014; Linsdorf and Liinsdorf, 2016; Henry et al., 2018; Lupoi et al., 2018; Schito and

Corrado, 2018). However, the applicability and reliability of Raman spectroscopy for

2
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OM samples that have not been exposed to metamorphic temperatures has been

qguestioned (Quirico et al., 2005; Jubb et al., 2018).

1.2  Aims and objectives

The application of Raman spectroscopy as a tool to quantitatively measure the
maturity of organic matter in sedimentary rocks will be assessed for hydrocarbon
exploration. A multidisciplinary approach will be implemented in order to achieve this
aim, by comparing the laser Raman spectra and parameters with organic petrology,
vitrinite reflectance, Rock-Eval pyrolysis, illite crystallinity and sedimentology. The
main aim is to be able to calculate equivalent vitrinite reflectance values using Raman
spectroscopy and to determine the best Raman parameter to quantify OM maturity

in rocks.

The study will first develop a methodology based on the analysis of a preliminary set
of Carboniferous core and outcrop samples, which will be used throughout the
project. The methodology will then be calibrated on a set of Carboniferous coals and
shales with a wide maturity range, which will be extended and tested on a wider set
of Carboniferous rocks with a wide range of maturities in the UK. Samples of different
ages and from different geological basins from United States of America and the UK
and Norwegian continental shelves will also be analysed to test whether the

calibration curves can be applied universally. The objectives are listed below:

1. Compare how different sample preparation techniques and operational
procedures affect the Raman spectrum; followed by developing a rapid and
simple methodology that will be used throughout the thesis.

2. Investigate the correlation between Raman parameters with conventional
maturity tools including vitrinite reflectance, Rock-Eval pyrolysis and illite
crystallinity.

3. Construct calibrations curves using various Raman parameters with vitrinite

reflectance, in order to estimate equivalent vitrinite reflectance values. From
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this, the best Raman parameter to provide an OM maturity proxy will be
determined.

4. Determine the reproducibility and validity of the methodology and calibration
curves on a wider set of Carboniferous rocks from the UK.

5. Further test the reproducibility of the calibration curves and confirm the
application of Raman spectroscopy on samples of different ages and basins.

6. Understand how Raman measurements might be performed on a rig site

applied to cuttings and/or core samples.

The aim is to more fully assess the viability of using Raman spectroscopy as a routine
tool for the determination of OM maturity in rocks, and to suggest how to progress

the wider adoption of the technique.
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Chapter 2 Background

This chapter will introduce the theory of the most important aspects that are relevant
to this thesis, such as: organic matter accumulation and maturation; traditionally used
palaeo-geothermometers and their advantages and limitations; and the theory of
Raman spectroscopy. The relevance of these topics and their inclusion in this chapter
will highlight controlling factors that govern the deposition and preservation of OM
and how different kerogen types in OM have different thermal evolution pathways,

which have implications for the maturity method that is used.

A review of the different thermal maturity methods is included, as this thesis will
explore whether Raman spectroscopy can be used as a reliable thermal maturity tool.
Understanding the limitations and advantages of the other methods can help in
determining the potential advantages or limitations that may be expected when using
Raman spectroscopy. The theory of Raman spectroscopy is introduced, to

demonstrate how the technique can be applied to OM.

2.1 Organic matter

Total organic carbon (TOC) is the measurement of organic richness of a sedimentary
rock and includes both kerogen and bitumen, and typically makes up c. 2 wt% of shale
gas source rocks (Fig. 2.1; Barker, 1979; Jarvie, 1991). Kerogen is described as the
fraction of organic matter (OM) that is insoluble in organic solvents and it is formed
during the later stages of diagenesis. Bitumen (hydrocarbons, resins, asphaltenes) is
the soluble fraction of organic matter and consists of two forms: inherited and
secondary bitumen. Inherited bitumen comes from the alteration of lipids that are not
incorporated in fulvic or humic acids, and secondary bitumen is derived from the
breakdown of kerogen and/or oil in source rocks. Kerogen typically makes up c. 90 %

of the total TOC in shales (Fig. 2.1, Barker, 1979).
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Total Rock
A

Bitumen
(c.10%) TOC (c.2 wt %)

\\> Kerogen (.90 %)

Figure 2.1. Average total organic matter from a shale source rock. From Barker (1979).

Figure 2.2 shows typical TOC values for a petroleum source rock. The minimum TOC
value for a conventional petroleum system is 0.5 % for shales and 0.2 % for
carbonates. Carbonates have a lower minimum TOC threshold as they expel
hydrocarbons more efficiently than shales. The minimum TOC values for
unconventional shale oil and shale gas is considerably higher at c. 1 % and c. 2 %
respectively. The quantity of TOC is proportional to gas yields, expulsion efficiency and
porosity in shale gas plays (Jarvie, 2012). However, TOC values can be misleading, and
many geologists believe that ‘If | have high TOC, | have a good source rock’. Although
TOC does play an important role, this is not always true, as the quality of the source
rock is also determined by the kerogen type and thermal maturity, and the thickness

and areal extent of the unit also need to be taken into consideration (Dembicki, 2009).
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Figure 2.2. Typical TOC values for a conventional petroleum source rocks and their quality. The vertical
stippled green and red line represents the minimum TOC values for unconventional shale oil and shale
gas respectively. The orange stippled line represents the average TOC for all source rocks. Values taken

from Peters and Cassa (1994) and Andrews (2013).

The accumulation and preservation of OM in the sedimentary record occurs in special
circumstances. At present, <1.0 % of organic matter escapes the surface carbon cycle
and is trapped in sedimentary rocks (Allen and Allen, 2013). The preservation of OM
is controlled by three main factors, the: (1) production of OM; (2) destruction of OM;
and (3) dilution of OM. Understanding these three processes can be used to predict

the quantity and quality of OM in a source rock (Bohacs et al., 2005).

The production of organic matter in the oceans and lakes is primarily a function of the
supply of nutrients such as phosphates, nitrates and silicates (Bohacs et al., 2005;
Sigman and Hain, 2012). The major source of nutrients is from the continental
margins, where rivers and winds transport nutrients from terrestrial environments
into the ocean, such as the mouth of the Amazon River and the west coast of Africa,
respectively (Fig. 2.3a-b; Sigman and Hain, 2012; Allen and Allen, 2013). Upwelling
zones along continental shelves are also a major source of nutrients to the surface

ocean, as they bring up cold oxygenated and nutrient-rich waters to the surface, hence
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increasing ocean surface productivity (Sigman and Hain, 2012; Meyer et al., 2016). A
modern-day example of an upwelling zone is along the western coast of South
America, which brings up the nutrient-rich Humboldt Current to the ocean surface

(Fig. 2.3c). Both of these processes lead to high levels of biological productivity.
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Figure 2.3. Map of the distribution of organic carbon in the oceans and seas. (a) West Coast of Africa.
(b) Amazon river mouth flowing into the Atlantic Ocean. (c¢) Humboldt Current. (d) Black Sea. Adapted

from Allen and Allen (2013) which was reproduced from Romankevich (1984).

Destruction of OM is a function of exposure time to oxygen and oxygen levels.
Reducing the exposure time to oxygen can be achieved in several ways: (i) OM
depositing in a shallow basin reducing the transit time of OM in the water column to
the seabed (Suess, 1980; Trabucho-Alexandre, 2015). (ii) Flocculation of OM with clay
particles increasing the weight and size of the aggregate, therefore increasing the
speed of descent (Trabucho-Alexandre, 2015). (iii) The rapid deposition of sediments,
such as debris flows and turbidites that rapidly bury the OM on the seabed, inhibiting
the diffusion of oxidants exposed to the OM, as well as reducing the amount of

bioturbation (Dow, 1978; Miiller and Suess, 1979; Ibach, 1982). The movement of local
8
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and regional tectonics can lead to the formation of regional seaways and isolate sea
basin, which can encourage thermal and saline stratification and hence limit the
vertical circulation of oxygen, leading to stagnant oxygen deprived anoxic bottom
waters. A modern-day example is the Black Sea (Fig. 2.3d; Murray et al., 1989; Stanev
et al., 2018).

Areas of high productivity increase the demand for oxygen, as oxygen-hungry bacteria
decompose the dead organisms that fall through the water column (Dow, 1978). Once
the oxygen demand is equal to, or greater than the oxygen supply, an anoxic
environment can develop (Pedersen and Calvert, 1990). Anoxia will reduce the
amount of OM destruction as it limits oxidation, aerobic bacteria, scavenging and
bioturbation that would otherwise destroy the OM (Allen and Allen, 2013).
Furthermore, global processes can also control the supply of oxygen and hence
preservation of OM. The Mesozoic Era is a good example, as the preservation of OM
was enhanced due to both global tectonic and climatic forces; as high sea floor
spreading rates increased CO; production, which led to global warming and higher sea
surface temperatures inhibiting the solubility of oxygen in the oceans (Kendall et al.,
2009); as well as low pole-to-equator thermal gradients due to the absent polar ice
caps (Huber et al., 1995), in turn reducing the strength of ocean circulation and

encouraging the stratification of oceans.

Dilution of OM can have a positive or negative effect, depending on the sedimentation
rate. Ibach (1982) proposed that the optimum dilution rates vary with different
lithologies (Fig. 2.4). Rapid sedimentation is often needed in order to reduce the OM
exposure time to oxygen at the sea floor, however very high sedimentation rates can
lead to dilution of OM, in turn reducing the overall TOC in a sedimentary rock (Fig.

2.4).

Therefore, by understanding these special circumstances and their spatial occurrence,
geologists can predict the distribution and concentration of potential source rocks

regionally around the world and locally in geological sedimentary basins.
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Figure 2.4. Relationship between sedimentation rates and TOC for various marine rocks (adapted from

Ibach, 1982).

2.1.1 Kerogen types

Kerogen is divided into four main types: Type |, Type Il, Type lll and Type IV. Types I-ll|
are hydrocarbon-producing, whereas Type IV has exhausted all of its potential to
produce hydrocarbons. The kerogen types can be determined by their hydrogen and
carbon (H/C) and oxygen and carbon (O/C) ratios using the van Krevelen diagram (Fig.
2.5a, Tissot and Welte, 1984). The atomic H:C and O:C ratios evolve with increasing
thermal maturation, as the hydrogen and oxygen content decreases with increasing

maturation, leading to the relative enrichment of carbon.

A modified van Krevelen diagram using the hydrogen index (HI) and oxygen index (Ol)
from Rock-Eval™ pyrolysis can be used in a similar way to the H/C vs. O/C van Krevelen
diagram (Fig. 2.5b). The van Krevelen diagram demonstrates that different kerogen

types start with different hydrogen and carbon concentrations, therefore they follow

10
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different evolutionary paths, producing different types and quantities of
hydrocarbons at the same maturity (Fig. 2.5a and 2.6). When the hydrogen content is
depleted, the source rock has exhausted all of its potential to produce oil and/or gas,

regardless of the kerogen type.
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Figure 2.5. The van Krevelen and modified van Krevelen plots, showing the thermal evolution pathway
of Type |, I, Il and IV organic matter. (a) A van Krevelen diagram of H/C vs. O/C, superimposed with
vitrinite reflectance zonations and the principal product produced from the kerogen types. Adapted
from Waples (1985). (b) Modified van Krevelen diagram using the hydrogen index (HI) and oxygen index
(OI) from Rock-Eval pyrolysis. Adapted from Tissot and Welte (1978).

11
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Figure 2.6. Hydrocarbon generation potential for the three kerogen types, at a constant burial of 60
metres per million years and a geothermal gradient of 35°C per km. From Vandenbroucke, (2003),

adapted from Tissot and Espitalié (1975).

Type | source rocks are composed of liptinite macerals found mostly in lacustrine
environments, but they can occur in marine settings. They are mainly composed of
the remains of planktonic algae that are enriched in aliphatic lipids with high hydrogen
concentrations, indicating a high potential to generate liquid hydrocarbons, although
they can also produce gas at high maturities (Fig. 2.6). The majority of the organic
matter is structureless and unrecognizable due to bacterial reworking and is termed
amorphous organic matter (AOM) (Pacton et al.,, 2011). The lacustrine alga
Botryococcus braunii and marine equivalents Tasmanites spp. are other examples of
sources of Type | organic matter. Type | source rocks tend to transform hydrocarbons
at lower temperatures (Tissot and Welte, 1984), which is shown in the van Krevelen
diagram (Fig. 2.5). The Eocene-aged Green River Formation of western USA is a well-

known Type | source rock (Katz, 1995).

Type Il source rocks are composed of liptinite macerals that originate from marine

algae, zooplankton and phytoplankton cysts (organic-walled dinoflagellates and

12
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acritarchs) and some terrestrial components including pollen and spores, leaf waxes
and fossil resin. Similar to Type |, the majority of the organic matter components are
AOM. Despite the wide origins of Type Il kerogens, they are grouped together as they
generate mostly liquid hydrocarbons, due to their high hydrogen contents (Tissot and
Welte, 1984). With progressive maturation, Type |l kerogens can also generate
substantial gas (Fig. 2.6). The majority of shale gas targets are overmature oil prone
Type 1l source rocks, where residual gas has remained trapped in the source rock
(Jarvie et al., 2007; Passey et al., 2010). The high gas content is related to both the
primary formation of gas from kerogen and the secondary cracking of liquid
hydrocarbons (Jarvie et al., 2007). The Kimmeridge Clay is a well-known proven Type
Il source rock in the North Sea (Barnard and Cooper, 1981; Gautier, 2005). Type II-S is
a variety of Type Il kerogen and occurs when sulphur is incorporated into the chemical
structure of the kerogen during diagenesis. The significance of this is that oil
generation starts earlier than expected, because the sulphur and hydrogen bonds are
weaker than the hydrogen and carbon bonds, which leads to thermal cracking
occurring at lower temperatures, ultimately yielding more oil at lower maturities
(Baskin and Peters, 1992; Yan et al., 2004); but of lower quality due to the presence
of sulphur (Jarvie and Lundell, 2001).

Type lll source rocks originate from terrestrial plants and are dominated by vitrinite
macerals that lack fatty or waxy components and are mostly composed of lignin and
cellulose (Waples, 1985). They are typically deposited in paralic settings along delta
plains and abandoned river channels. Turbidites and debris flows are also able to
transport Type Ill kerogen into marine basins, where a mixture of Type II/Ill can be
found. However, they are usually rare or absent in distal deeper water settings. Type
Il kerogens generate dry gas and relatively smaller quantities of liquid hydrocarbons.
Overall, Type Ill produces a lower total amount of hydrocarbons due to their low
hydrogen concentrations (Fig. 2.6). Type IV kerogen is a highly aromatic carbonized
version of Type lll kerogen that is poor in hydrogen with no hydrocarbon generation

potential and is dominated by inertinite macerals.

Heteroatoms are also present and vary with kerogen type and maturity, the most

common are nitrogen, sulphur and oxygen (Petkovic, 2017). Type | and Type Il
13
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kerogens contain less oxygen atoms as they originate from oxygen-poor lipids,
whereas Type lll kerogens consist of oxygen-rich lignin, cellulose, phenols and
carbohydrates (Waples, 1985). Type IV kerogens are highly oxidized and will therefore
be enriched in oxygen within their molecular structure. Lignin Type Il kerogen contain
lower concentrations of nitrogen and phosphorus than algal Type | and Il kerogens.
Algae is therefore of higher nutritional value and is preferentially decomposed by
bacteria in the early stages of diagenesis leading to the formation of amorphous
organic matter (AOM). Type lll kerogens have phenolic components that are toxic to
many organisms and this is another reason why they are preferentially preserved
(Waples, 1985). Sulphur in kerogen is mainly derived from the reduction of sulphate
from anaerobic bacteria and is more commonly found in marine environments.
Sulphur is only incorporated into the kerogen structures when sulphate reduction is
extensive and Fe*? jons are absent; otherwise the sulphur and Fe*? can react to from
iron sulphides, principally pyrite (FeS;). High pyrite concentrations are often

correlated with high TOC in marine Type Il kerogens (Berner and Raiswell, 1983).
2.1.2 Kerogen maturation

Organic matter (OM) is the most temperature sensitive component in a sedimentary
rock, as it undergoes irreversible physical and chemical changes when subject to
increasing temperatures. OM can therefore be used to track the hydrocarbon
generation potential of source rocks (Tissot and Welte, 1984). Tissot and Welte (1984)
described three main stages of burial evolution for sedimentary rocks: (1) diagenesis;
(2) catagenesis; (3) metagenesis. During diagenesis most of the OM transformation is
associated with biological activity, whereas catagenesis and metagenesis is dependent
on thermal transformations as a result of increasing temperatures (Fig. 2.7). Although
temperature is the most important factor during thermal maturation, the degree of
transformation is also time dependent, as stated by the Arrhenius equation

(Arrhenius, 1889).

K = Ae Fa/RT() Equation 2.1

14
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Where, K is the reaction rate; A is a pre-exponent factor constant; Ea is the activation
energy; T is the absolute temperature in kelvin; R is the universal gas constant; t is

time.

The kinetic parameters differ between kerogens, which explains why different
kerogens produce oil and gas at different stages. The Arrhenius equation explains that
a rock that has been subject to 80°C for 60 million years will be more mature than a
rock that has been subject to the same temperature but for only 40 million years.
Additionally, Le Chatelier’s rule implies that increasing pressure slows down the
thermal kinetic reactions, however this is thought to play a minor role during normal
burial conditions and is ignored in most studies. Nevertheless, rocks that have been

exposed to extreme pressures have retarded vitrinite reflectance values (Carr, 2000).

15
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Evolution of organic matter
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Figure 2.7. General evolution of organic matter during diagenesis, catagenesis and metagenesis,
correlated with the timing and type of hydrocarbon generation. FA: fulvic acids; HA: humic acids. From

Allen and Allen (2013), adapted from Tissot and Espitalié (1975).

2.1.2.1 Diagenesis (0 - 60 C)

Microbial activity is the main mediator for the transformation of OM during diagenesis
(Deming and Baross, 1993). Aerobic microbial activity occurs in the uppermost portion
of loose sediments where free oxygen is present in the pores, whereas anaerobic
microbial activity occurs in deeper sediments where free oxygen is unavailable
forming anoxic conditions. Anaerobic microorganisms obtain oxygen sequentially via
reducing nitrates, manganese oxides, iron oxides and sulphates. As mentioned earlier,
the liberation of Fe*2 and S via the reduction of ferric oxides and sulphate respectively,

leads to the formation of iron sulphides such as pyrite (FeS:) (Berner and Raiswell,

16
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1983). If Fe*? is absent, then S can be incorporated into the kerogen structure
producing sulphur-rich hydrocarbons during catagenesis (Type II-S). However, this
mostly occurs in marine rocks as sulphur is depleted in terrestrial environments. It also
typically occurs in organic-rich rocks where there is enough OM for the bacteria to
feed on for energy, so that the microbes are able to reach the sulphate-reduction
stage. Importantly, following the exhaustion of sulphate, biogenic methane is

produced via fermentation reactions of methanogenesis (Thiel et al. 2019).

Aerobic and anaerobic microbes scavenge biopolymers such as proteins and
carbohydrates for proteins and sugars respectively, and the remaining more resistant
organic matter starts to coalesce (polycondensate) to form fulvic acids, humic acids
and the precursor of kerogen, humin (Fig. 2.7, Tissot and Welte, 1984). Lipids and
lignin are more resistant and are preserved with little alteration and can often be
recognized under the microscope as algae, spores, pollens cuticles and woody
components. In addition to biogenic methane, CO,, H,0, H3S are also produced, whilst
the residual organic matter becomes more insoluble as it transforms to kerogen

(Tissot and Welte, 1984).
2.1.2.2 Catagenesis (60 - 150 C)

The continuous supply of sediment in a basin will bury the sediments deeper into the
subsurface, ultimately increasing the temperature and pressure. The catagenesis
stage occurs between temperatures 50 — 150°C, which correspond to c. 0.5—-2.0 %VR,
(Fig. 2.7). As a result, kerogens will start to breakdown, producing firstly longer
chained liquid hydrocarbons followed by shorter chained gaseous hydrocarbons at
higher temperatures. The H/C ratio will decrease as hydrogen is depleted during the
formation of hydrocarbons, as shown in the van Krevelen diagram. Non-carbon atoms
in functional groups, as well as aliphatic units are also being driven off, which leads to
the enrichment of carbon in the OM. As temperature increases and dehydrogenization
continues, the resulting benzene rings will begin to fuse together and stack due to
aromatization, forming better ordered OM. Towards the end of catagenesis, aliphatic
carbon chains disappear and the carbon in kerogen begins to become more

aromatized and ordered with increasing maturation. This aromatization and ordering
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of the molecular structure is what increases the reflective properties of vitrinite

particles (Hackley and Lewan, 2018).
2.1.2.3 Metagenesis (150 - 225 C)

Metagenesis is the last stage prior to metamorphism. Here, the organic matter will
continue to be thermally altered and become more ordered as it produces primary
gas from kerogen, as well as secondary gas from the cracking of longer chained
hydrocarbons into CHs. The remaining kerogen is further enriched in carbon, as the
little hydrogen that is left, is used up to produce the remaining methane. The residual
kerogen will undergo graphitization and may eventually transform into a perfectly

ordered graphite as it undergoes metamorphism (Fig. 2.7; Buseck and Beyssac, 2014).

Overall, during these stages, the kerogen increases in mass as it undergoes
carbonization and condenses as it loses volatile elements such as N, S, O and H.
Therefore, the kerogen transforms from a poorly ordered carbon with high
concentrations of volatile elements and structural and chemical defects, to a more
ordered carbon with lower volatile matter and less structural and chemical defects as

illustrated in Fig. 2.8.

Chemical structure of organic matter
Low-order OM: oil generation High-order OM: gas generation

Figure 2.8. The chemical and structural changes of kerogen from early catagenesis to late
catagenesis/early metagenesis. Note how the O, N and S elements disappear along with the reduction
of longer chain aliphatic units, carboxyl and hydroxyl groups. With increasing maturity, the kerogen
undergoes aromatization and the formation of more planar structure. Figure modified from Behar and

Vandenbroucke (1987).
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2.2 Traditional palaeo-geothermometers

There are many organic and non-organic methods used to determine the thermal
maturity of sedimentary rocks (Harkopf-Froder et al., 2015). All methods have
advantages and limitations but having multiple methods that can be called upon to
determine the maturity of sedimentary rocks, enables geologists to optimize their
analysis based on the composition and age of the sample, maturity grade, equipment

availability, operator expertise and time and money constraints.

Organic methods include petrographic (vitrinite reflectance, thermal alteration/spore
colouration index and fluorescence) and geochemical methods such Rock-Eval
pyrolysis and biomarker analysis. Whereas, the most widely used non-organic

methods include illite crystallinity determination and fission track analysis.
2.2.1 Organic methods
2.2.1.1 Petrographic methods

Optical maturity methods require skill and experience in order to distinguish different
macerals, as well differentiating between autochthonous (primary) and allochthonous
(reworked/secondary) material. Misidentification of macerals and their origin may
result in unreliable results. Although difficult, optical methods do have an advantage
over bulk analysis, as the colour and/or reflectance of a selected group of macerals
are systematically measured to investigate the thermal evolution, which provides
more reliable results. As discussed earlier, rocks can contain a mixture of various
different organic matter particles that yield oil and gas at different temperatures,
therefore a bulk analysis like Rock-Eval pyrolysis may give unreliable maturity results,

especially if the rock contains substantial inertinite Type IV kerogen.
Vitrinite Reflectance

Vitrinite reflectance (VR) has a long history as a thermal maturity tool that dates back

to the early 1950s and later became widely used by industries and research
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organizations in the 1960s (Mukhopadhyay and Dow, 1994). VR measures the
percentage of incident light reflected from a polished surface of a vitrinite particle
under oil immersion. The percentage of light that is reflected back is presented as
%VRo. The polished surface must be scratch-free, relief-free, and clean, otherwise VR
measurements can produce unreliable results. The reflective properties of vitrinite
particles increases with increasing thermal maturity, as the vitrinite particles become
more ordered, as it undergoes carbonization and aromatization (Hackley and Cardott,
2016). Less ordered vitrinite would have low reflectance, as more of the light will be

scattered due to the poorly ordered structure.

Vitrinite is derived from higher land-plant communities, which only began to develop
during the Devonian (Peters et al., 2005), hence VR cannot be applied on rocks older
than the Devonian. Nevertheless, VR is now the most commonly used thermal
maturity indicator in petroleum exploration (Allen and Allen, 2013). The thermal
maturity of vitrinite is divided into four classes (Table 2.1): (1) Under-
mature/immature (<0.5% VR,), no potential for thermal generation of oil or gas; (2)
Oil-window, which starts at c. 0.5 — 0.6 %VR, and terminates at c. 0.85 — 1.1 %VR,,
depending on the kerogen type; (3) Gas-window, startingatc. 1 — 1.5 %VR., and ending
at c. 3.0 %VRo; (4) Over-mature (>3 %VR,), when the source rock has exhausted all of

its potential to generate hydrocarbons.

Table 2-1. Vitrinite reflectance values indicating the onset and termination of the four classes: under-

mature, oil-window, gas-window and over-mature.

Class Hydrocarbon zone Onset (%VR,) Terminates (%VR,)

Under-mature  The source rocks have not been exposed <0.5

to high enough temperatures to generate

oil and gas.
Oil-window Generation of oil. 0.5-0.6 0.85-1.1
Gas-window Generation of gas 1.0-1.3 ~3

Over-mature No more potential for hydrocarbon >-~3

generation
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Depending on the sample type, whether it is from core or cuttings from a borehole,
or from outcrop, different risks are present. Understanding the risks for each sample
type is crucial. Cuttings from a borehole are most problematic, as rock samples can be
contaminated by cavings that originate from higher up the stratigraphy, which will
give maturity values of younger rocks. Typically, maturity measurements from cavings
are lower, and when the results are plotted in a histogram, they can be seen as a
separate population and can be disregarded at the operator’s discretion. In cuttings,
core and outcrop samples, secondary allochthonous vitrinite, which represents either
inertinite or reworked material from older rocks, may be present in the sample and
will have higher reflectance values than primary vitrinite. Again, this population with
higher than expected reflectance values can be disregarded. Bitumen may be present
in all the samples and is often mistakenly interpreted as primary vitrinite particles,

which can give lower than expected maturity results.

Figure 2.9 is an idealized histogram of vitrinite reflectance values taken from a suite
of vitrinite particles showing a trimodal distribution as a result of measuring cavings,
primary vitrinite and secondary vitrinite. Different populations can be recognized and
disregarded at the operator’s digression, although this method can be highly
subjective (Engel and Macko, 1993; Toxopeus, 1983). Differentiating primary vitrinite
from secondary vitrinite using optical microscopy can be challenging, however
secondary vitrinite grains can often have different angularity and size, bright rims and
micro-fractures, which are typically due to weathering and transportation. Inertinite
can also be misinterpreted as primary vitrinite, although grains are typically more
angular and brighter than primary vitrinite grains. Bitumen often fills pores and may

have peculiar structures; it is also duller compared to primary vitrinite particles.
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Primary vitrinite:

Autochthonous vitrinite

Secondary vitrinite:
Allochthonous reworked vitrinite/
Inertinite

Cavings

Number of measurements

Vitrinite Reflectance (%VR ) >

Figure 2.9. Theoretical idealised trimodal histogram of vitrinite reflectance values from borehole rock
cuttings, which includes younger less mature caving material, primary vitrinite representing the true

thermal maturity and more mature secondary reworked vitrinite and/or inertinite.

In the absence of faults, unconformities and igneous intrusions, VR increases
systematically with burial (Carr, 2000). However, primary VR values can also be
effected by suppression and/or retardation; typically brought on by the presence of
macerals with high hydrogen concentration (i.e. liptinites, AOM and hydrogen-rich
vitrinites), lithology type (e.g. coal, shale, siltstone, sands) and overpressured basins
(Carr, 2000; Suarez-Ruiz et al., 2012; Hackley and Cardott, 2016). Macerals with
suppressed reflectance are correlated with abundant hydrogen-rich macerals and the
type of lithology. For example, the presence of hydrogen-rich vitrinites or an abundant
amount of AOM will reduce the vitrinite reflectance values; and sandstones lithologies
will typically have more suppressed values in comparison to shales, and shales will
generally have suppressed values in comparison with coal, which may be due to
differences in clay mineralogy which may aid maturation (Wu et al. 2012) and poro-
perm properties which may assist or inhibit the interaction of oxidizing fluids (Hackley
and Cardott, 2016). Basins that suffer from overpressures retard VR values and can
again underestimate the maturity of source rocks, as the increased pressure reduces
the thermochemical reaction rate of OM (Carr, 2000).
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Carr (2000) developed a flow chart to determine the source of low vitrinite
reflectance, whether suppression or retardation (Fig. 2.10). Conditions that are
associated with suppression and/or retardation of VR values are commonly
encountered in shale gas exploration, as the shale targets are typically composed of
Type Il kerogens with abundant hydrogen-rich amorphous organic matter (AOM), as
well as being generally composed of >50 m thick impermeable shales that have been
deeply buried creating slightly to highly overpressured conditions (Jarvie, 2012). This
leads to uncertainty when measuring the maturity of organic matter in shale gas
targets, in addition to the fact that primary vitrinite particles are often small and
sparse to absent in marine Type |l shales and that there is an increased likelihood of
vitrinite particles being altered by physical and chemical weathering during transport

to marine basins.

Is the well No
over-pressured?

¢ Yes i

Check for suppression Check for retardation

Lower than expected >
vitrinite reflectance

A Do fluid inclusions or
i No basin modelling
Does the sample have indicate palaeo-
Abundant No overpressure?
liptinite and/or high
hydrogen index (HI), Yes
and/or fluoresce highly?
Yes i No Can low values be
predicted by pressure | <€¢—
Can low values be No dependent VR models?
predicted by HI-VR v
models?
Low reflectance due to Yes
Yes ¢ other reasons e.g.

Suppressed reflectance

misidentification of
vitrinite, poor polishing

Retarded reflectance

in sedimentary rocks. Adapted from Carr (2000).
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VR is performed on highly polished blocks, which can also lead to additional sources
of error, as improper polishing can lead to relief and scratches on the vitrinite grains,
which will impact the reflective properties (ISO 7404-2, 2009). The polished sections
also need to be kept in a desiccator overnight prior to the analysis to remove moisture
in the pores, which could dilute the refractive index of the immersion oil. While
conducting VR, the size of the measuring spot should be significantly smaller than the
vitrinite grain, as a larger spot size will record a larger surface area that may include
more surface imperfections, which may result in lower reflectance values.
Measurements should also avoid vitrinite grains close to pyrite grains, as these are

highly reflective.

Hackley et al. (2015) conducted a round-robin exercise to understand the
interlaboratory reproducibility of VR. They showed that the reproducibility of the
same sample in different laboratories ranged from 0.12 — 0.54 % from the absolute
reflectance value and the reproducibility of the VR decreased consistently with
increasing maturity. Organic-lean shales with high maturities had the poorest
reproducibility between different laboratories and analysts. This is because high
maturity vitrinite grains show substantial anisotropy, which results in high
bireflectance (the difference between maximum and minimum reflectance values
acquired using a rotating polarizer). The bireflectance can be as much as 2.5 -4.0 %
for high maturity samples (Teichmiiller, 1987; Houseknecht and Weesner, 1997; Spotl,
1998; Liu et al., 2013). Shales containing proximal terrestrial material showed better
levels of reproducibility, due to the higher concentration of primary vitrinite grains
that can be easily identified; this is consistent with the earlier results of DeVanney and

Stanton (1994).

Reflectance microscopy is also performed on other OM matter components that have
been calibrated with vitrinite reflectance such as: graptolites (Volk et al., 2002; Wang
et al., 2018), scolecodonts (Bertrand, 1990; Bertrand and Malo, 2012) and bitumen
(Mahlmann and Le Bayon, 2016; Hacley and Lewan, 2018). These alternative reflective
microscopy methods are widely used when vitrinite particles are absent due to either

the depositional setting or age of the sample.
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Transmitted Microscopy: Spore colouration index and thermal alteration index

Spore colouration (SCI) and thermal alteration indices (TAl) are both studied using
strew slides under transmitted light. They assess the irreversible colour
transformation that happens to OM components as they undergo thermal alteration;
from a pale-yellow to a red/brown, to darker colour tones (Fig. 2.11, Harkopf -Froder
et al., 2015). SCI assess the colour change of spores, while the TAI assesses most, if
not all organic components including: spores and pollen, conodonts, foraminifera,
ostracods, dinoflagellate cysts, acritarchs and AOM (Legall et al., 1981; Marshall, 1990;
Dean and Turner, 1994; Harkopf -Froder et al., 2015; Schito et al. 2019). The scales
used for SCI and TAI are calibrated with vitrinite reflectance values and differ from
laboratory to laboratory (Fig. 2.11). The colours are usually assessed visually by
comparing the colours to a known colour standard that has been standardized and

correlated with vitrinite reflectance values, however this is very subjective.

A more quantitative approach has been applied by Duggan and Clayton (2008) by
measuring the RGB intensities. However, discrepancies using RGB intensities can be
caused by microscope and camera settings (Harkopf -Froder et al., 2015). The
variation of colour measurements can also vary due to the thickness of the OM
components (Batten, 1996; Harkopf -Froder et al., 2015). Nevertheless, being able to
use all the organic matter assemblages in a rock is very advantageous and therefore,
SCl and TAI can be used when vitrinite particles are rare and/or absent. Sporomorphs
(spores and pollen) date back to the late Silurian when the earliest signs of terrestrial
plant life were established, similar to vitrinite macerals. However, spores are more
ubiquitous in terrestrial and marine environments than vitrinite particles, as they are

transported to distal environments more easily (Richardson, 1996).
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Spore/ Correlation to other scales
Thermal ollen
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1 0.2 Peat
1+ Lignite
Immature 03
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Sub-bituminous
2
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2+ Bituminous
Mature (high volatile)
(mostly oil 3
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generation)
3 Bituminous
(medium volatile)
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A (low volatile)
Dry Gas i 2.0
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Barren 4
25
Black/ 5 Anthracite
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Figure 2.11. Pearson’s (1984) colour chart for organic thermal maturity determination correlated with

thermal alteration index (TAI) and vitrinite reflectance. Adapted from Traverse (1998).

Fluorescence

Fluorescence microscopy is typically performed on liptinite materials. With increasing
maturation, the fluorescence qualitatively evolves from yellow, orange-red to dark
brown colours and then extinguishes at corresponding VR values of ~1.2 — 1.3 %VR,
(Hackley et al., 2013; Harkopf -Froder et al., 2015). Each fluorescent maceral will have
their own threshold that determines different stages of thermal maturity and are
calibrated with VR. A more quantitative approach is the fluorescence alteration of
multiple macerals (FAMM) method that is able to estimate the maturation of
dispersed organic matter (DOM), as well as the hydrogen-richness of macerals

(Wilkins, et al., 1995; Lo et al., 1997; Kalkreuth et al., 2004).
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Figure 2.12 is a fluorescence alteration diagram where the fluorescence intensity after
700 seconds of excitation from a fluorescent light, is plotted against the fluorescence
alteration ratio, which is the final fluorescence intensity divided by the initial
fluorescence intensity. The ‘normal’ vitrinite particle trend is plotted (Wilkins et al.,
1995). The fluorescence alteration ratio is related to the thermal maturity, whereas
the final fluorescence at 700 s is associated to the concentration of hydrogen. This can
be used to identify and differentiate between inertinite, liptinites and sybhydrous or
peryhydrous vitrinite grains, depending on which side of the ‘normal’ vitrinite trend
line the data plots on. The major disadvantage of fluorescence is that it can only be
used on samples with maturities between 0.4 — 1.2 %VR,, so it has limited use for shale

gas exploration where VR values of > 1.4 %VR, are recommended (Jarvie et al., 2007).

10
o
Lo 5 |
E ] “Normal”
c vitrinite line
o
T
=
S
v
)
c
Y Inertinite Liptinite
0 o +
S subhydrous Perhydrous
[T 1 vitrinite field vitrinite field
0.5 - -
10? 10 10 10°

Fluorescence intensity at 700 s (au)

Figure 2.12. A fluorescence alteration diagram from Wilkins et al. (1995). The line represents a normal
vitrinite path from Australian Permian and Triassic coals and divides the diagram into two fields:
inertinite and/or subhydrous vitrinite (left/yellow field) and liptinites and/or peryhydrous vitrinite
(right/green field). The fluorescence alteration ratio reflects the maturity and the fluorescence intensity

at 700 seconds represents the hydrogen concentration.
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2.2.1.2 Geochemical methods

Rock-Eval Pyrolysis

Rock-Eval pyrolysis is used to measure both the richness and maturity of a source rock
(Tissot and Welte, 1984, Espitalié et al., 1997). Figure 2.33 shows how an experiment
is run for Rock-Eval pyrolysis. A rock will be exposed to 300 °C for a set amount of time
and the free hydrocarbons already present in the rock will be volatized, followed by
progressively heating the sample up to 650 °C in an inert atmosphere; the rock is then
allowed to cool down. During this heating process the quantities of hydrocarbons and
CO; are measured using a flame ionisation detector (FID) and an infrared cell

respectively.

The S1 peak (mg hydrocarbons/g rock) is the amount of free hydrocarbons that was
already present in the rock; the S2 peak (mg hydrocarbons/g rock) is the amount of
hydrocarbons than has been generated by pyrolysis and the S3 peak (mg CO2/g rock)
is the quantity of CO. produced by pyrolysis. The S4 (mg carbon/g rock) is also
measured and is the residual carbon content in the rock. The temperature at which
the S2 peak occurs is known as the Tmax and is an indicator of the maturity, particularly
for immature and highly matured samples. The higher the Tmax values the more

mature the rock is (Table 2.2).

With increasing thermal maturity, the S2 peak becomes less intense (Fig. 2.13) and
therefore the Tmax parameter becomes less reliable for high maturity samples, as the
S2 peak becomes less discernible. The disadvantages in using the S2 peak, is that it
can be modified due to non-indigenous hydrocarbons, such as drilling additives,
migrated hydrocarbons and/or heavy free hydrocarbons that have not been volatized.
In organic-lean or high-maturity samples, the S2 peak is often flat and it is difficult to

determine the Tmax temperature.
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Figure 2.13. Idealised Rock-Eval pyrolysis analysis and results. (a) A rock will be progressively heated
from 300 °C to 650 °C and then the rock will be allowed to cool down. (b) during the pyrolysis, free (51)
and generated hydrocarbons (52) and CO; (S3) will be released and the concentrations are measured.
(c) The S2 is related to the maturity of the rock. With increasing maturity, the S2 peak will shift to the

right (at higher temperatures) and become smaller. Adapted from Espitalié et al. (1977).

Table 2-2. Trax values and their associated maturity for oil generation. From Peters and Cassa (1994).

Maturity T max (°C)
Immature <435
Early Maturity 435 to 445
Peak Maturity 445 to 450
Late Maturity 450 to 470
Post-mature > 470

The production index (Pl) is another measure of maturity (Table 2.2) and can be
calculated using the Rock-Eval parameters in Equation 2.4. The hydrogen index and
oxygen index can also be calculated using the Rock-Eval parameters using Equations

2.5 and 2.6, which can also be used to estimate the maturity of a source rock on a
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modified van Krevelen diagram. Rock-Eval pyrolysis can also be used to determine the

total organic carbon (TOC) in a sedimentary rock using Equation 2.7.

$1

PI = Equation 2.4
51+S>2
S2 .
HI = ————— Equation 2.5
TOC x 100
S3 .
ol = —— Equation 2.6
TOC x 100
TOC (%) = [0.082(51+5)+ S4] Equation 2.7

10

Table 2.6. Production index values with their associated hydrocarbon generation zone. Values from

Espitalie et al. (1977).

Generation Class Production Index (PI)
Immature <0.10
Oil generation 0.10-0.40

Gas generation/oil cracking > 0.40

The limitation of using Tmax and Pl is that rocks can contain a heterogeneous
assemblage of kerogens types, which can produce unreliable results, as different
kerogen types yield oil and gas at different temperatures. Therefore mono-maceral
kerogen assemblages (a rock containing one type of kerogen greater than or equal to
95% by volume) are better suited. Contamination from oil-based mud, lignite and free
heavy hydrocarbons that were not totally volatized can also cause discrepancies in the

results, as well as the presence of other types of non-indigenous hydrocarbons.

Biomarkers

Biomarkers are organic molecules that have been preserved in sedimentary rocks.
Biomarker analyses is performed using a gas chromatography mass spectrometer (GC-
MS), which can measure the relative abundances of biomarkers such as alkanes,

steranes, hopanes and trisnorhopane, that can be used to estimate the source rock
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maturity, as well as the depositional environment and the origin of organic matter.
The basic theory for maturity assessment is to obtain the relative abundances and/or

ratios of biomarkers that are either stable or unstable at high temperatures.

The Carbon Preference Index is the relative concentrations of n-alkanes in the Ci4 to
Css range. High concentrations of odd-dominant alkanes in this range indicate
immature OM, whereas a reduction of the odd-dominant alkanes reveals that the oil
window has been reached. The Methyl-Phenantrene Index is the relative
concentration of thermodynamically stable 2 and 3 methylphenantherene and the
less stable 1 and 9 methylphenantherenes. Hopanes are also used, where the more
stable C31 hopane 22S and C3o hopane aff increases with maturity (Hartkopf-Froder et
al., 2015). This is the same for steranes, as the biological 22R form converts to the
thermodynamically more stable 22S form, and the ratio of the two can be used to

estimate the maturity of the source rock.

The limitations of biomarkers are that they are only applicable in specific maturity
ranges and that the concentration of biomarkers reduce with increasing maturity,
hence they cannot be used for high-maturity samples (Peters and Moldowan, 1993;
Hartkopf-Froder et al.,, 2015). The bulk analysis and contamination problems

mentioned for Rock-Eval pyrolysis are also applicable for biomarkers.
2.2.2 Non-organic methods

Non-organic methods are useful for determining the thermal maturity of sedimentary

rocks where there is a lack of OM present.
lllite Crystallinity

Illite crystallinity, also known as the Kibler Index (Kibler, 1964), is a technique that
determines the half-height width of the illite peak at 10 A using an X-ray
diffractometer (XRD) on the < 2 um clay fraction. The illite crystallinity values decrease
with increasing temperatures (Fig. 2.14). The properties of illite are dependent on the
temperature, thermal gradient, chemical environment, time and surrounding tectonic

stress of the rock, which means that it has the potential to track the thermal evolution;
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however, it should be used with caution and may not have a direct relationship with
VR, as it follows a more complex and different kinetic reaction. However, it can be
particularly useful when used in conjunction with organic matter maturation data.
Ferreiro Mahlmann et al. (2012) showed that for high heat flows, organic matter
matures faster than the clay mineral reaction, and for low heat flow clay mineral
reactions are faster than OM maturation. Therefore, by using the two methods
simultaneously, the changes in thermal gradient between wells can be qualitatively
assessed. The operator will also need to be aware that allochthonous and
autochthonous mineral assemblages may have substantially different maturity results
depending on the detrital bulk analysis origin of illite, similar to VR, however, unlike
VR, they cannot be distinguished as illite crystallinity is measured by performing a bulk

analysis (Arostegul et al., 2019).
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Figure 2.14. Comparison of the illite crystallinity, metamorphic zone, temperature and vitrinite

reflectance. Adapted from Verdel et al. (2011).

Fission Track Analysis

Apatite fission tracking is unique as it can estimate the cooling rates, as well as the
maximum temperatures reached in a sedimentary rock. It is therefore used to study
how the temperature varies during burial and uplift (Naeser, 1979; Allen and Allen,
2013; Hartkopf-Froder et al., 2015; Malusa and Fitzgerald, 2019 and references
therein). The spontaneous fission decay of 238U in an apatite or zircon grain creates
what is known as a ‘track’, that needs to be polished and chemically etched (nitric
acid) before it can be seen under a microscope. The lengths of the fission tracks are in
equilibrium with the maximum temperature at a specific time. Longer tracks are
associated with lower temperatures and shorter tracks are associated with higher
temperatures. Spontaneous fission occurs continuously, therefore measuring the
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distribution of track lengths enables operators to understand the timing and variations

of maximum temperatures experience by each set of fission tracks (Fig. 2.15).

2 1 1
w 3
S
2 2
©
S
Q |Start ‘
o
£ 3
|2 Partial Annealing Zone
(PAZ) ol
4a
l End 4b 4a 4b
Complete annealing

Time ; Track Length (um)

Figure 2.15. Theoretical time-temperature paths, with idealised illustrations of the distribution of

fission track lengths for each path. Adapted from Ravenhurst and Donelick (1992).

However, the tracks undergo partial annealing and complete annealing of the tracks
occurs at c. 120 °C (c. 1.2 %VR,) for apatite (Corrigan, 1993) and c. 240 + 40 °C (c. 4.0
%VR,) for zircon (Hurford, 1986). Therefore, apatite fission track analysis has a limited
temperature range which would not be suitable for estimating the maturity of rocks
for conventional thermogenic gas or shale gas exploration. Zircon fission track analysis
has a much wider range that is applicable for samples from the oil and gas generation
windows. Nevertheless, the annealing and resetting of the fission tracks can still play
an important role in understanding the thermal history of the area, especially when

the data are combined with other maturity parameters.
2.3 Laser Raman spectroscopy theory

The Austrian physicist A. Smekal theoretically predicted the inelastic scattering of light
in 1923 (Smekal, 1923); however, it was not until 1928, when C.V. Raman first
observed this phenomenon and later published the article “A new type of secondary

radiation” in Nature (Raman and Krishnan, 1928) that the concept was proven. This
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new secondary radiation was later known as the Raman effect. Shortly after, C.V.
Raman was awarded the Nobel Prize for Physics in 1930. Raman is now a widely used
tool in molecular spectroscopy and has many applications in all branches of natural
sciences (Lewis and Edwards, 2001 and references therein). Its popularity has grown,
as it is a rapid, non-destructive method, that requires little or no sample preparation,
and analysis can be achieved on a micrometre scale depending on the laser spot size

(2 =100 pum) (Smith and Dent, 2005 and references therein).

Spectroscopy is the study of how light interacts with a material. The most common
methods of spectroscopy include fluorescence, infrared and Raman. Infrared and
Raman belong to vibration spectroscopy, as it measures the vibrational energy levels
of a material when it interacts with an incident light (Ferraro et al., 2003 and
references therein). Infrared spectroscopy studies how much of the light is absorbed,
whereas Raman spectroscopy measures how much light is scattered due to molecular
vibrations. In order for a vibration to be infrared active, the molecular dipole moment
must change during the vibration. For it to be Raman active, there must be a change
in polarizability during vibration. Polarization is when the cloud of electrons around
the nuclei deforms to form a short-lived state known as a ‘virtual state’ (Fig. 2.16. This
state is highly unstable, and instantaneously decays to the final state, as shown in the
energy level diagram in Figure 2.16. In general, polar groups with antisymmetric
vibrational modes tend to be stronger in IR spectroscopy, whereas symmetric
vibrational modes are stronger in Raman spectroscopy. Figure 2.16 also shows the
main difference between IR absorption and Raman scattering; infrared absorption
depends on the direct excitation of a molecule from a ground state to a vibrational

state.

There are two types of scattered light, inelastic and elastic, which can be explained
using the energy level diagram (Fig. 2.16). The elastic scattering of light is known as
Rayleigh scattering, and is when the frequency of the scattered light is unchanged, as
the electron decays back to the same energy state of the incident light (Fig. 2.16). No
information regarding the molecular vibration is eluded. The inelastic scattering of

light is known as the Raman effect, and it is associated with a change in frequency of

35



754
755

756
757
758
759
760
761
762
763
764
765
766
767

768

CHAPTER 2. Background

the incident light, as the cloud of electrons decays back to a different energy state (Fig.

2.16).

Raman scattering is a lot less common than Rayleigh scattering, as only one Raman
photon is produced for every 10° to 10° photons that are scattered (Ewen and Dent,
2005). During Raman scattering, if the frequency is lower (hence longer wavelength)
than the incident light a red shift is observed, known as Stokes scattering and the
energy state is promoted to a higher energy state (Fig. 2.16c). When the frequency is
greater (hence shorter wavelength) than the incident light a blue shift occurs known
as Anti-Stokes scattering and the energy state drops to a lower energy state (Fig.
2.16c). Stokes scattering occurs when the sample is originally at a ground vibration
state and Anti-Stokes occurs when the sample is already in an excited vibrational state
(which is less common at room temperature) and therefore the incident light gains
energy from the already vibrating molecule and hence why there is an increase in

frequency.

36



769

770
771
772
773
774
775
776
777
778
779
780

CHAPTER 2. Background

a. b.
A A
ES
- Anti-Stokes Anti-Stokes
Scatter Scatter
- el
>
g P Rayleigh ~ Stokes Rayleigh Stokes
e I Scatter ~ Scatter Scatter Scatter
o )] T RART T AT Fluorescence ~ —~ ~ -
“ul ©
g 3 AP AP |  AAD AN
L Infrared
vs{—f v— + v 5
GS<—20 v o) \ 4
C. Anti-Stokes Stokes
/\ AN
T — T —1

When the frequency is greater
(shorter wavelength) than the
incident light, a blueshift occurs.

S e

Rayleigh

A

When the frequency is
lower (longer wavelength)
that the incident light,

a redshift occurs.

1
"\ ! /\
1
1
T T T T T
-1000 -500 0 500 1000
Raman Shift (cm™)
T ~/ 1
Blueshift +— 514.5 nm _ Redshift
(lower wavenumbers) Laser Wavelength (higher wavenumbers)

Figure 2.16. Diagram highlighting the difference between Stokes Raman scattering and the other

vibration spectroscopy techniques. (a) Vibrational excitation diagram, showing the different types of

vibrational spectroscopy and fluorescence spectroscopy. GS: ground state; VS: vibrational state; ES:

electronic state. The dashed lines represent the virtual states. (b) Frequencies of scattered light

compared to the incident light. The change in frequency is due to the interaction of the molecular

vibrations within the sample, which may lead to a change in scattered frequency. Most of the scattered

light frequency is unchanged (Rayleigh). Stokes is when there is an increase in frequency and Anti-

Stokes is when there is a decrease in frequency. (c) Illustration of a Raman spectrum of silicon using a

laser wavelength of 514.5 nm, which corresponds with the Rayleigh band. Stokes and anti-Stokes

scattering occur when the wavelength of the incident light becomes longer and shorter respectively. In

Raman spectroscopy, the Stokes region is used.
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The energy difference between the initial and final state is known as the Raman shift
(Av, Equation 2.2) and is characteristic of the molecular structure and the lattice

vibration of a molecule.

1 1
Aincident A scattered

Av = Equation 2.2

Where, A is the wavelength in cm™ of the incident light and the scattered light. When
the frequency difference is equal to the energy at which a molecule will vibrate, then
a peak will be present at the corresponding wavenumber on a spectrum. Therefore,
the Raman shift can be used as a means of molecular fingerprinting. For example,
diamonds which are composed of purely carbon molecules with the same structural
configuration, will have one peak that occurs at a Raman shift of c. 1332 cm™. A more
complex material, with various molecules and structures, will have a unique
combination of several peaks each corresponding to a particular molecular structure.
When the value of Av is 0 cm™ then there is no loss or gain in energy (Rayleigh scatter);
when there is a negative Av, then it is known as anti-Stokes scattering; and when there

is a positive Av, then it is known as Stokes scattering (Fig. 2.16c and Equation 2.2).

The intensity of the Raman signal is directly proportional to the incident laser

wavelength:

I x = Equation 2.3

Where, I is the intensity and A is the excitation wavelength. Therefore, the Raman
signal using a 514 nm laser will be ~2.3 times stronger than using a 633 nm laser.
Hence, using a shorter wavelength will produce more scattering. This is because
shorter wavelengths have a higher frequency and will interact with the object more

often than a longer wavelength would (Fig. 2.17).
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Figure 2.17. The electromagnetic spectrum of visible light along with the associated wavelengths. (a)
Visible light spectrum showing that with increasing wavelength there is a decrease in energy and vice
versa. (b) Anatomy of a wave showing the wavelength, amplitude, crest and trough. With decreasing
wavelength, the light has a higher frequency and thus interacts with a material more times than a lower

frequency light.

Since Raman spectroscopy is vibrational spectroscopy, it is a good idea to understand
what controls molecular vibrations. A molecule is composed of atoms that are joined
together by chemical bonds. When the molecule is excited, the atoms and bonds
experience a periodic motion. The frequency of this motion is dependent on the
atomic mass of the molecules and the type of bonding. For example, heavy atoms that
have a weak bond will vibrate at a lower frequency and will therefore produce a peak
with a low Raman shift. This is because the difference between the incident and
scattered wavelength has not changed significantly (Equation 2.2). Whereas, lighter

atoms with a strong bond will vibrate at a higher frequency, as a result, the Raman
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band will have a higher Raman shift. This is because the difference between the

incident and scattered wavelength is greater (Equation 2.2).

Consider the molecules C—C and C=C. Both the molecules have the same mass but
have different bonds: the C=C has a stronger double bond that vibrates at a frequency
of ~1580 — 1650 cm™ and C—C has a weaker bond and vibrates at a lower frequency of
~700—1250 cm™. Now consider the C=C and C=S molecules. Both have double bonds,
but because S has a higher mass it will vibrate at a lower frequency and thus it will
have a lower Raman shift between ~1000 — 1200 cm. Using this information, the
Raman spectrum can reveal important chemical and structural information. For
example, the major elements that are common in kerogen are carbon, hydrogen,
oxygen, nitrogen and sulphur (Table 2.3), although the relative concentrations are
highly variable depending on the original precursor composition and maturity. Using
the theory discussed above we can expect that heavy molecules with weak bonds will
have a low Raman shift and light molecules with double bonds, such as C=H bonds,

will occur at higher Raman shifts.

Table 2-3. Major elements in kerogen and their atomic weights.

Element Carbon Hydrogen Oxygen Nitrogen Sulphur

Atomic weight 12 1 16 14 32

The Raman spectrum has the Raman shift (Av) on the x-axis (in cm™) and the relative
intensity of the Raman bands on the y-axis. The key features used to analyse a
spectrum are the position of the Raman bands (Raman shift), the relative shifting of
individual bands, their relative intensities (y-axis) and the narrowing or broadening of
individual bands (Fig. 2.18). The positions of the bands can be used to identify the
composition of the material; the shift of individual bands can be related to the
potential stress/strain brought on by pressure and/or temperature; the relative

intensity of different peaks alludes to their concentrations; and the narrowing or
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848  broadening of the bands indicate the crystalline quality, the narrower it is, the more

849  ordered the crystal lattice is.
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852 Figure 2.18. Analytical results for a carbon sample illustrating the different ways to interpret a Raman
853 spectrum: band intensity; peak position; the width of a band; and the shifting of a band. The Raman

854 shift is on the x-axis and the intensity of the bands are measured on the y-axis.

855

856 2.4 Summary

857  This chapter has dealt with important aspects that we consider operators should have
858  prior knowledge of, when using Raman spectroscopy as a thermal maturity tool on
859  organic matter (OM). A review of the traditional thermal maturity methods highlights
860 that not one method can be universally applied to all organic matter particles and
861  rock-types. There is therefore a need to have a wide selection of thermal maturity
862  tools that can be called upon depending on the kerogen type, rock type, thermal
863  maturity grade and the presence of specific organic matter particles, as well as other

864  factors such as time, money and expertise constraints.

865 The following chapter will provide an in-depth review of the geological application of
866 Raman spectroscopy, which will highlight some of the current issues that the

867 community need to solve, as well as the advantages and limitations of the method.
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Chapter 3 Raman spectroscopy as a tool to
determine the thermal maturity of organic
matter: reviewing the application to
sedimentary, metamorphic and structural

geology studies

This chapter is based on a paper published in Earth-Science Reviews: Henry, D.G.,
Jarvis, |., Gillmore, G., Stephenson, M., 2019. Raman spectroscopy as a tool to
determine the thermal maturity of organic matter: reviewing the application to
sedimentary, metamorphic and structural geology studies. Earth-Sci. Rev. 198, doi:

10.1016/].earscirev.2019.102936.

3.1 Abstract

Raman spectrometry is a rapid, non-destructive alternative to conventional tools used
to assess the thermal alteration of organic matter (OM). Raman may be used to
determine vitrinite reflectance equivalent OM maturity values for petroleum
exploration, to provide temperature data for metamorphic studies, and to determine
the maximum temperatures reached in fault zones. To achieve the wider utilisation of
Raman, the spectrum processing method, the positions and nomenclature of Raman
bands and parameters, all need to be standardized. We assess the most widely used
Raman parameters as well as the best analytical practices that have been proposed.
Raman band separation and G-band full-width at half-maximum are the best
parameters to estimate the maturity for rocks following diagenesis—metagenesis. For
metamorphic studies, the ratios of band areas after performing deconvolution are
generally used. Further work is needed on the second-order region, as well as
assessing the potential of using integrated areas on the whole spectrum, to increase

the calibrated temperature range of Raman parameters. Applying Raman
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spectroscopy on faults has potential to be able to infer both temperature and
deformation processes. We propose a unified terminology for OM Raman bands and
parameters that should be adopted in the future. The popular method of fitting
several functions to a spectrum is generally unnecessary, as Raman parameters
determined from an un-deconvoluted spectrum can track the maturity of OM. To
progress the Raman application as a geothermometer a standardized approach must
be developed and tested by means of an interlaboratory calibration exercise using

reference materials.

3.2 Introduction

Raman spectroscopy is increasingly being used to determine the thermal alteration
(maturity) of organic matter (OM). The novelty of Raman spectroscopy is that it is a
rapid and non-destructive technique that can be used to complement other methods
or it can be employed independently, and it offers a means to screen samples before
more expensive and destructive analysis (Sauerer et al., 2017; Schmidt et al., 2017;
Henry et al., 2018, 2019; Khatibi et al., 2018b; Schito and Corrado, 2018; Wilkins et al.,
2018). Raman spectroscopy is now part of a wide selection of tools that can be used
to track the thermal maturity of OM. These include: vitrinite reflectance (VRo);
bitumen reflectance; graptolite reflectance; chitinozoan reflectance; spore
colouration index; OM fluorescence; organic geochemistry, including Rock-Eval™
pyrolysis and biomarker analysis (Hartkopf-Froder et al., 2015). Having a selection of
methods to determine OM maturity allows geoscientists to optimize their analysis
based on the quantity, composition and age of the sample, maturity grade, operator

expertise, equipment availability, and time and money constraints.

Tuinstra and Koenig (1970) published the first paper showing two distinct Raman
bands in graphite: the disordered (D) and graphite (G) bands. Beny-Bassez and
Rouzaud (1985) highlighted the first use of Raman spectroscopy to determine the
coalification and graphitization stages of OM by studying samples that had been
artificially heated; they were also the first authors to construct an empirical
relationship with VR,. Pasteris and Wopenka (1991) then applied Raman spectroscopy

in a study of naturally metamorphosed carbonaceous metapelites in order to assess
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the metamorphic grade by conducting visual comparisons. Wopenka and Pasteris
(1993) later demonstrated that the area ratio of the D and G bands are effective in
determining the metamorphic grade of metamorphic rocks. Following this, Spotl et al.
(1998) used natural samples to demonstrate that Raman spectroscopy may be used
to determine equivalent VR, values for a wide maturity range (0.38-6.10 %VR,).
Beyssac et al. (2002) derived the first temperature dependent empirical equation, in
order to quantitively determine the peak temperature between 330-650 °C during
metamorphism. This was a turning point, and the study encouraged the wider use of
Raman spectroscopy as a geothermometer for geological samples, with an

exponential increase in papers being published over the last 25 years (Fig. 3.1).

100 - ]
90 | Number of published studies i

: Projected
50 - using Raman as a geothermometer publications
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Year

Figure 3.1. Bar chart showing the exponential increase in studies that have used Raman
spectroscopy as a geothermometer. The data were acquired from the Web of Science
bibliography database and is by no means an exhaustive data set. Projected publications for

2019 is based on the number papers that were published during the same period for 2018.

Raman spectroscopy has been used in three main applications as a geothermometer,
to determine: (1) source rock maturity for hydrocarbon exploration (Liu et al., 2013;
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Sauerer et al., 2017; Schito et al., 2017. 2019; Schito and Corrado, 2018; Wilkins et al.,
2018; Henry et al., 2019; Hou et al., 2019; Khatibi et al., 2019; Lupoi et al., 2019; Mi et
al., 2019; Wang et al., 2019); (2) the maximum temperature reached during regional
and contact metamorphism (Wopenka and Pasteris, 1993; Beyssac et al., 2002;
Jehlicka et al., 2003; Rahl et al., 2005; Aoya et al., 2010; Lahfid et al., 2010; Endo et al.,
2012; Mathew et al., 2013; Nakamura and Akai, 2013; Hilchie and Jamieson, 2014;
Kouketsu et al., 2014; Muirhead et al., 2017a, b; Chen et al., 2017; Beyssac et al., 2019;
Fomina et al., 2019; Kouketsu et al., 2019; Yu et al., 2019; Zhang and Santosh, 2019);
(3) the maximum temperature reached during frictional heating along fault planes
after an earthquake (Furuichi et al., 2015; Kaneki et al., 2016; Liu et al., 2016; Kouketsu
et al., 2017; Kuo et al., 2017, 2018; Kaneki and Hirono, 2018, 2019; Mukoyoshi et al.,
2018). Studies have had various degrees of success, and due to widely varying
methodologies, comparison of the results remains difficult. Here, we review the most
commonly used and suitable Raman parameters for each application, as well as assess
the best practices that have been proposed, in an attempt to encourage a

standardised approach. We will also provide recommendations for future progress.
3.3 Thermal maturation of organic matter

Determining the maturity of OM is essential to confirm the presence of a working
petroleum system and to establish the time-temperature history of geological events.
When OM is exposed to high temperatures, it undergoes an irreversible chemical and
structural evolution (Tissot and Welte, 1984), which makes it an ideal component to
determine the maximum temperature reached in a sedimentary or metamorphic rock.
This is in contrast to mineral assemblages, where temperature records may be reset
by subsequent dissolution and recrystallization. However, different types of organic
matter in a sedimentary rock respond differently to increased temperatures. This
needs to be taken into consideration, as it has been shown to impact the Raman

spectrum (Guedes et al., 2005, 2010).

Tissot and Welte (1984) determined four different stages of thermal maturation
during burial: diagenesis, catagenesis, metagenesis, and metamorphism. Diagenesis

occurs as soon as deposition has taken place, and stops when temperatures reach 60—
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80 °C (0—-0.5 %VRo; Tissot and Welte, 1984). Here microbial degradation and low-
temperature reactions destroy proteins and carbohydrate biopolymers, and the
remaining more resistant constituents polycondense to form geopolymers and
subsequently kerogen. By-products of diagenesis include CO;, H,0, H,S, SO,, N2 and
biogenic CHa. Catagenesis ranges from c. 60—150 °C (0.6-2.0 %VR,) and the kerogen
is subject to thermal decomposition reactions that break up large kerogen molecules
to smaller kerogen molecules (Tissot and Welte, 1984). During early catagenesis oil is
mostly produced (0.5-1.3 %VR,), followed by the production of wet gas (1.3-2.0
%VRo; Tissot and Welte, 1984). Catagenesis is also associated with increased ordering
of the OM. Metagenesis occurs at temperatures c. 150-200 °C (2.0-4.0 %VR,) and
produces primary dry gas directly from the remaining kerogen and secondary gas from
the cracking of longer chained hydrocarbons (Tissot and Welte, 1984). At the end of
this stage, heteroatoms and hydrogen have all been depleted by carbonisation, and
the residual carbon becomes disordered graphite that will undergo progressive
graphitization during metamorphism, eventually becoming a perfectly ordered
graphite with increasing temperatures and pressures (Landis, 1971; Buseck and

Beyssac, 2014).

Alternative mechanisms that can thermally mature OM include: the emplacement of
igneous intrusions (contact metamorphism); and frictional heating along fault planes
(Buseck and Beyssac, 2014). What differs here, is the way in which the OM is heated.
For burial, as described above, the OM is typically heated due to the geothermal
gradient and radiogenic heat production (Tissot and Welte, 1984; Allen and Allen,
2013). Diagenesis, catagenesis and metagenesis occur over long-time scales at
relatively low temperatures (<200 °C) and impact a whole basin; similarly, regional
metamorphism occurs over long-time scales with wide ranging effects, but at
significantly higher temperatures (200-1000 °C; Hoinkes et al., 2005). Contact
metamorphism may generate similar temperatures to regional metamorphism (200—
1000°C) but takes place over shorter time scales (10°~10° years) and only matures OM
locally within the thermal aureole (Hoinkes et al., 2005). Maturation of organic matter
due to frictional heating along fault zones is associated with rapid heating rates of tens

to hundreds of °C s}, along with substantial shearing, deformation and pulverization
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of the OM (Nakamura et al., 2015; Kaneki et al., 2016). There is no remnant heat that
‘cooks’ the country rock, unlike igneous intrusions; however, movement may occur

multiple times along the same fault, thereby generating multiple episodes of heating.

It is widely acknowledged that temperature and time are the most important factors
in the maturation process of OM (Beyssac et al., 2002; Allen and Allen, 2013);
however, it is also crucial to understand how different heating rates, pressures and
shearing/deformation impact the Raman spectra of OM. In order to get the most out
of Raman spectroscopy as a geothermometer we must assess: (1) which parameters
are best suited for each application; (2) whether different thermal and pressure
conditions can be determined from OM Raman parameters or the visual appearance
of the spectrum; (3) the extent to which shearing and pulverization of OM may impact
the Raman spectrum; (4) whether different calibration curves are needed for OM that
has experienced different time-temperature-pressure histories. Some of these
qguestions have been asked and answered in different ways in the literature and will

be addressed in this review.
3.4  Organic matter Raman bands and nomenclature

The Raman spectrum of OM is composed of a first-order region (1000-1800 cm™) and
a second-order region (2400-3500 cm™). The first-order region comprises two main
peaks; the disordered (D) band (c. 1340-1360 cm™) and the graphite (G) band (c. 1580
cm) (Fig. 3.2a). The G-band is related to the in-plane vibration of carbon atoms in
graphene sheets with Eg symmetry (Tunistra and Koenig, 1970; Jehlicka and Beny,

1999). In graphite, this is the only major band in the first-order region.

The D-band occurs at c. 1340-1360 cm™ in disordered amorphous OM and is
associated with structural defects and heteroatoms (Beny-Bassez and Rouzaud, 1985).
It has been described as the breathing motion of the sp2 atoms in an aromatic ring
with a A1z symmetry mode vibration (Tunistra and Koenig, 1970). In disordered OM,
additional bands are identifiable as small bumps and asymmetric bands, however, the
number, nomenclature and origin of these bands are often conflicting when

deconvolution is performed (Beyssac et al., 2002; Li et al., 2006; Romero-Sarmiento et
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al., 2014; Ferralis et al., 2016; Schito et al., 2017; Henry et al., 2018). The occurrence
of the most common additional bands (Fig. 3.2b) are as follows: D2-band (c. 1610
cm™?); D3-band (c. 1500 cm™); D4-band (1200 cm™?); D5-band (c. 1260 cm™) and D6-
band (c. 1440 cm™). The D2-band has been related to the disorder inside the graphitic
lattice with Exg2 symmetry (Allwood et al., 2006) and is merged with the G-band for
low-ordered OM. With increasing maturity, the D2-band evolves, firstly appearing as
a small bump on the red-shift shoulder of the G-band until it eventually splits from the
G-band and disappears (Buseck and Beyssac, 2014). The D3-band results from the out-
of-plane vibration due to defects and heteroatoms, which eventually disappear during
graphitization (Wopenka and Pasteris, 1993; Beyssac et al., 2002; Baludikay et al.,
2018). The D4- and D5-bands were related to the CH species in aliphatic hydrocarbon
chains by Ferralis et al. (2016), as they demonstrated a strong correlation between the
atomic H:C ratio and the band properties. The D6-band at ¢.1440 cm™ was recognised
by Romero-Sarmiento et al. (2014), which in their study was termed the D5-band.
They proposed that the D6-band is related to the hydrocarbons trapped within the
micropores of organic matter. From now on, when we refer to fitted bands after
performing deconvolution, they will be followed by the suffix ‘function’, for example

D4-function.

The second-order region (2200-3400 cm™) has mostly been used for samples that
have undergone metamorphism, as the bands are not clearly distinguished for lower
maturity samples (Fig. 3.3). The region has a total of five bands with different
evolutionary paths from disordered to ordered OM, and they begin to become
identifiable at the anthracite stage (>2 %VR,; Pasteris and Wopenka, 1991; Wopenka
and Pasteris, 1993; Cuesta et al., 1994; Spotl et al., 1998; Jehlicka and Beny, 1999;
Beyssac et al., 2002; Jehlicka et al., 2003; Rantitsch et al., 2004; Zeng and Wu, 2007;
Liu et al., 2013; Yuman et al., 2018). The most common interpretation of these bands
is that they are mixture of overtones and combinations of different inelastic scattering
of the bands in the first-order region (Wopenka and Pasteris, 1993; Beyssac et al.,
2002; Childress and Jacobsen, 2017). For example, the S2-band at c¢. 2700 cm™ is an
overtone of the D1-band at c. 1340cm™ (1340 x 2 = 2680 cm'?), whereas the S3-band
at ¢. 2950 cm™ is a combination of the D1 and G-bands (1350 + 1580 = 2930 cm?).
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There is considerable inconsistency in the nomenclature and positions of the Raman
bands used by different authors, and the number of bands used for analysis in both
the first- and second-order regions; this leads to confusion when comparing results
from different studies, which has inhibited the development of a standardized
method. To avoid confusion in future publications, we propose to use the
nomenclature described in Fig. 3.2 and Table 3.1 for the first-order region and Fig. 3.3
and Table 3.2 for the second-order region. The recommended number of bands to

include during deconvolution is discussed in Section 3.6.1.

In the first-order region, the G-band has been referred to the “O” band, which stands
for “ordered” (Wopenka and Pasteris, 1993; Spotl et al., 1998; Jehlicka and Beny,
1999; Zeng and Wu, 2007; Schiffbauer et al., 2012; Liu et al., 2016) or the “G” band
(Cuesta et al., 1994; Kelemen and Fang, 2001; Beyssac et al., 2002), which stands for
“graphite”, and the latter is a ubiquitous term used in most recent literature.
However, Kouketsu et al. (2014) argued that it is not possible to determine the G-band
at c. 1580 cm® for low-grade OM, and therefore called the band at c. 1580 cm™ the
“D2” band. Ito et al. (2017) used the D2-band abbreviation to be synonymous with the
G-band; other studies have used “G-band” to be a combination of the G- and D2-bands
(Henry et al., 2018, 2019). It is noted that the D2-band has been referred to as the D’-
band (Marshall et al., 2005; Ammar and Rouzaud, 2012). By contrast, Jubb et al. (2018)
located the D2-band position at c. 1520 cm™, where the D3-band is commonly placed,
whereas Song et al. (2019) fitted the D2-band at c. 1700 cm?, where there is a known

carbonyl group (C=0) vibration (Li et al., 2006).

The D1-band at 1350 cm™ was termed the “A” band by Kelemen and Fang (2001), as
it represents the “amorphous” structure of the OM. Hu et al. (2015) also used
unconventional nomenclature, calling the fitted function at 1336 cm™, the “D” band
(instead of the D1-band) and the function at ¢.1200 cm™ band the “D1” band (instead
of the D4-band). Ferralis et al.’s (2016) D5-band classification was previously used by
Romero-Sarmiento et al. (2014), however their D5-band was located at c. 1440 cm™,
rather than c. 1260 cm™. Ferralis et al. (2016) unconventionally named two bands in
the same spectrum, the “D3” band. This lack of consistency is detrimental to the wider

use of Raman and creates considerable confusion.
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We propose that the terminology outlined in Fig. 3.2 and Table 3.1 should be adopted

for the first-order region of Raman spectra. The general term “D-band” is used for

non-deconvoluted spectra; where deconvolution is performed individual D1 — D6

‘bands’ (functions) can potentially be distinguished (Fig. 2).

Table 3-1. The proposed nomenclature for the Raman spectrum in the first-order region.

Method Proposed Position  Alternative Notes
band (em™) nomenclatures
nomenclature
No D-band .1580
deconvolution  G-band c.1350 0
Deconvolution  G-function ¢.1580 G, 0, D2 If D2 is not fitted, assume that
the band is a combination of G
and D2.
D1-function c.1340 D
D2-function c.1610 G,0,D2,G
D3-function ¢.1500 D2
D4-function c.1200 If D4 is fitted, and D5 is not,
assume that they are combined.
D5-function c.1260 This band is rarely fitted.
D6-function c.1440 D3 This band is rarely fitted.

Termed differently by Romero-
Sarmiento et al. (2014).
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a. G Parameters

G, R1:D,/G,
SI: S, /G,
RBS:D -G,
G-FWHM
Je---------4 D-FWHM
D, ssA: [l
v

“«~ — — — — — — Area1100—1700

Intensity (au)

1100 1200 1300 1400 1500 1600 1700
Wavenumber (cm™)

Figure 3.2. First-order Raman bands of OM. (a) Non-deconvolved spectrum, along with the Raman parameters
that can be calculated. Note that the suffix is ‘band’ (Table 1). (b) 6-band deconvoluted spectrum with the proposed
nomenclature of the bands when performing deconvolution. The suffix ‘function’ is employed to differentiate
deconvoluted bands (Table 1). The number of bands fitted to the spectrum is subject to the operator’s discretion;
however, it is proposed that the band nomenclature presented here should be followed to avoid confusion. SI —
saddle index; RBS — Raman band separation; G-FWHM — G-band/function full-width at half-maximum; D-FWHM —

D-band/function full-width at half-maximum; SSA — scaled spectrum area.

For the second-order region, we propose the adoption of the nomenclature
summarised in Fig. 3.3 and Table 3.2, which follows that used by Spotl et al. (1998),
Jehlicka and Beny (1999) and Zeng and Wu (2007). For immature samples there is a
single broad band, and only with increasing maturity do the S2 (c. 2700 cm™), S3 (c.
2950 cm™) and S4 (c. 3200 cm™) bands become identifiable (Fig. 3.3; Zeng and Wu,
2007; Pan et al.,, 2019). Once the OM becomes anthracite and the graphitization
process begins, the S2- and S3-bands become more discernible and separate into two
clear bands (Fig. 3.3). Another small peak, termed the S1-band, also becomes visible
at c. 2450 cm™ (Buseck and Beyssac, 2014; Pawlyta et al., 2015; Rantitsch et al., 2016).
As the graphitization process continues with increasing thermal alteration, the S2-
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1119 band becomes stronger and the S1, S3 and S4 bands become weaker. In highly-
1120 ordered graphite, the S2-band splits into two separate peaks (Fig. 3.3), called the G'1
1121 (c. 2690 cm™) and G'> (2735 cm™) doublets (Lespade et al., 1982; Wopenka and
1122 Pasteris, 1993; Jehlicka and Beny, 1999; Beyssac et al., 2002; Rantitsch et al., 2016),
1123  which indicate that the OM is changing to a tri-periodic structural organization

1124  (Lespade et al., 1982; Cuesta et al., 1994).

1125

- A\

G ~N G', Highly ordered
e graphite

Intensity (au)
wn
w

bf—__‘///_’/,/*“\\\\_\\\~
Amorphous
a ’OLW/\

T T T 1
2200 2600 3000 3400

1126 Wavenumber (cm™)

1127 Figure 3.3. lllustration showing how the second-order region Raman bands of OM change with

1128 increasing maturity (ordering). (a—b) amorphous OM. (c—e) ordered graphite.

1129

1130 Table 3-2. Proposed nomenclature for the second-order region of the Raman spectrum.

Proposed Position Alternative Notes
nomenclature (cm™) nomenclatures ?
S1 c.2450 S5, D+D”, D*, 2D4, This band is often not named and is ignored
2450 cm™? as data are commonly not collected at <2600
cm,
S2 c.2700 S1,S, 2D, 2'D1, 2D1 The S1 band splits into two individual bands

for highly ordered graphite. 2D = overtone of
D-band (2 x 1350 = 2700 cm’2).

Gy €.2685 NA This band arises when the S2 band splits into
two bands for highly ordered graphite.

G, c.2735 NA This band arises when the S1 band splits into
two bands for highly ordered graphite.
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S3 €.2900 S2, D1+G, D+G Combination of the D1 and G bands (1580 +
1340 =2920cm?)

S4 c.3180 S3, D+D'. 2D, 2'D2, G”, This band is often ignored as data are not
2D2 collected at >3000 cm™.

@ see Spotl et al. (1998); Jehlicka and Beny (1999); Beyssac et al. (2002); Jehlicka et al. (2003);
Nestler et al. (2003); Rantitsch et al. (2004); Zeng and Wu (2007); Liu et al. (2013); Nakamura et al.
(2015); Pawlyta et al. (2015); Hu et al. (2015); Childress and Jacobs (2017); Yuman et al. (2018). NA
= not applicable.

3.5 Raman parameters for different applications

Here, different parameters will be summarised and their suitability for the three main
Raman applications: (1) hydrocarbon exploration; (2) metamorphic studies; (3)
estimating maximum heating along fault planes, will be assessed. Table 3.3 lists
commonly recommended parameters along with their source references. The
parameter values will not be discussed per se in this section, as the values are strongly
dependent on the different methodologies applied (Liinsdorf et al., 2014; Henry et al.,

2018); we will focus on each parameter’s trend and its suitability for each application.

There is considerable confusion concerning parameter abbreviations. For example,
Lahfid et al.’s (2010) RA1 and RA2 area ratio parameters were first used to represent
the following equations, respectively: (D1+D4)/(D1+D2+D3+D4+G) and
(D1+D4)/(D2+D3+G). Chen et al. (2017) then used the same abbreviations, RA1 and
RA2, to indicate the area ratios of D/G and D2/G respectively. The same abbreviations
were used again for different parameters by Schito et al. (2017):
RA1=(S+DI+D)/(S+DI+D+Dr+GI+G) and RA2=(S+DI+D)/(Dr+GI+G; see Schito et al.
(2017) for definitions of their band nomenclature). The RA1 and RA2 Raman
parameters sensu Lahfid et al. (2010) are most commonly used in metamorphic
studies (Hara et al., 2013; Kouketsu et al., 2014; Linsdorf et al., 2014; Delchini et al.,
2016; Schito et al.,, 2017); therefore, we propose that these equations and
abbreviations should be followed. There are also discrepancies in the definition of the
R2 and R3 Raman parameters (Table 3.3) between Beyssac et al. (2002) and Hu et al.

(2015). For these two parameters, we propose following Beyssac et al. (2002), as they
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are the most widely used (Beyssac et al., 2002; Rantitsch et al., 2004; Mathew et al.,
2013; Childress and Jacobsen, 2017).

The R1 and G-FWHM Raman parameters have also been defined in different ways.
Depending on how the G-band region is fitted, whether it is a combination of the G-
and D2-functions or fitted separately, different names have been used. When the R1
ratio is calculated using the merged G- and D2-functions some have termed it simply
the Ip/ls (Quirico et al., 2005; Nakamura et al., 2019; Schito et al. 2019), whereas
others have continued to call it R1 (Eichmann et al., 2018; Henry et al., 2018, 2019).
On the other hand, when the G-FWHM is calculated using a combination of the G+D2-
functions it has been called the G+D, width (Eichmann et al., 2018), as well as the G-
FWHM (Henry et al., 2018, 2019). We suggest that the R1 and G-FWHM names should
continue to be used whether or not the G-band region is separated into the G- and
D2-functions; however, operators should be aware that calculating these Raman
parameters via the two methods may lead to significant differences in the values

obtained.

Table 3-3. Raman parameters that have been recommended for maturity estimation, along with

exemplar studies that have used these parameters.

Method Parameters Abbreviations References

and notes
Full width G G-FWHM Roberts et al. (1995); Jehlicka and
at half Beny (1999); Guedes et al. (2005);
maximum Quirico et al. (2005); Yoshida et al.
(FWHM) (2006); Guedes et al. (2010);

Romero-Sarmiento et al. (2014);
Zhou et al. (2014); Nakamura et al.
(2015, 2018); Bonoldi et al. (2016);
Rantitsch et al. (2016); Henry et al.

(2019).
D1 D1-FWHM Zhou et al. (2014); Chen et al. (2017).
D1/G D1rwhm/GrHwm Spotl et al. (1998); Zhou et al. (2014);

Hu et al. (2015); Lupoi et al. (2017);
Nakamura et al. (2018); Schito and
Corrado (2018); Kaneki and Hirono

(2019).
Raman G-DorG-D1 Raman  Band Liu et al. (2013); Zhou et al. (2014);
band Separation Bonoldi et al. (2016); Schmidt et al.
positions (RBS) (2017); Jubb et al. (2018); Schito and

Corrado (2018); Henry et al. (2019).
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Ratio of
Raman
band height

Ratio of
band areas

Total Area

Multi-linear
regression

D/Gor D1/G

S/G

D1/G

D1/(G+D1+D2)

(D1+D4)/(D1+D2+D3+D4+G)
(D1+D4)/(D2+D3+G)

> area 1100 — 1700 cm’?

Y area 1000 — 1800 cm™*

Yaea (1575-1595 cm?) /
2 Area (1610-1630 cm?)

Uses a multi-linear
regression, which include
several Raman parameters
to construct an empirical
relationship with VR. See

R1

Saddle
(S1)

Index

Ap/Ac

R2

RA1
RA2

Scaled
Spectrum Area
(SSA) — Scale G-
Band to 2000
au.

(1) Scaled total
area (STA)

(2) Scaled Total
Area (D_STA) —
normalize  to
maximum D1
value.

(3) Scaled Total
Area (G_STA) —
normalize  to
maximum G
value.

G_shape_factor

RaMM (1)

Roberts et al. (1995); Rantitsch et al.
(2004); Jurdik et al. (2008); Liu et al.
(2013); Zhou et al. (2014);
Nakamura et al. (2015); Lupoi et al.
(2017); Sauerer et al. (2017);
Childress and Jacobsen (2017);
Kaneki and Hirono (2018); Schito
and Corrado (2018); Kouketsu et al.
(2019b).

Wilkins et al. (2014); Henry et al.
(2018).

Kribek et al. 1994; Guedes et al.
(2005); Zhou et al. (2014);
Nakamura et al. (2015); Chen et al.
(2017); Schmidt et al. (2017); Schito
and Corrado (2018); Mukoyoshi et
al. (2018).

Beyssac et al. (2002); Rantitsch et al.
(2004); Court et al. (2007); Aoya et
al. (2010); Huang et al. (2010);
Scharf et al. (2013); Delchini et al.

(2016); Nakamura et al. (2015);
Rantitsch et al. (2016); Chen et al.
(2017); Childress and Jacobsen

(2017); Kirilova et al. (2018); Beyssac
etal. (2019); Kouketsu et al. (2019b).
Lahfid et al. (2010).
Lahfid et al. (2010).

Henry et al. (2019).

Linsdorf (2016); Hackley and
Lunsdorf (2018); Rantitsch et al.
(2019).

Lunsdorf et al. (2017)

Wilkins et al. (2014, 2015, 2018)
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Wilkins et al. (2014, 2015)
for further detail.
RaMM (2) Wilkins et al. (2015, 2018)

FWHM — Full-Width at Half-Maximum. au — arbitrary units.

3.5.1 Diagenesis, catagenesis and metagenesis

During normal burial conditions, OM remains disordered during diagenesis,
catagenesis and metagenesis, as it has not been subject to high enough temperatures
to transform into graphite (Fig. 3.4). During catagenesis and metagenesis, important
thermal decomposition reactions occur in OM that lead to the generation of oil and
gas. It is therefore of no surprise that there has been a tremendous amount of work
trying to track the thermal evolution of OM during these stages, particularly to
determine the onset of oil, wet gas and dry gas generation (Hartkopf-Froder et al.,
2015). The most common techniques used are vitrinite reflectance (VRo) and Rock-

Eval™ pyrolysis.

VR, is widely used to calibrate basin models that help petroleum exploration
geologists delineate areas of interest by creating maturity maps used in common risk
segment mapping. It is therefore of value to generate equivalent vitrinite reflectance
(%eqVRo) values when VR cannot be performed, such as in pre-Devonian and deep
marine rocks where vitrinite particles are absent/rare, and when VR is subject to
suppression and/or retardation, caused by macerals with high hydrogen
concentration (e.g. liptinites, amorphous organic matter and hydrogen-rich vitrinites),
different lithologies, and in overpressured basins (Carr, 2000; Hackley and Cardott,
2016). Reflectance data from graptolites, bitumen, chitinozoans and conodonts;
thermal alteration indices (TAI) such as the spore colouration index (SCl); and
geochemical techniques such as Rock-Eval™ pyrolysis and biomarkers have all been
employed to estimate %eqVRo (Jarvie et al., 2001; Hartkopf-Froder et al., 2015 and

references therein).

Raman spectroscopy has been used recently to determine the %.qVRo, of OM in the oil
and gas windows (0.6—3.0 %VR,; Baludikay et al., 2018; Schito and Corrado, 2018;

Henry et al., 2019) from a variety of different organic matter components including
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vitrinite, graptolites and bitumen. The type of organic matter is not taken into account
in Sections 3.5.1 —3.5.3, below, however it will be discussed in Section 3.6.2. A
summary of how the Raman spectrum and Raman parameters evolve with increasing
maturity is provided in Fig. 3.4. Visually, the main changes in the OM Raman spectrum
with increasing maturity (increasing VR,), are that the G-FWHM decreases and the

distance between the D or D1-band and G-band increases.

First-order region
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Figure 3.4. Summary of how the Raman spectrum of OM and parameters change with increasing VR,.
Dashed blue lines indicate the low maturity D-band and G-band peak positions. The dashed black lines

for the Raman parameter evolution indicate invariable change in the parameter values.

The two most successful Raman parameters used to estimate VR in the range of 0.5—
3.0 %VR,, are G-FWHM (Wopenka and Pasteris, 1993; Spotl et al., 1998; Kelemen and
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Fang, 2001; Guedes et al., 2010; Hinrichs et al., 2014; Romero-Sarmiento et al., 2014;
Eichmann et al., 2018; Schito and Corrado, 2018; Henry et al., 2019) and RBS (Kelemen
and Fang, 2001; Zhou et al., 2014; Inan et al., 2016; Mumm and Inan, 2016; Sauerer
et al., 2017; Khatibi et al., 2018a,b,c; Schito and Corrado, 2018) (Fig. 3.5). It is
impossible to compare the absolute values between studies, as the deconvolution
methods and Raman set-ups are highly variable. However, Fig. 3.5 shows that the
parameters have a general trend. The G-FWHM parameter (Fig. 3.5a) has a non-linear
relationship with VRo: it sharply decreases from 0.5-2.0 %VR,, the gradient reduces to
3.0 %VR,, and then flattens out at >c. 3.0 %VR, (Fig. 3.5). The RBS parameter behaves
similarly, rising sharply to c. 2.0-4.0 %VR, and then begins to flatten out (Fig. 3.5b).
This shows that the G-FWHM and RBS are strong parameters to estimate the maturity
of source rocks in the oil, wet gas, and dry gas generation stages. However, they
cannot confidently be used to estimate the maturity of over-mature petroleum source

rocks.
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Figure 3.5. Raman parameters vs. vitrinite reflectance (VR,) correlations derived from multiple studies,
illustrating the general trend of parameter evolution with increasing VR.. (a) G-FWHM. (b) RBS. (c) R1.
(d) D- or D1-FWHM. (e) Da or D14/Ga. (f) Dw or D1w/Gw. Data sources listed in key.

The R1 parameter is commonly used in maturity studies (Table 3.1), however it is
generally considered to be a poor parameter to estimate %.qVR, values in the oil and
gas maturity range (Beny-Bassez and Rouzaud, 1985; Linsdorf et al., 2017; Henry et
al., 2019). The R1 value has a three-stage evolution, it: (1) decreases slightly up to c.
2.5 %VRo; (2) then increases up to low-grade metamorphism; and (3) sharply
decreases for medium- to high-grade metamorphism, until the OM becomes a

perfectly-ordered graphite and the disordered band region disappears (Beyssac et al.,
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2002; Rahl et al., 2005; Liunsdorf et al., 2017) (Figs. 3.5-3.7). This trend for the R1 ratio
makes assessing the maturity for oil and gas exploration ambiguous, as one R1 value
offers three different possible VR, values; visual inspection of the spectrum is
essential. The R1 parameter is also not as sensitive as G-FWHM and RBS, as small
variations of R1 can give substantially different %eqVRo values, and the error
associated with the R1 parameter is greater than the subtle decrease of the R1 for the
oil and gas generation stages (Fig. 5c). However, these general observations are
contrary to the results of Guedes et al. (2010) and Liu et al. (2013), who determined
R1 parameter values that increased with increasing maturity up to c. 5.0 %VR. with a
steep linear calibration curve, albeit with significantly different values, attributable to
the contrasting spectral processing methods used. On the other hand, the R1 results
of Muirhead et al. (2017b) demonstrated opposite trends for samples in different
localities that have been affected by igneous intrusions, which they proposed to be a
result of the different heating rates experienced. This suggests that the R1 ratio may
not be suited to determine the maximum temperature, but rather may be used as a

means to compare different heating rates.

Studies of the D1-FWHM parameter show conflicting results (Fig. 3.5d). Some authors
have shown that D1-FWHM has little to no use to estimate the maturity of OM for
hydrocarbon exploration, as the band-width remains unchanged up to c. 3—4 %VR,
(Wopenka and Pasteris, 1993; Spotl et al., 1998), similar results derived from the D-
FWHM were obtained by Henry et al. (2019). Other studies have concluded that the
D1-FWHM is well suited to estimate maturities that are relevant for hydrocarbon
studies, as the D1-FWHM decreases with increasing maturity (Fig. 3.5d; Cuesta et al.,
1994; Hinrichs et al., 2014; Schito and Corrado, 2018). Some workers have used the
ratio of the D- or D1-FWHM and G-FWHM, which also has a two-step evolution. It
firstly increases rapidly as the G-FWHM decreases in width, and when the G-FWHM
becomes invariable (at >3 %VR), the D1-FWHM starts to decrease in width, leading to
a sharp decrease in the ratio value (Spotl et al. 1998; Zhou et al., 2014; Henry et al.,
2019). The area ratio of the D1-band and G-band (D1a/Ga) is a commonly used Raman

parameter and has been shown to increase with increasing maturity up to c. 3.0 %VR,
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(Fig. 3.5e; Zhou et al., 2014; Sauerer et al., 2017). It then decreases above c. 3.0 %VR,
(Zhou et al., 2014).

Other parameters that have been proposed include Wilkins et al.’s (2014, 2015)
Raman Maturity Method (RaMM) that utilises two multi-linear regression equations
to predict equivalent VR values between 0.4-1.2 %VR, (RaMM 1) and 1.0-2.5 %VR,
(RaMM 2) using several Raman parameters. Wilkins et al. (2014) demonstrated that
the operator does not need to discriminate vitrinite and inertinites, as both yield
similar equivalent VR values. They also proposed that this method corrects for the
suppression of VR values. Several integrated area Raman parameters that are
calculated between wavenumber regions have also proved to be successful and
include the SSA (scaled spectrum area) (Henry et al., 2018) and the STA (scaled total
area), D_STA (D1-band STA), G_STA (G-band STA) and G_shape_factor (Liinsdorf and
Linsdorf, 2016; Liinsdorf et al., 2017) (Table 3).

SSA is the total area of the Raman spectrum between 1100-1700 cm™ after
background subtraction and normalisation using a maximum G-band height value of
2000, and has a linear correlation with vitrinite reflectance up to c.6.0 %VR, (Henry et
al. 2019). Linsdorf and Linsdorf’s (2016) Raman parameters are derived by using an
automated iterative random-based curve-fitting approach to determine the optimum
baseline characteristics, which is then used to calculate the: STA, which is the scaled
total area between the region 1000-1800 cm™; D_STA, which is the scaled total area
when the spectrum is normalized using the maximum D1-band height between 1000—
1800 cm™*; G_STA, which is the scaled total area when the spectrum is normalized
using the maximum G-band height between 1000-1800 cm™. These parameters have
a linear relationship with VR up to c. 6.0 %VR,, similar to Henry et al.’s (2019) SSA
parameter. Linsdorf et al. (2017) further developed this approach to include the G-
shape-factor ratio, which is the area from 1575-1595 cm™ divided by the area from
1610-1630 cm?, which helps to combine both the D_STA and G_STA parameters to

better determine the temperature of OM across a wider temperature range.

Several authors have proposed that different parameters are more sensitive to

different maturity ranges (Liu et al., 2013; Du et al., 2014; Wilkins et al., 2014, 2015;
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Zhou et al., 2014; Zhang and Li, 2019). Liu et al. (2013) and Zhou et al. (2014)
recommended to use both the RBS and R1 Raman parameters: (1) RBS, for low
maturity (0.6—3.5 %VR, and 1.5-3.5 %VR,, respectively); and (2) R1 for high maturity
OM (3.5-5.5 %VR, and 3.0-5.0 %VR,, respectively). Wilkins et al. (2014, 2015) also
developed two separate calibration curves using the RaMM mentioned above, RaMM
1 and RaMM 2. Employing two calibration curves solves the limited range of using one
parameter and recognises that different parameters behave differently depending on
the maturity. However, the results obtained will be subject to the deconvolution

method that is applied.

Understanding the maturity of OM is important for shale gas exploration. Yuman et
al. (2018) noted the necessity to recognise over-maturity (> 3.5 %VRo; anthracite) for
OM in shale gas reservoirs. The initiation of over-maturity at c. 3.5 %VR is a “turning
point” for the Raman spectrum and represents a major chemical and structural change
for the OM (Hou et al. 2019). This is also broadly demonstrated in Figure 5 for all the
Raman parameters at c. 3.0 %VR. In such cases the reservoir quality is severely
damaged, as the organic pores and intercrystalline pores of clay minerals are
significantly reduced, and source rock quality is poor because the capability to
generate hydrocarbons has been exhausted. This is a limiting factor for the two most
widely used Raman parameters, G-FWHM and RBS, as they both have non-linear
calibration curves that flatten out at ¢.3.0 %VR,. To address this, Yuman et al. (2018)
visually determined the onset of shale gas reservoir deterioration by assessing the
appearance of the S2-band in the second-order region. Previously, Liu et al. (2013) had

shown that the S2-band starts to appear at c. 3.0 %VRo,.

In addition to estimating the maturity of OM, several authors have used Raman
spectroscopy to determine other properties in the diagenesis to metagenesis burial
range. For example, Khatibi et al. (2018a) determined the Young’s modulus of OM,
using the RBS Raman parameter, which is important to understand the initiation and
propagation of fractures during hydraulic fracturing for shale gas production. Romero-
Sarmiento et al. (2014) proposed that Raman spectroscopy may have potential to
estimate hydrocarbon retention within source rocks, which is a major factor in

determining the total resources, by observing what we term the D6-band (c. 1480 cm”
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1) (Fig. 3.2c). However, no empirical relationship between hydrocarbon retention and

D6-band parameters has been established.

Pan et al. (2019) applied Raman spectroscopy for coalbed methane studies, by
determining the deformation of graphite in OM related to the adsorption and
desorption of gas in coalbeds, which is important for predicting potential gas
outbursts after CO; injection (Chen et al., 2009). Pan et al. (2019) demonstrated that
after high-pressure gas adsorption and desorption experiments, the OM underwent
deformation, which was evident in the Raman spectrum, as the G-band red-shifted,
the D1-band blue-shifted and both the FWHM and the D1A/Ga ratio increased; this
suggests that high-pressure gas adsorption and desorption induced defects in the OM

lattice.

Wilkins et al. (2018) showed that a RaMM 1 vs. RaMM 2 plot can be used to
differentiate bitumen from Tasmanites-related alginate. Similarly, Schito et al. (2019)
demonstrated that Raman can be used to identify types of OM particle, using a
multivariate Principal Component Analysis (PCA) and Partial Least Square -
Discriminant Analysis (PLS-DA) method. They showed that using this approach,
sporomorphs and phytoclasts can be differentiated. This application has potential to
be taken further and might be used to determine other OM components, which will
allow operators to perform high-resolution mapping of OM particles in a sedimentary

rock.

To conclude, RBS and G-FWHM remain the most popular Raman parameters
employed to determine OM maturity during diagenesis to metagenesis, however they
have a limited range of application, up to c. 3.0 %VR, equivalent. Methods that
integrate areas of specific Raman regions such as the SSA, G_STA, D_STA parameters
correlate well with higher VR values (up to c. 6.0 %VRo) and may extend the limited
range of RBS- and G-FWHM-based maturity determinations. However, G-FWHM has
by far the tightest correlation with VR, compared to other Raman parameters (Fig.
3.5; Henry et al., 2019), and should be the method of choice when assessing low-

maturity rocks. Nonetheless, we propose that other parameters (RBS, R1, D1,/Ga,
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integrated area regions) should be calculated to cross-check and extend the G-FWHM

results.

3.5.2 Metamorphism

A substantial number of studies have used Raman spectroscopy as a tool to determine
the maximum temperature reached during regional metamorphism (Rantitsch et al.,
2004; Endo et al., 2012; Mathew et al., 2013; Scharf et al., 2013; Buseck and Beyssac,
2014; Muirhead et al., 2016; Hara and Hara, 2018) or to assess the extent of contact
metamorphism due to igneous intrusions (Aoya et al., 2010; Chen et al., 2017; Mori et
al., 2017; Henry et al., 2019). Being able to determine the distribution and values of
maximum temperatures is extremely important, as it provides insights into the
physical and chemical evolution that takes place deep in the Earth, as well as
delineating the location of metamorphic facies and minerals that can have substantial
economic value. Raman parameters have typically been calibrated against
temperature for metamorphic studies, in order to quantify the maximum temperature

reached by OM in metamorphic rocks (Figs. 3.6, 3.7).

The most widely used calibration curves are presented in Table 3.4, and a general
summary of how the Raman spectrum of OM and Raman parameters change with
increasing metamorphism is illustrated in Fig. 3.6. Examples of Raman parameter vs.
temperature calibration curves are shown in Fig. 3.7. The G-FWHM parameter
continues the decreasing trend from diagenesis—metagenesis up to c. 360 oC (Fig.
3.7a) and then the D2-band begins to separate from the G-band (Fig. 3.6; Wopenka
and Pasteris, 1993; Buseck and Beyssac, 2014). The D2-band separation transition
from the G-band is a possible reason why the G-FWHM has a non-linear calibration
curve with VR, and temperature (°C) values (Kouketsu et al., 2014; Henry et al., 2019),
as the G-band FWHM initially begins to widen as the D2-band starts to detached and

once it is fully detached, the G-FWHM then decreases again (Fig. 3.5a).

During catagenesis—metagenesis the RBS parameter increases with increasing
temperature and then flattens at > 3 %VR, (c. 250 2C; Fig. 3.5b); a reversal occurs

during metamorphism and the RBS begins to decrease as the G-band position moves
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to lower wavenumbers (Figs. 3.6, 3.7b), which explains the separation of the D2-band
from the G-band. The R1 parameter decreases slightly up to metagenesis, and then
R1 begins to sharply increase as the D1/D-band height increases with respect to the
G-band height up to c. 350 eC (Fig. 3.7c); these observations contradict the view of
some authors who have stated that the larger the ratio, the less ordered the OM
structure (Huan et al., 2019). At c. 350 2C, the R1 ratio displays another reversal (Figs.
3.6, 3.7c), and decreases until the D-band region eventually disappears, as the OM

evolves to a perfectly ordered graphite.

A number of authors have constructed tailored calibration curves to be used for
metamorphic studies, including: Beyssac et al. (2002); Rantitsch et al. (2004); Rahl et
al. (2005); Aoya et al. (2010); Lahfid et al. (2010); and Kouketsu et al. (2014) (Table
3.4). Beyssac et al. (2002) developed the first Raman empirical equation to determine
temperatures between 330-640 °C, using the R2 parameter (Fig. 3.7f). The R2
parameter empirical equation was subsequently modified by Rantitsch et al. (2004)
who worked on isolated OM and Aoya et al. (2010) who worked on contact
metamorphic rocks (Table 3.4). Endo et al. (2012) and Kouketsu et al. (2014) both
tested the Beyssac et al. (2002) and Aoya et al. (2010) R2 calibration equations and
demonstrated that the calibration curves showed no significant difference to their
results (Fig. 3.7f). This would imply that the same calibration curve can be used for
both regional and contact metamorphism. However, it should be noted that Endo et
al. (2010) did not follow the exact method used by Beyssac et al. (2002) or Aoya et al.
(2010), as they did not include the D3-band when performing deconvolution. Rahl et
al. (2005) tested the R2 parameter for low-grade metamorphic temperatures and
showed that R2 remains constant at <300 °C, and is therefore a poor parameter to
qguantify low-temperature metamorphism (Fig. 3.7f). Beyssac et al. (2002) explained
that the R2 parameter remains constant below ¢.300-330 °C because the coherent

domains composed by the aromatic rings in the organic matter structure are too small.

Rahl et al. (2005) created a new method combining both the R1 and R2 parameters,
to cater for metamorphic rocks that have been exposed to lower temperatures (Table

3.4, Fig. 3.8; 100-700 °C + 50 °C). They successfully tested the calibration equation on
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low-grade metamorphic rocks in New Zealand and high-pressure metamorphic rocks
in Crete (Greece). Rahl et al.s (2005) wide temperature range offers better
practicality, as no prior knowledge of the thermal maturity and geological context is
needed. Scharf et al. (2013) tested Rahl et al.’s (2005) equation against those of
Beyssac et al. (2002) and Aoya et al. (2010), and showed good consistency for all three
methods. However, the Beyssac et al. (2002) and Aoya et al. (2010) calibration curves
are in closer agreement with the petrology, especially for higher temperatures (> 500
°C). On the other hand, Mathew et al. (2013) demonstrated that Rahl et al.’s (2005)
method better estimates temperatures of <340 °C and >600 °C than the approach of
Beyssac et al. (2002). Chim et al. (2018) also successfully used Rahl et al.’s (2005)
method to determine the metamorphic grade of detritus, to track the uplift and

exhumation of an orogenic belt in Eastern Taiwan.

The RA1 and RA2 Raman parameters of Lahfid et al. (2010) also cater for low-
temperature metamorphic rocks (Table 3.4; Figs. 3.6, 3.7g, h). Both parameters
increase with increasing temperature. Hara et al. (2013) showed that the parameters
can reliably estimate low-grade metamorphism (<300 °C), although Kouketsu et al.
(2014) indicated that RA1 and RA2 overestimate the temperature of metamorphic
rocks for temperatures <200 °C and of >300 °C by >+50 °C. By contrast, Schito et al.’s
(2017) version of the RA1 and RA2 parameters, discussed in Section 3.5, were

successfully applied to low-maturity rocks (0.5-1.5 %VRo).

The D1-FWHM parameter of Kouketsu et al. (2014) has been calibrated for the
temperature range 150-400 °C (Figs. 3.6, 3.7d). The D1-FWHM parameter remains
invariable for temperatures >400 °C. Several authors have applied Kouketsu et al.’s
(2014) D1-FWHM Raman method (Baludikay et al., 2018; Hara and Hara, 2018;
Mészaros et al., 2019; Ye et al., 2019; Yu et al., 2019). For example, Hara and Hara
(2018) used it to determine the temperatures reached in an accretionary complex,
and Ye et al. (2019) used it to assess the temperature characteristics of detrital
graphite particles and employed these as tracers in sediment provenance analysis.
Kouketsu et al. (2014) also constructed an empirical relationship with the D2-FWHM

parameter and temperature; however, this parameter may prove to be problematic
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as it is difficult to differentiate between the D2- and G-functions for low-temperature
metamorphic rocks (Fig. 3.6). Nevertheless, Mészaros et al. (2019) utilised the D2-
FWHM parameter and got similar results to those obtained using Beyssac et al.’s
(2002) and Rahl et al.’s (2005) R2 parameter and Kouketsu et al.s (2014) D1

parameter.

Linsdorf et al.’s (2017) G_STA, D_STA and G_shape_factor have been applied in
diagenesis to metagenesis applications (Section 4.1), however, the temperature range
of these parameters extend from 160 to 600 °C and they can therefore be used to
determine metamorphic temperatures. The SSA parameter by Henry et al. (2018) also
extends from 0.5 to 6 %VR,, which covers the metamorphic range. Both of these
authors’ methods derive parameters calculated by integrating area regions (Table
3.3), and do not use areas of individual bands as is commonly the case for parameters

utilised in metamorphic studies (e.g. R2, RA1, RA2).

The second-order region of the Raman spectrum is also helpful for the analysis of
metamorphic rocks (Fig. 3.6; Wopenka and Pasteris, 1993; Buseck and Beyssac et al.,
2014). It is clear from Fig. 3.6 and from Beyssac et al. (2002) that the height or area
ratio of the S2 and S3 peaks can be a powerful parameter, as the S2 height increases
with respect to the S3 height with increasing temperature. The splitting of the S2 band
into the G’y and G’; bands is also a sign that the metamorphic environment has
reached extremely high temperatures and pressures (eclogite facies; Beyssac et al.,

2002; Buseck and Beyssac, 2014; Rantitsch et al., 2016).

Similar to diagenesis—metagenesis, some authors have tried to use two calibration
curves to analyse samples displaying a wide maturity range. Mori et al. (2017)
successfully used a combination of Aoya et al.’s (2010) modified R2 equation and
Kouketsu et al.’s (2014) D1-FWHM parameter to estimate the maximum temperature
reached during contact metamorphism. Their criterion in determining which method
to use was whether the D4-band was visibly present or not. If the D4-band was present
then the D1-FWHM was used, if not, then the modified R2 parameter was employed.
Mori et al. (2017) only used Aoya et al.’s (2010) method close to the intrusion, where

the temperatures were high enough for the disappearance of the D4-band.
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To summarise, the Raman community studying metamorphism has adopted a more
consistent approach than those working on lower maturity rocks (diagenesis to
metagenesis), as authors frequently apply and compare calibration curves that have
been published in the literature. R2 is the most commonly used Raman parameter
albeit calculated following several minor modifications; it appears to offer reliable
temperature estimates, with only a small deviation in results obtained by different
laboratories. However, the R2 parameter has a limited temperature range and it
cannot be employed for low-temperature metamorphic studies (<300 °C), which is
where Rahl et al.’s (2005) and Lahfid et al.’s (2010) Raman parameters can be used.
Additionally, Linsdorf et al. (2017) and Henry et al. (2018) have demonstrated that
the integrated areas of specific regions on a smoothed, background-corrected
spectrum (rather than individual bands areas), have good linear relationships with
temperature and VRo, and the parameters derived from these also have potential
application in studies of low- to high-temperature metamorphism. There is therefore
scope to unify several methods in order to determine metamorphic temperatures for

a wide temperature range.
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1500 Figure 3.6. General evolution of the Raman spectrum of OM for the first-order and second-order
1501 regions and changes in Raman parameters with increasing metamorphism. Adapted from Buseck and

1502 Beyssac (2014).

1503

1504 Table 3-4. Calibration curves constructed in the literature that have been used for metamorphic rocks.

Deconvolution Laser Raman Calibration Temperature Reference
(number of bands) wavelength  parameters  equation T(°C) = range (°C)
(nm) [error]
G,D1,D2,D3(4) 5145 R2 -445 * R2+641 330-640 Beyssac et al.
(2002)
G,D1,D2,D3(4) 532.2 RlandR2 737.3 + 3209 * 100-700 Rahl et al. (2005)
Nd-YAG R1 -1067 * R2 -
80.638 * R1? [+ 50]
G,D1,D2,D3(4) 532.2 R2 -(457+53) * R2+ 350-550 Rantitsch et al.
Nd-YAG (648+25) (2004)
G,D1,D2,D3(4) 514.5 R2 221 *R22-637.1 340-655 Aoya et al. (2010)
*R2+672.3
[+ 30]
G,D1,D2,D3(4) 532 R2 91.4 * R2%2 - 340-655 Aoya et al. (2010)
556.3 * R2 +
676.3 [+ 30]
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G, D1, D2, D3, 514argon RA1l NA 200-320 Lahfid et al. (2010)
D4 (5)
G, D1, D2, D3, 514argon RA2 NA 200-320 Lahfid et al. (2010)
D4 (5)
Multiple fitting 532 D1-FHWM -2.15 * (D1- 150-400 Kouketsu et al.
methods. See Nd-YAG FWHM) + 478 (2014)
Kouketsu et al. [+ 30]
(2014)
Multiple fitting 532 D2-FWHM -6.78 * (D2- 150-400 Kouketsu et al.
methods. See Nd-YAG FHWM) + 535 (2014)
Kouketsu et al. [+ 50]
(2014)
1505 Na — no available information given in the paper.
1506
R Kl
50 250
E 40 wv 4
E 2 240 ‘
‘b 30
2 230
G-FWHM
104 220 4
250 100 200 300 400 500 600 700 1609 100 200 3(1(:“9:‘2(;5_;3‘2)9“2?50 700
v ¢ o :xz‘j'é;gm' 140 | D1 or D-FWHM values c. 200-300 cm ’
: [ Aoyaetal.(2010) 120
15 * : z 100
g e/t = g w
= 4 — - 1
% 0.5 M - 8 w0
g a1 2
I 0+ 20 +
% 30 0 200 0.9 0 50 600 700
s € 08 2 ¢
e 20 / 06 <;§ 3
Sos i g % . g5 £
8 4 03 *§§[
0.5 02 :§
o | PWG 0-; Rz 3¢
04660 100 200 IA90 200 300 400
0.64 9 1.8
062 7
20460 ~ 1.6
& 058 s
1.4
0.56 A Lahfid etal. (2010) 13
0.54 1.2
0.52 RA1 — 1.1 —
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
1507 Temperature (°C)

1508 Figure 3.7. Raman parameter vs. temperature calibration curves constructed for metamorphic studies.
1509 The general trends for metamorphism and catagenesis—metagenesis are shown. The OM crystallinity
1510  gradeis derived from Kouketsu et al. (2014). (a) G-FWHM. (b) RBS. (c) R1. (d) D1-FWHM. (e) D14/Ga. (f)
1511  R2.(g) RAL. (h) RA2. Data sources listed in key.
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Temperature (°C)

Figure 3.8. Calibration data and best fit-surface to determine metamorphic temperature from the R1

and R2 Raman parameters of OM. Adapted from Rahl et al. (2005).

3.5.3 Frictional heating along fault zones

Determining the maximum temperature reached during frictional heating along fault
planes can provide important information on the amount of total seismic energy
released, shear stress, slip distance and the mechanochemistry (Kitamura et al., 2012;
Kaneki et al. 2016; Kaneki and Hirono, 2018, 2019). Understanding the maximum
temperature along a fault plane can also help predict potential future risks, as the
formation of graphite will lead to the lubrication of faults, similar to clays, and magnify
the movement along the fault (Oohashi et al., 2011; Kaneki and Hirono, 2018; Kuo et
al., 2018).

Measuring the maximum temperature reached on fault planes has typically been
performed using vitrinite reflectance (Furuichi et al., 2015; Kaneki et al., 2018).
However, Kitamura et al. (2012) argued that VR cannot accurately estimate maximum
temperature in a fault zone, as the mechanochemical effects that are associated with
faulting lead to the overestimation of %VR, maturity. By contrast, Nakamura et al.
(2015) proposed that shearing during faulting leads to interlayer delamination and
pulverization of OM, increasing edge plane defects and therefore lowering the

crystallinity of OM, leading to an underestimation of maturity. On the other hand, it
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has been suggested that Raman spectroscopy may provide information on both the
maximum temperature reached and the deformation processes, unlike vitrinite
reflectance (Nakamura et al., 2015; Kaneki et al., 2016; Kaneki and Hirono, 2018; Kuo

et al., 2018).

Raman spectroscopy has been used in multiple studies in order to measure the
maturity of OM in fault zones and there is clear evidence that the Raman spectra in
pseudotachylytes, cataclasites and host rocks are different (Furuichi et al., 2015;
Nakamura et al., 2015; Kaneki et al., 2016; Liu et al., 2016; Ito et al., 2017; Kouketsu
et al., 2017; Kuo et al., 2017, 2018; Kaneki and Hirono, 2018; Mukoyoshi et al., 2018).
The calibration curves constructed to estimate the thermal maturity of burial and
contact metamorphism cannot be applied here, as there are other important factors
that must be taken into consideration, such as: heating rates; duration of heating; slip
rate; shearing; repeated heating episodes; and hydrothermal fluids. Different
laboratory experiments have been performed in order to understand some of these
effects, however it is very hard to replicate natural conditions in the laboratory and
create reliable calibration curves (Hirono et al., 2015; Kaneki et al., 2016; Kaneki and

Hirono, 2018; Mukoyoshi et al., 2018; Nakamura et al., 2019).

The D1a/Ga and R1 parameters are most commonly used to estimate frictional heating
in fault zones. Figure 3.9 shows how the D1a/Ga and R1 parameters evolve with
increasing frictional heating. D1a/Ga values remain relatively constant at <300 °C
although some authors have shown that they decrease slightly (Kaneki et al., 2016;
Mukoyoshi et al., 2018), then begin to increase up to 1000 C (Fig. 3.9a). Beyond 1000
°C, D1a/Ga values begin to decrease. This is a similar trend to that observed during
diagenesis—metagenesis and metamorphism (Fig. 3.7e), albeit at substantially
different temperatures. The R1 ratio remains constant at <c. 700 2C and then begins
to increase (Fig. 3.9b). However, unlike diagenesis—metagenesis and metamorphism,
the ratio continues to increase to 1300 2C. It could be that the R1 ratio will decrease

at higher temperatures.

Hirono et al. (2015) demonstrated that shearing at <250 2C does not influence the R1

ratio. Kaneki et al. (2018) confirmed that shearing does not impact the R1 parameter
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at lower temperatures (<700 2C), but they showed that at elevated temperatures >700
9C, increased shearing pressures progressively increases the R1 ratio, as the increasing
temperature allowed the formation of graphite that encourages even more shearing.
This suggests two things: (1) Hirono et al.’s (2015) shearing experiment did not reach
high enough temperatures to promote graphitization and encourage slippage; and (2)
the formation of graphite promotes shearing that leads to increased interlayer
delamination and pulverization, that has a direct impact on the R1 ratio. Therefore,
the R1 parameter may potential be used to determine deformation processes, such
as shearing pressures. Results from Kuo et al. (2018) demonstrated that for natural
samples, the R1 ratio decreases in the gouge zones, in comparison with the less
deformed brecciated zones, which is in disagreement with the experimental results of
Kaneki et al. (2018). They also showed that the G-band position red-shifts with
increasing strain during faulting. Kuo et al. (2018) also determined the ratio of the D1-
and G-FWHM, and demonstrated that the D1-FWHM decreases with respect to the G-

FWHM, with increasing frictional heating.

Hirono et al.”’s (2015) heating experiments showed that the environmental conditions
may potential lead to different types of reactions affecting the Raman parameters, as
the D1a/Ga and R1 values for samples heated in air vs. argon were slightly different
(Fig. 3.9). Kaneki and Hirono (2018) demonstrated that faster heating rates in the
laboratory delayed the thermal alteration reactions of OM (Fig. 3.9) and proposed that

such delays may also be present in fault rocks.

The laboratory experiments performed by Kaneki and Hirono (2019), demonstrated
that with increasing maturity the carbonaceous matter weakens and has lower peak
friction coefficients, hence promoting slippage. Interestingly, they observed that
shearing increases the maturity for low to intermediate maturity carbonaceous
matter, whereas shearing decreases the maturity of high-maturity carbonaceous
matter. This further highlights the complexity of using Raman as maturity tool in fault

Zones.
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Overall, the study of OM in fault zones using Raman spectroscopy is still in its infancy,
and only the D1a/Ga and R1 parameters have been widely used in the literature. It is
recommended that Raman parameters that are not derived from complex
deconvolution methods should be tested, in order to minimise bias, similar to the
approaches adopted by Liinsdorf and Linsdorf (2016), Henry et al. (2018, 2019) and
Schito and Corrado (2018). Studying graphite in fault zones has an inherent risk, as the
carbon needed for graphite formation can originate directly from sedimentary organic
matter or from non-organic carbon precipitated from carbon-rich fluids (CO2 and CHg;
Cao and Neubauer, 2019 and references therein), hence why it is often referred to as
‘carbonaceous materials’ (CM) in fault zone studies. Unlike vitrinite reflectance,
Raman spectroscopy may be able to differentiate between the different origins by
using methods that have been previously applied by Wilkins et al. (2015) and Schito
et al. (2019) to determine different types of OM. Another limitation in determining
the frictional heating of OM in fault zones is that structural ordering may also be
induced by the increased pressures and shearing during the physical movement of
faults, which has been shown to alter the Raman spectrum (Huang et al., 2010; Kaneki

et al., 2018; Kouketsu et al., 2019b).
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Figure 3.9. Trends of Raman parameters with increasing temperature due to frictional heating of OM

along fault planes. (a) D1a/Ga. (b) R1. Data sources in the key.

3.6 Developing a standardised approach

3.6.1 Deconvolution

Deconvolution allows the operator to fit multiple functions to the Raman spectrum
that represent different modes of vibration and to assess a suite of derived
parameters (Beyssac et al., 2002; Wilkins et al., 2014; Sauerer et al., 2017; Schito and
Corrado, 2018). Deconvolution is typically performed in the first-order region;
however, several studies have also performed it in the second-order region (Beyssac
et al., 2002; Rantitsch et al., 2004; Zeng and Wu, 2007; Childress and Jacobsen, 2017).
The number of functions fitted when performing deconvolution in the first-order
region is extremely variable, ranging from 2—-10 functions (Table 3.5). This lack of

consistency between authors makes it near impossible to compare results and biases.

We recommend that simplicity and consistency is key for the wider utilization of
Raman spectroscopy as a geothermometer. However, performing a simple 2-band
deconvolution of only the D1- and G-band (Kaneki et al.,, 2016; Liu et al., 2016;
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Mukoyoshi et al., 2018; Pan et al., 2019) generates a poor fit with the raw spectra,
especially for amorphous OM. Performing complex deconvolution methods with
several fitted bands can also be highly subjective and create considerable bias,
especially for low-maturity OM (Hinrichs et al., 2014; Linsdorf et al., 2014; Lupoi et
al.,, 2017; Henry et al., 2018). Some authors have performed several different types of
deconvolution depending on how mature the OM is (Kouketsu et al., 2014; Ulyanova
et al., 2014; Delchini et al., 2016; Schito et al., 2017); this requires visual identification
of the spectra or prior knowledge regarding the burial of the samples. Nevertheless,
the use of multiple deconvolution methods for different maturities is essential
because with progressive maturation, individual disordered bands will begin to
disappear and must be excluded from the deconvolution (Kouketsu et al., 2014;

Delchini et al., 2016; Linsdorf et al., 2017; Schito et al., 2017).

A major talking point is whether to fit the D2-band or not, in the G-band region.
Kouketsu et al. (2014) claimed that the G-band is absent for low crystallinity OM (<165
+35 °C), and that the region at c.1600 cm™ is composed solely of the D2-band. Only
for higher crystallinity samples did they begin to fit the G-band. Several authors have
highlighted the difficulty in fitting the D2-band for low maturity/poorly ordered OM
(Beyssac et al., 2002; Brolly et al., 2016; Henry et al., 2018). Henry et al. (2018) avoided
fitting the D2-band as there is no logical way in determining how the D2 or G-functions
should fit. We continue with this school of thought and recommend that if

deconvolution is performed, the D2-band should not be fitted, unless it is visible.

Several authors have set constraints when performing deconvolution (Kouketsu et al.,
2014; Linsdorf and Lunsdorf, 2016; Ito et al., 2017). Assigning constraints to peak
widths, positions and heights is not advisable, as it forces the deconvolution outcome
to work around the conditions that have been set, which may not be representative
of the true nature of the Raman spectrum. On the other hand, it is understood that
assigning constraints limits the number of potential deconvolution outcomes for a
spectrum. Schopf et al. (2005) considered the best deconvolution outcome to have
the best statistical fit with the original spectrum. Although statistical fit is important,

operators should not fall into the trap that “if | have a good statistical fit, | have a
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realistically fitted spectrum”, as Henry et al. (2018) demonstrated that functions fitted
with unrealistic positions, widths and heights can nonetheless yield good statistical
fits. It is therefore recommended that if deconvolution is performed, visual analysis of
the spectrum should also be performed in order to quality check the position, widths

and heights of the fitted functions.

When performing deconvolution, Linsdorf et al. (2017) determined three sources of
bias: (1) operator bias; (2) sample heterogeneity bias; (3) different analytical
conditions. They proposed that performing an automated method will rule out the
operator bias. Several authors have developed an automated deconvolution method
in order to determine maturity parameters from individual Raman bands (Linsdorf
and Linsdorf, 2016; Bonoldi et al., 2016; Schito and Corrado, 2018). Liinsdorf et al.

(2017) developed a robust open source software (http://www.sediment.uni-

goettingen.de/download/) that automatically performs random curve fitting in an

iterative approach in order to determine the optimum baseline correction, which
avoids operator bias. Although deconvolution is performed during the iterative curve
fitting steps, the individual bands are not used; it is only used to determine the
optimum smoothed, baseline corrected spectrum, where the D_STA and G_STA
parameters are calculated. This method has proved to be very successful and the
parameters have a good relationship with VR. Linsdorf et al.’s (2017) method tackles
a very important issue, as the baseline correction can introduce substantial bias, the
method also avoids using individual bands and uses the area ratios of the whole

smooth, baseline corrected spectrum.

Henry et al. (2018) also used a smooth baseline corrected spectrum, however here
the baseline is calculated using predefined control points and the accuracy of the
baseline correction is determined by performing a visual inspection. This can create
unnecessary bias in spectra with a non-linear fluorescence background. In order to
avoid bias, Henry et al. (2018) rejected all spectra with substantial fluorescence. Schito
and Corrado (2018) also developed a novel approach, where a linear baseline
subtraction occurs at the shoulder points of the D1- and G-bands, and then after the

baseline correction is performed, each band is fitted with a Gaussian fit separately.
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This method again tries to minimise the bias associated with the baseline correction,

similar to Linsdorf et al. (2017), but takes a different approach.

A major barrier for the wider utilisation of Raman spectroscopy as a geothermometer,
is to decide whether to perform deconvolution or not, as there are many different
approaches and it is confusing for a new operator to determine which method to use.
In order to encourage the wider use of the technique, Raman spectroscopy needs to
be standardized. This review acknowledges that deconvolution has been extremely
popular, but it is not an exact science for poorly ordered amorphous OM. Recent
papers (Linsdorf et al., 2017; Henry et al. 2018, 2019; Schito and Corrado, 2018; Mi
et al., 2019) have now demonstrated that complex, ambiguous deconvolution
methods of several bands are not needed, and that reliable results can be achieved
otherwise. Liinsdorf et al. (2017) and Schito and Corrado (2018) have also developed
novel approaches to reduce the operator bias in baseline subtraction. We believe that
there is no need to perform deconvolution if several Raman parameters (e.g. RBS, G-
FWHM, SI, R1, SSA) can be derived from an un-deconvolved spectrum that can track
the thermal evolution of OM. This will allow for a more practical and faster analysis

with less bias.

Table 3-5. Variety of deconvolution methods for the first order region in the literature.

Bands (total bands) References Notes
No deconvolution Spotl et al (1998); Jehlicka and Beny (1999);

Inan et al. (2016); Henry et al. (2018); Kaneki

and Hirono (2019).

G, D1(2) Bény-Bassez and Rouzaud (1985); Kelemen
and Fang (2001); Quirico et al. (2005); Bonal
et al. (2007); Zeng and Wu (2007); Liu et al.
(2013); Hinrichs et al. (2014); Wilkins et al.
(2014); Kaneki et al. (2016); Liu et al. (2016);
Schmidt et al. (2017); Kaneki and Hirono
(2018); Mukoyoshi et al. (2018)

G, D1, D2 (3) Court et al. (2007); Endo et al. (2012);
Delchini et al. (2016); Kouketsu et al. (2019).

G, D1, D3, D4 (4) Allwood et al. (2006); Eichmann et al. (2018);
Nakamura et al. (2019).
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G, D1, D2, D3 (4) Beyssac et al. (2002, 2003, 2019); Rantitsch et
al. (2004); Marques et al. (2009); Aoya et al.
(2010); Huang et al. (2010); Schiffbauer et al.
(2012); Zhou et al. (2014); Nakamura et al.
(2015); Chim et al. (2018)

G,D1,D2,D4(4)  Jubbetal. (2018)
D1, D2, D3, D4 (4) Ito et al. (2017); Kouketsu et al. (2017)

G, D1, D2, D3, D4 Lahfid et al. (2010); Kouketsu et al. (2014);

(5) Bernard et al. (2015); Delarue et al. (2016);
Delchini et al. (2016); Chen et al. (2017);
Chesire et al. (2017); Childress and Jacobsen
(2017); Kouketsu et al. (2017); Nakamura et
al. (2017); Sauerer et al. (2017); Baludikay et
al. (2018); Golubev et al. (2019); Song et al.
(2019)

G, D1, D2, D3, D4, Romero-Sarmiento et al. (2014)

D5 (6)
G+D2, D3 (x2), D4, Ferralis et al. (2016) Ferralis et al. (2016)
D5 interpreted two separate D3

bands (c. 1400 cm™ and c.
1500 cm™) when performing
deconvolution.

G, D, +4bands (6) Guedes et al. (2010)

G,Gl, Dr,D, DI, S Schito et al. (2017)

8 band Schopf et al. (2005)

G, G, Gg, VI, Vg, D, Lietal. (2006);Li (2007); Guedes et al. (2012); Descriptions of what each

S, S, Sr, R (10) Zhang and Li (2019) band signifies is given in Li
(2006)

G, D2, D3, D, SI, S Bonoldi et al. (2016)
(6)

1707 FWHM — Full Width at Half Maximum. au — arbitrary units

1708

1709 3.6.2 Sample type

1710 Several different sample types have been tested using Raman spectroscopy to analyse
1711  OM: polished rock cut-surfaces and thin-sections (Beyssac et al., 2003; Rahl et al.,
1712  2005; Allwood et al., 2006; Quirico et al., 2011; Mathew et al., 2013; Hinrichs et al.,
1713  2014; Wilkins et al., 2014; Henry et al., 2018), strew slides (Schmidt et al., 2017;
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Baludikay et al., 2018; Henry et al.,, 2018; Khatibi et al., 2018a) and rock chips
(Muirhead et al., 2016; Sauerer et al., 2017; Henry et al., 2019).

It is widely acknowledged that polishing OM can alter the Raman spectrum (Beyssac
et al., 2003; Ammar and Rouzaud, 2012; Liinsdorf, 2016; Henry et al., 2018). Results
from Ammar and Rouzaud (2012), Lunsdorf (2016) and Henry et al. (2018) showed
that polishing increases the relative height and blue-shifted the D1/D-band region.
This has been attributed to the interlayer delamination of the carbon structures
leading to the buckling of graphene layers (Ammar and Rouzaud, 2012; Linsdorf,
2016), similar to that observed during frictional heating, as described by Nakamura et

al. (2015).

Ammar and Rouzaud (2012) and Henry et al. (2018) demonstrated that after polishing
OM with a 1 um diamond and 0.04 um colloidal silica slurry respectively, the D1-band
region increases in height (increasing the R1 ratio), but the G-FWHM is invariable,
suggesting that the G-FWHM parameter has the potential to be used on polished
sections. This is valuable information, as polishing a sample may be the only way to
locate rare dispersed OM in a rock, and knowing which Raman parameters may or
may not be impacted by polishing is essential. Henry et al. (2018) further
demonstrated that the change in the D1-band height is not systematic, so it cannot be
assumed that polishing impacts all the OM components in a sample to the same
degree. This challenges the assumption by Jubb et al. (2018) that polishing impacts all
the OM structure by the same amount in a single sample. Linsdorf et al. (2016)
showed that polishing using a slurry with a grain size of P2500 to 1 um does not alter
the STA, R1 and position of the G-band; however, using a finer grain slurry of 0.05 um
does alters these parameters. Their results indicated that the D1-band decreases in
height with polishing, which is the opposite of the results obtained by Ammar and
Rouzaud (2012) and Henry et al. (2018) which showed increased values. Liinsdorf
(2016) also demonstrated that after polishing the G-band position tends to red-shift
for lower maturity samples (c. < 3.0 %VR,) and blue-shift for high maturity samples (>
4.0 %VRo). The red-shift of the G-band after polishing for low-maturity samples was
not observed by Henry et al. (2018). Ammar and Rouzaud (2012), Linsdorf (2016) and

Henry et al. (2018) targeted polished OM; however, authors who have studied
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polished thin sections have avoided analysing polished OM, by targeting OM that lies
beneath the surface of transparent minerals (Pasteris, 1989; Beyssac et al., 2002; Aoya
et al., 2010; Ammar and Rouzaud, 2012; Mathew et al., 2013; Kouketsu et al., 2014;
Barzoi, 2015; Mészaros et al., 2019).

Analysis of OM in strew slides has been performed by Schmidt et al. (2017) and Henry
etal. (2018) by isolating the OM from the rock using hydrofluoric (HF) and hydrochloric
(HCI) acids. Both groups recognised the potential of performing palynofacies and
multiple thermal alteration studies (e.g. thermal alteration indices, spore colouration
index) contemporaneously, along with the Raman analysis. Performing Raman
analysis on strew slides is also extremely useful if a rock is lean in OM and locating OM
particles via polished sections or in rock-chips proves to be challenging. Schmidt et al.
(2017) compared the results derived from translucent, degraded, opaque and
bitumen particles, and showed translucent phytoclasts to be the most reliable. Henry
et al. (2018) confirmed that opaque phytoclasts should be avoided, but that the
Raman parameter results were similar for amorphous organic matter (AOM) and
translucent phytoclasts; however, it should be noted that their study was performed
on samples with similar low maturity. Linsdorf et al. (2014) demonstrated another
advantage of using strew strides, as treating samples with hydrofluoric (HF) acid
lowered the standard deviation for both the RA1 and RA2 parameters; the reason for
this was believed to be that the HF removed functional groups or clays, which led to a

reduction in the background fluorescence.

It is important to prepare strew slides in a consistent manner and to then store them
in a desiccator; however, for long term storage it may be best practice to store them
in an inert atmosphere to avoid hydration and oxidation reactions. Schopf et al. (2005)
showed that when the same isolated OM particle was dehydrated and hydrated, the
G-FWHM values varied by 18 cm™, which would give significantly different and
potentially misleading maturity results. Quirico et al. (2005) highlighted that moisture
in the OM can lead to photo-oxidation of the OM which increases the fluorescence.
To avoid the fluorescence caused by moisture, Lupoi et al. (2018) dehydrated their
samples at 110 ‘C overnight in an oven prior to Raman analysis. This is inadvisable, as

heating a sample at >60 'C can artificially thermally alter the OM. When preparing
81



1776
1777
1778
1779
1780
1781

1782
1783
1784
1785
1786
1787
1788
1789

1790
1791
1792
1793
1794
1795
1796
1797
1798
1799

1800
1801
1802
1803
1804
1805

CHAPTER 3. Earth-Sci. Rev. 198 (2019) doi: 10.1016/j.earscirev.2019.102936

strew slides for Raman analysis, we propose that the strew slides should be left to
either air dry or oven dry at temperatures <60 °C for up to 24 hours, in order to remove
the moisture, and then kept in a desiccator or, if stored for a longer period of time,
sealed in an inert atmosphere. Sealing the samples without firstly drying them can
lead to continuing oxidation, as the moisture will not have been removed and will

persist in the OM (Quirico et al., 2005).

Sauerer etal. (2017), Henry et al. (2019) and Goryl et al. (2019) demonstrated that the
Raman analysis of OM in unprepared rock-chips can be rapid, cheap and reliable;
however, it may be difficult to locate OM particles under the microscope, especially
for rocks lean in OM. The operator also needs to be careful that adjacent minerals do
not produce significant fluorescence, which can obscure the OM Raman bands.
Nevertheless, using rock-chips allows Raman spectroscopy to be used on-site, as no
sample preparation is needed. However, this approach will work best on coal samples,

rather than rocks with dispersed OM.

Brolly et al. (2016) showed that oxidation of rocks can dramatically impact the
spectrum of OM, as haematite has a strong Raman band at c¢. 1300 cm™, which merges
with the D-band region for OM. The presence of haematite will impact the D-band
region by shifting the band to lower wavenumbers, reducing the width and increasing
the height with respect to the G-band. The G-band is affected, as haematite increases
the G-FWHM and blue-shifts the position. Haematite also drastically increases the
noise of a Raman spectrum of OM. However, Brolly et al. (2016) showed that treating
oxidised samples with HF will remove the interfering haematite signal, as well as
removing fluorescence caused by clay minerals (Villanueva et al., 2008; Linsdorf et

al., 2014).

Wopenka and Pasteris (1993) expressed caution regarding the effects of the
orientation of OM with respect to the incident laser, as it might potential lead to bias
in the results. This is a common phenomenon when performing vitrinite reflectance
and is known as bi-reflectance (Hartkopf-Froder et al., 2015). Aoya et al. (2010) tested
this by analysing thin sections that were cut perpendicular and parallel to bedding and

demonstrated that the orientation of the elongated OM grains has an insignificant
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effect when using the R2 Raman parameter for metamorphic rocks in the temperature
range 300-650 °C. However, Liinsdorf et al. (2014) revealed that for highly crystalline
samples, the structural orientation of the OM with respect to the laser can impact the
R1 and R2 ratio. Kouketsu et al. (2014) also noted that the orientation of high
crystallinity samples could potentially have a dramatic effect on the Raman spectrum;
however, they demonstrated that this effect is negligible for low-temperature/low-
crystallinity samples. Tunistra and Koenig (1970) expressed concern about intra-grain
heterogeneity, and showed that the Raman spectra close to grain boundaries were
different when compared to the spectra acquired from the internal body of the OM.
Aoya et al. (2010) therefore proposed that at least 50 measurements should be
performed in order to capture this heterogeneity and get reliable average results; this

was further highlighted by Linsdorf et al. (2014).

Kelemen and Fang (2001), Bonoldi et al. (2016) and Schito et al. (2018) showed that
the thermal evolution of different kerogen types (I, Il and Ill) follow similar trends.
Raman spectroscopy has also been performed successfully on different OM
components, including bitumen (Liu et al.,, 2013; Hackley and Linsdorf, 2018),
graptolites (Inan et al., 2016; Mumm and Inan, 2016), chitinozoans (Roberts et al.,
1995) and agglutinated foraminifera (McNeil et al.,, 2016). Mori et al. (2017)
demonstrated that Raman parameters derived from OM in limestones, sandstones
and mudstones are similar, indicating that lithology does not affect the Raman
spectrum. This suggests that Raman measurements may not be impacted by

suppression, unlike vitrinite reflectance.

3.6.3 Laser Raman setup

It is accepted that different laser wavelengths impact the Raman D-band region of OM
(Vidano et al., 1981; Ferrari and Robertson, 2001; Starkey et al., 2013; Sauerer et al.,
2017; Henry et al., 2018; Jubb et al., 2018). There is a progressive red-shift of the
position of the D-band region with increasing excitation wavelength and vice-versa,
whereas the position of the G-band remains unaffected (Vidano et al., 1981; Kouketsu
et al., 2014; Jubb et al., 2018). Aoya et al. (2010) compared the R2 parameter values

from a 514.5 nm and a 532 nm laser and demonstrated that the 532 nm laser had
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systematically slightly larger R2 values. Starkey et al. (2013) demonstrated that
increasing the laser wavelength from 473 nm to 632 nm, increases the D1-FWHM,
whereas the G-FWHM have very similar values using a 473 and 514 nm system and
only increases greatly when using a laser wavelength >632 nm. They also showed that
the D1-band position blue-shifts and that the G-band position unpredictably changes
with increasing laser wavelength. Visual inspection of the spectra in Starkey et al.
(2013), suggests that the G-band height decreases with respect to the D1-band height
with increasing wavelength, which has also been demonstrated by Liinsdorf and
Linsdorf (2016). D1-FWHM and G-FWHM results obtained by Kouketsu et al. (2014)
showed little difference between the 514.5 nm and 633 nm lasers, whereas the D1-
band position and R1 ratio were affected; however, they did not show any data that
describes how these parameters are affected. Linsdorf et al. (2017) demonstrated
that the D_STA and G_STA parameters follow the same path with increasing maturity

when using either a 488 nm or a 532 nm laser.

Current evidence suggests that the G-FWHM parameter may have good comparability
between laboratories using different laser wavelengths and any differences will be
related mostly to operator bias. By contrast, D1-FWHM, RBS and R1 values will be
impacted by both the choice of laser wavelength and operator bias. Increasing the
laser wavelength will also increase fluorescence and drastically reduce the quality of
the Raman spectrum (Quirico et al., 2005; Linsdorf and Linsdorf, 2016; Henry et al.,
2018; Goryl et al., 2019). It is therefore recommended to use a laser wavelength <532

nm, especially for low-maturity samples.

An interlaboratory experiment consisting of three laboratories was performed by
Linsdorf et al. (2014), who showed that the R1 and R2 results can be significantly
different, even if the same laser wavelength is used. The disparity in the results may
be attributed to other factors such as different gratings and CCD cameras, intra-
sample heterogeneity and most importantly, operator bias. Further comparisons
between different Raman spectroscopy setups will be essential to see whether
laboratories can use the same calibration curves or not, and to determine which

setups inherently generate the least bias.
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Henry et al. (2018) demonstrated that in-situ burning of OM occurs when using a laser
power >1 mW and this causes increased fluorescence in the Raman spectrum, as well
as blue-shifting the G-band position and increasing the G-FWHM. Whereas the D-band
region, other than being affected by fluorescence, remains invariable. This has
subsequently also been shown by Nakamura et al. (2019). It is therefore advised that
low laser powers are used (c. 0.02 mW) and inspection before and after the analysis
should be performed to determine whether any damage has occurred (Henry et al.,

2018).
3.6.4 Calibration

Raman studies on OM to date have been performed in a large number of laboratories
world-wide by teams of researchers using different instrumentation and working on a
variety of sample materials. The analytical precision of the data obtained may be
readily determined by a laboratory, but the accuracy and transferability of results
remain largely untested. There is a need for a suite of reference samples of known
maturity, so that laboratories can perform in-house calibrations with a sub-sample set
and then test the accuracy and precision of the calibration curve on another sub-
sample set (Lunsdorf et al., 2017). This will make the comparison of vitrinite
reflectance and temperature values more reliable between laboratories and allow to
better assess and quantify the bias associated with different experimental set-ups,
sample preparation and operator bias. Liinsdorf et al. (2017) have pioneered this work
and compiled a set of 25 reference samples from the central and western Alps that
covers the temperature range of ¢.160-600 ‘C, which are available upon request from

the first author.

Vitrinite reflectance calibration is performed by analysing the reflectance of standards
composed of crystalline material such as spinel (0.4 %) and yttrium-aluminium-garnet
(YAG, 0.9 %). However, it is still unclear what the best sample type might be for the
calibration of Raman spectrometry; whether it should be OM that has been naturally
heated, or OM that has been artificially heated in the laboratory. The latter may
exhibit similar Raman parameters to samples that have been matured naturally

(Kelemen and Fang, 2001; Zhou et al., 2014; Bonoldi et al., 2016). However, Hackley
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and Lunsdorf (2018) and Khatibi et al. (2019) demonstrated that Raman parameters
derived from artificially heated OM do not follow the same trend as naturally matured
samples. Hackley and Lunsdorf (2018) showed that the G_STA and RBS Raman
parameters have higher values and the D/G values are lower for artificially heated
samples, demonstrating that the artificial samples do not follow the same maturation

pathway as natural samples.

In laboratory experiments by Huang et al. (2010), it was shown that under extremely
high pressure (1000—-6500 MPa), the D1-band red-shifts more than the G-band,
decreasing the RBS, and the G-FWHM visually decreases with increasing pressures,
suggesting that pressure is retarding the maturity values derived from these Raman
parameters. However, it must be noted that the pressures used in this study far
exceed pressures for sedimentary rocks and are only applicable to ultra-high-pressure
metamorphism. Du et al. (2014) also showed that different pyrolysis set-ups impact
the Raman parameters, suggesting that different environmental conditions can yield

variable Raman results.

These results demonstrate that: (1) calibration curves constructed using artificially
heated samples should be used with caution; (2) different pressures, heating rates and
heating length impact the Raman spectrum of OM. It is therefore encouraged that
further work on artificially heated samples with varying deformation styles, pressures
and heating rates should be performed, and the results compared to samples that
have been matured naturally. It must also be acknowledged that calibration curves
constructed using naturally matured samples may only be relevant to that geological

area.

3.7 Future

To progress Raman spectroscopy as a geothermometer we need to develop and follow
a standardized method and undertake interlaboratory comparison tests, like those
performed previously for VR (Hackley et al., 2015). It is recommended that a diverse
set of natural reference samples should be assembled and tested. We advise that

artificially heated samples should not be used to create calibration curves for
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diagenesis to metamorphism studies. However, we would encourage experiments to
test the effects of different heating rates, pressures and deformation styles, to get a
better appreciation of how different environments may impact the Raman spectrum.
This will be of particular value for the application of Raman analysis of OM to the

interpretation of processes occurring in fault zones.

Suitable reference samples should be: homogenous, with large quantities of material
available in order to create sub-sets for several laboratories; fully characterised using
a range of maturity proxies, including VR and Rock-Eval™ pyrolysis for diagenesis to
metagenesis, and include mineral assemblage and mineral chemistry data for
metamorphic studies. An interlaboratory test can then be devised. We recommended
that a workflow similar to that illustrated in Fig. 3.10 should be followed, in order to
compare and quantify the bias associated with different instrumental set-ups, sample

preparation and operators.

Selected laboratories should receive two suites of reference samples. One sample set
will be used for Raman calibration and the other to perform a blind test to assess the
accuracy of the calibration curves. Each calibration and blind test sample will be split
into three sub-samples that will undergo different sample preparations (polished
sections, strew slides and rock chips). Calibration curves will be constructed for each
sample type and a blind test performed on each of these. The blind test Raman
equivalent VR and temperature values will be compared with the prior measured VR
and temperatures values. The results will then be reviewed, and data obtained by
different laboratories, sample preparations, Raman instrumentation, and operators
will be analysed statistically to identify the elements most subject to bias, and to
determine the precision and accuracy of the results obtained using different

methodologies.
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1. Reference » 2.Sample » 3.Raman Analysis » 4. Build Calibration » 5. Raman Analysis » 6. Compare Blind Test
Samples Preparation Calibration Curves Blind Test With known VR or °C
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Figure 3.10. Example of a future inter-laboratory exercise to determine the bias associated with

different methods and different Raman set-ups.

The deployment of portable Raman instrumentation is also of future interest, as it has
the potential to allow operators to perform near real-time maturity analysis on a
drilling rig or out in the field when performing metamorphic and structural geology
studies. However, this approach has yet to be assessed and the technical feasibility
operating in an environment with constant vibration, such as a drilling rig, is
debatable. For field analysis, it will be necessary to attach a microscope with either a
live streaming camera or eyepiece, so that the operator can target OM particles.
Future studies will also need to assess the portable Raman suitability for the analysis
of coal and rocks that contain dispersed OM. For dispersed OM, it will be necessary to
design a portable Raman instrument with a small laser spot size, similar to the bench-
top Raman (c. 2 um). Having a means to target the OM and have a small laser spot size
will help the operator avoid analysing adjacent non-organic grains that can cause

fluorescence and obscure the OM Raman bands.

3.8 Conclusion

Raman spectroscopy offers a cheap, rapid, non-destructive and high-resolution
alternative maturity tool than can be used independently or in combination with more

conventional methods in order to: (1) reduce the risk in determining the maturity of
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source rocks during hydrocarbon exploration; (2) determine temperatures associated
with contact and / or regional metamorphism; (3) quantify the amount of frictional

heating and deformation that has occurred along fault zones.

The G-FWHM and RBS parameters are the most reliable Raman variables that can be
used to estimate the maturity of OM during diagenesis—metagenesis, whereas
multiple parameters, including the R1, R2, RA1, RA2 and D1-FWHM, have proved to
be robust for quantifying the temperatures reached by organic matter in metamorphic
rocks. Using integrated areas from the whole spectrum to derive Raman parameter
like SSA, D_STA and G_STA is also promising and as these have a wide temperatures
range. Raman studies of organic matter in fault zones are still in their infancy, but they
have great potential to determine not only maximum temperatures attained during

frictional heating, but also to shed light on deformation processes.

To promote the wider application of Raman spectroscopy, the terminology for the
Raman bands, and the definition and derivation of Raman parameters must be
standardized. A unified terminology is proposed here and this should be universally
adopted in the future. Raman reference materials are needed, so that inter-laboratory
tests can be performed to better determine which methodology, Raman parameters
and Raman instrumental set-ups introduce the least bias and generate the most

precise and accurate maturity data.
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Chapter 4 Assessing  low-maturity  organic

matter in shales using Raman spectroscopy:
Effects of sample preparation and operating

procedure

This chapter is from: Henry, D.G., Jarvis, |., Gillmore, G., Stephenson, M., Emmings,
J.F., 2018. Assessing low-maturity organic matter in shales using Raman spectroscopy:
Effects of sample preparation and operating procedure. International Journal of Coal

Geology, 191, 135 —-151.
4.1 Abstract

Laser Raman spectroscopy is used to assess the thermal maturity of organic matter in
sedimentary rocks, particularly organic-rich mudstones. However, discrepancies exist
between quantified Raman spectral parameters and maturity values obtained by
vitrinite reflectance. This has prevented the adoption of a standard protocol for the
determination of thermal maturity of organic matter (OM) by Raman spectroscopy.
We have examined the factors influencing the Raman spectra obtained from low-
maturity OM in potential shale gas reservoir rocks. The inconsistencies in Raman
results obtained are due to three main factors that are critically evaluated: (1)
different operational procedures, including experiment setup and spectral processing
methods; (2) different methods of sample preparation; (3) the analysis of diverse
types of OM. These factors are scrutinized to determine the sources of inconsistency
and potential bias in Raman results, and guidance is offered on the development of
robust and reproducible analytical protocols. We present two new Raman parameters
for un-deconvolved spectra named the DA1/GA ratio (area ratio of 1100-1400 cm’
1/1550-1650 cm™) and SSA (scaled spectrum area: sum of total area between 1100-

1700cm™) that offer potential maturity proxies. An automated spreadsheet procedure

90



2019
2020

2021

2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038

2039
2040
2041
2042
2043
2044
2045
2046
2047
2048

CHAPTER 4. Int. J. Coal Geol. 191 (2018), 135-151.

is presented that processes raw Raman spectra and calculates several of the most

commonly used Raman parameters, including the two new variables.

4.2 Introduction

Laser Raman spectroscopy is being increasingly used to assess the thermal
maturity of organic matter (OM) in sedimentary rocks (Pasteris and Wopenka,
1991; Spotl et al., 1998; Kelemen and Fang, 2001; Beyssac et al., 2002; Jehlicka
et al., 2003; Marshall et al., 2005; Quirico et al., 2005; Rahl et al., 2005; Schopf
et al., 2005; Zeng and Wu, 2007; Guedes et al., 2010; Liu et al., 2012; Muirhead
et al., 2012, 2016; Aoya et al., 2014; Kouketsu et al., 2014; McNeil et al., 2015;
Bonoldi et al., 2016; Deldicque et al., 2016; Ferralis et al., 2016; Linsdorf, 2016;
Linsdorf et al., 2017; Lupoi et al., 2017; Sauerer et al., 2017; Schito et al., 2017).
The novelty of Raman spectroscopy is that it is a non-destructive method that
allows for rapid data acquisition with fast and easy interpretation, combining
both optical microscopy and vibrational spectroscopy. Laser Raman has the
ability to be used alongside other petrological parameters in order to reduce
risk, as well as being applied where other maturity indicators such as vitrinite
reflectance (VR), spore colouration index (SCI), fluorescence spectroscopy and
Rock-Eval pyrolysis (Tmax) fail to provide reliable results. It can also be used as a
cheap and rapid means to screen samples before conducting more expensive

and time-consuming destructive analyses.

The Raman spectrum of OM consists of two broad bands; the G band (~1600
cm?), known as the graphite band, and the D band (~1350 cm™), known as the
disordered band (Fig. 4.1a). Deconvolution can further divide the spectrum into
several disordered bands (Fig. 4.1b; e.g. D1, D2, D3, D4, D5). However, the
number of disordered bands that are separated using deconvolution is
controversial, and authors have used a combination of different bands to define
laser Raman parameters that can be applied in maturity studies (Spotl et al.,
1998; Beyssac et al., 2002; Schopf et al., 2005; Li et al., 2006; Guedes et al.,
2010; Lahfid et al., 2010; Liu et al., 2012; Hinrichs et al., 2014; Wilkins et al.,
2014; Linsdorf et al. 2017).
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Figure 4.1. Raman spectral characteristics. (a) Un-deconvolved organic matter spectrum (b) Common
six band deconvolution outcome for an organic matter spectrum. D = disordered bands (1, 2, 3, 4, 5); G

= graphitic band; S = saddle.

The G band corresponds to an ideal graphitic structure, whereas the D bands
are associated with chemical and structural defects in the crystal lattice. As
temperature increases, the chemical defects are expelled from the crystal
lattice and the remaining carbon undergoes reorganization into a more ordered
carbon structure, until it reaches the metamorphism stage where the carbon
residue transforms into perfectly ordered graphite (Buseck and Beyssac, 2014).
Laser Raman analyses the chemical structure of OM, and in theory, should be
able to track the thermal evolution of OM. The current study aims to assess the
application of laser Raman to characterise OM maturity in the lower
temperature oil- and gas-generation stages of catagenesis (50°—150°C). An
improved analytical method has great potential to be used in the evaluation of
shale gas plays, as well as being applied to the wider analysis of petroleum

basins.

Some of the most commonly used parameters to track thermal maturity are
summarized in Table 4.1, which include the heights, widths, areas and positions
of the disordered and graphitic (ordered) bands. It should be noted that there

is some ambiguity with the terms RA1 and RA2: Chen et al. (2017) used different
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equations to calculate these parameters compared to variables of the same

name reported previously by Lahfid et al. (2010).

Inconsistent quantified Raman parameter values and maturity values obtained
by VR are apparent in the literature (Kelemen and Fang, 2001; Quirico et al.,
2005; Guedes et al., 2010; Lahfid et al., 2010; Liu et al., 2013; Wilkins et al.,
2014). In this study three factors are examined as likely sources for this
inconsistency: (1) different operational procedures employed, including
experiment setup and spectral processing methods; (2) different methods of
sample preparation; (3) analysis of diverse types of OM and intra-particle
variability. These three factors have also been discussed by Linsdorf et al.

(2014).

(1) Operational procedures may be divided into two categories: (a)

experimental setup; (b) spectral processing methods.

(a) The laser wavelength, laser power, accumulation time and number of
accumulations employed by different authors are highly variable
(Appendix A). Here, we will assess the optimum experimental setup that
considers the speed of analysis, damage to the sample, and the signal to

noise ratio.

(b) Typically, processing the Raman spectra include smoothing, a linear
or non-linear baseline correction, followed by deconvolution of two
(Hinrichs et al., 2014; Wilkins et al., 2014; Schimdt et al., 2017), three
(Court et al., 2007), four (Beyssac et al., 2002; Aoya et al., 2005; Rahl
et al., 2005), five (Lahfid et al., 2010; Chen et al., 2017; Sauerer et al.,
2017) or six or more bands (Schopf et al., 2005; Li et al., 2006; Guedes
et al., 2010; Bonoldi et al., 2016; Ferralis et al., 2016; Schito et al.,
2017) (Appendix A). Deconvolution enables the operator to assess a
suite of Raman parameters (Table 4.1) for individual bands. Several
common deconvolution methods will be tested against the

automated method developed in this study, which does not perform
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2101 deconvolution, in order to acquire Raman parameters. The method
2102 and Raman parameters will be compared.

2103 (2) A comparison of different sample types from several rock samples will
2104 be assessed to determine if there is a difference in Raman spectral
2105 parameters. Previous studies have analysed polished blocks of isolated
2106 OM (Pasteris and Wopenka, 1991; Beyssac et al., 2003; Nestler et al.,
2107 2003; Rahl et al., 2005; Allwood et al., 2006; Marques et al., 2009;
2108 Quirico et al., 2009; Guedes et al., 2010; Kwiecinska et al., 2010;
2109 Matthew et al. 2013; Hinrichs et al., 2014; Kouketsu et al., 2014; Wilkins
2110 et al., 2014; Mumm and Inan, 2016), as well as strew-mounted slides
2111 (Roberts et al., 1995; Spotl et al., 1998; Rantitsch et al., 2004; Liinsdorf
2112 et al., 2014), and rock chips (Muirhead et al., 2016; Sauerer et al., 2017).
2113 Some authors demonstrated that polishing OM impacts the Raman
2114 spectrum (Beyssac et al., 2003; Ammar and Rouzaud, 2012; Linsdorf,
2115 2016). This is examined further here.

2116 (3) Different maceral types may behave differently under different thermal
2117 conditions as demonstrated by the Van Krevelen diagram (Tissot et al.,
2118 1974), so ensuring that the same maceral type is analysed throughout a
2119 geological section is generally essential. The effect of maceral type on
2120 Raman parameters is assessed here, together with an examination of
2121 intra-particle variability.

2122

2123 Table 4-1. Raman parameters used to determine the maturity of organic material, along with the

2124  abbreviations used in previous studies.

Method Parameters Abbreviations References

Full width at half G G-FWHM Hinrichs et al. (2014); Zhou et al. (2014);
maximum of a Schimdt et al. (2017); This study.

band (FWHM) D1 D-FWHM Quirico et al. (2005); Bonoldi et al.

(2016); Schito et al. (2017); This study.
D1/G Spotl et al. (1998); Jehlicka et al. (2003).
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Ratio of Raman D1/G R1 Rahl et al. (2005); Schimdt et al. (2017);
band height Sauerer et al. (2017); Roberts et al.
intensity (1995); Spotl et al. (1998); Kelemen and
Fang (2001); This study.
G/S Saddle Index Wilkins et al. (2014); This study.
Ratio of band D/G RA1** Chen et al. (2017).
areas D1/(G+D1+D2) R2 Rahl et al. (2005); Chen et al. (2017).
S2/(S1+S2) R3 Beyssac et al. (2002).
(D1+D4)/(D1+D2+D3+D4+G) RAL** Lahfid et al. (2010).
(D1+D4)/(D2+D3+G) RA2** Lahfid et al. (2010).
D2/G RA2** Chen et al. (2017).
D3/G RA3 Chen et al. (2017).
D4/G RA4 Chen et al. (2017).
G/(D1+D2+D3+D4+G) RAS5 Chen et al. (2017).
Area of Raman  Area (1100-1400)/Area (1ss0-1650) DA1/GA This study.

spectra regions

Area (110(%1300)/ Area (1300-1370)

RIP (Raman Index of

Preservation)

Schopf et al. (2005); Du et al. (2014);
This study.

Raman band G-D1 RBS (Raman Band Mumm and Inan (2016); Sauerer et al.
position Separation) (2017); Schimdt et al. (2017); Schito et
al. (2017); This study.
G - Spotl et al. (1998); Du et al. (2014); Inan
etal. (2016).
D1 - Spotl et al. (1998); Chen et al. (2007).
Scaled Spectrum  Area (1100-1700) SSA
This study.
Area
Scaled Total Area Sum of scaled individual bands ~ STA

after deconvolution

Lunsdorf (2016); Lunsdorf et al. (2017)

* Refer to Figure 1 for G, D, S and D1-D4 band positions.

** |t should be noted that there is some ambiguity with the terms RA1 and RA2: Chen et al. (2017) used

different equations to calculate these parameters compared to variables of the same name reported

previously by Lahfid et al. (2010).

4.3

Materials and methods

4.3.1 Materials

The Late Mississippian (Namurian) Bowland Shale is the main target for shale gas

exploration in the UK, with an estimated 1329 trillion cubic feet of hydrocarbons in-

place (Andrews, 2013; Stephenson, 2014; Delebarre et al. 2017). The shales were
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deposited in NE-SW epicontinental seaways between Gondwana and Laurussia. A
phase of back-arc extension north of the Variscan orogenic front formed a series of
interconnected graben and half-graben structures (Fig. 4.2; Waters et al., 2009). These
basins accumulated Carboniferous organic-rich mudstones, which have been
identified as a proven source rocks for many of the conventional oil and gas fields in

the UK Midlands (DECC, 2010).

Four Mississippian (Arnsbergian; early Serpukhovian) Morridge Formation (equivalent
to the Bowland Shale; Waters et al., 2009) core samples from the Carsington Dam
Reconstruction C4 borehole (53.04898°N 1.63790°W, Derbyshire, England) in the
Widmerpool Gulf were analysed (Fig. 4.2). Raman analyses were performed on
polished blocks of isolated OM and strew slides. These samples are in the early oil
window (Konitzer et al.,, 2014, 2016; Hennissen et al., 2017) and came with
comprehensive palynofacies and geochemical data (Table 4.2). Tmax values range
between 424-440°C (Konitzer et al., 2016), and the calculated %eqVRo Using Tmax vValues
(cf. Jarvie et al., 2001; Equation 3.1) range from 0.5-0.8 %cqVRo, indicating immature

to early maturity.

Calculated %eqVRo = (0.0180 X Tmax) — 7.16 Equation 4.1

This agrees with the vitrinite reflectance values of <0.6 %VR, obtained by Smith et al.
(2010) from the area. Production Index (Pl) values determined from Rock-Eval data by
Konitzer et al. (2016) range from 0.06 to 0.09, straddling between immature and the

oil generation window.

Two outcrop samples of the Upper Bowland Shale (Pendleian; early Serpukhovian)
from a stream section in the Craven Basin (53.97373°N 2.54397°W), Lancashire (Fig.
4.2; Emmings et al., 2017), were also analysed and compared with the equivalent core
material from the Carsington Dam Reconstruction C4 borehole (Table 2). Tmax values
range between 431-442 °C, similar to the samples studied by Konitzer et al. (2016),
and the calculated VR values using Tmax range from 0.6—0.8 %.qVRo. However, the Pl
values range from 0.13-0.26, suggesting that these rocks had reached the oil

generation window.
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Figure 4.2. Tectonic framework of the Mississippian for northern England and Wales showing the

location and stratigraphic ages of the samples used in this study. IS — International series; IS* —

international stage; ES — European stage; ESS — European substage; F — Formation; AZ — ammonoid

zones; Brigan — Brigantian; LBS — Lower Bowland Shales. Tectonic units: BH — Bowland High; BT—

Bowland Trough; CLH— Central Lancashire High; DH — Derbyshire High; EG — Edale Gulf; GT —

Gainsborough Trough; Hdb — Huddersfield Basin; HB — Humber Basin; HS — Hathern Shelf; LDH — Lake

District High; MH — Manx High; RB — Rossendale Basin; WG— Widmerpool Gulf. Base map from Waters

et al. (2009). Reproduced with the permission of the British Geological Survey ©NERC. All rights

reserved.

Table 4-2. Samples studied from the Carsington Dam Reconstruction C4 borehole (CD) and outcrop

section.
Sample Summary of Rock-Eval parameters *
Type Lithology
name palynology TOC(%) Tmax(°C) HI ol Pl %eqVRo
Calcareous 90 % AOM; 10
SSK 4522 1.8 425 330 17 0.06 0.49
mudstone % terrestrial
20 % AOM; 80
SSK 4471 Siltstone nd nd nd nd nd nd
% terrestrial
cD
MPA Silt-bearing 30 % AOM; 70
11 440 96 29 0.09 0.76
61616 mudstone % terrestrial
MPA Calcareous 90 % AOM; 10
nd nd nd nd nd nd
61619 mudstone % terrestrial
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90 % AOM; 10
HC01-04 Mudstone 3.87 432 141 O 0.18 0.62
% terrestrial
Outcrop
80 % AOM; 20
HC02-73 Mudstone 2.19 431 163 1 0.26 0.60
% terrestrial

* TOC = total organic carbon, HI = hydrogen index, Ol = oxygen index, Pl = production index. %eqVR, calculated using
Jarvie et al. (2001) equation (Equation 1). AOM = amorphous organic matter, nd = not determined. CD data from

Konitzer et al. (2016), outcrop data from Emmings et al. (2017).

4.3.2 Methods
4.3.2.1 Laser Raman

Analyses employed a Renishaw inVia™ laser Raman instrument connected to a Leica
DMLM microscope. The Rayleigh scattering was removed using an edge filter and the
Raman scattering was dispersed by an 18,000 lines/mm holographic grating and
detected by a charged couple device (CCD). A standard silicon wafer sample was used
to calibrate the instrument by matching the 520.5 cm™ band position, followed by
manually aligning the laser beam with the crosshairs on the microscope. A 514.5 nm
argon-ion green laser and a 633 nm HeNe red laser were used. The lasers deliver ~20

mW at 100% power.

The laser was focused through a x50 objective, with a laser spot size of c. 2 um. The
scan range was limited to 900-2000 cm™, in order to assess the first-order region.
WIRE 3.3 software was used to acquire spectra and perform deconvolution using a
pseudo-Voigt function to acquire the band heights, band areas, band positions and
full width at half maximum (FWHM) for individual bands (Fig. 4.1b, cf. Table 4.1). A
Microsoft Excel® spreadsheet was used to process un-deconvolved spectra (Fig. 4.1a)
by performing smoothing operations, baseline corrections and normalization; to
acquire the height and position of the saddle height, D1 and G band, G-FWHM, D-
FWHM and areas of specific regions using the trapezoid area rule (cf. Table 4.1;
Appendix B1; since publishing this manuscript an updated version and a MATLAB code

has been developed, see Appendix B2 and B3 respectively ).
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4.3.2.2 Sample preparation

Two different types of sample preparation were performed, both of which used
isolated kerogen: (a) polished blocks and (b) strew slides. The kerogen for samples SSK
4522, SSK 4471, HC01-04 and HC02-73 were separated at Kingston University using
HCl and HF acid at room temperature to remove the inorganic mineral fraction.
Samples were first washed with tap water, air-dried and crushed to millimetre-sized
fragments. The crushed material was treated with 100 mL of 12 M HCI for 24h,
followed by 100 mL of 23 M HF for several days at room temperature, in order to
digest carbonates and silicates, respectively. After each acid treatment, the
concentrated solution was diluted with 900 mL of deionized water and then sieved
through a 15-um polyester mesh. Deionized water was used to rinse the sample
through the sieve until pH neutral. Following the final rinse, samples were stored in
50 mL glass vials with deionized water. Samples MPA 61616 and MPA 61619 were
prepared at the British Geological Survey using a similar technique and a 10-um sieve

(Kbnitzer et al., 2016).

The strew slides were prepared by spreading c. 0.5 mL of fluid mixture (composed of
OM and deionized water) onto a glass slide using a pipette, which was then left to air
dry. Polished blocks were constructed by embedding isolated kerogen with epoxy
resin in 2.5 cm diameter moulds, followed by grinding using P400, P600, P800, P1200,
P2500 silicon carbide paper using water as a lubricant. The samples were then
polished using a diamond liquid suspension of 9 um, 6 um, 3 um, 1 um and were
finished off with a 0.04 um colloidal silica suspension. This grinding and polishing

procedure follows the BS ISO 7404-2:2009 standard.

4.3.2.3 Organic matter classification

Strew slides were used to investigate whether different types of OM influence the
Raman parameters. The OM categories identified in transmitted white light (Appendix

C), following Tyson (1995) were:

(1) Translucent phytoclast (Appendix C1): Translucent particles under transmitted

light with colours ranging from light brown to dark brown, typically equant or

99



2232
2233
2234
2235
2236
2237
2238
2239
2240
2241
2242
2243
2244
2245
2246
2247
2248
2249
2250
2251
2252
2253

2254

2255
2256
2257
2258
2259
2260
2261

(2)

(3)

(4)

4.3.2.4

CHAPTER 4. Int. J. Coal Geol. 191 (2018), 135-151.

lath-shaped with angular margins. The phytoclasts can be striate, striped,
banded or pitted. Particles that appear opaque but have brown rims or brown
patches are also included in this group.

Opaque phytoclast (Appendix C2): The particles appear fully opaque under
transmitted light. The shape of the particles varies from equant, lath or
rounded, and the margins can be angular or corroded. They often have no
internal structure, however, lath-shaped particles may be pitted. These
particles are equivalent to inertinite when examining polished blocks under
reflected light; they are the product of either intense oxidation or forest fires
(Tyson 1995).

Pseudo-amorphous phytoclast (Appendix C3): These amorphous particles
exhibit a patchy, spotted appearance and are light brown to dark brown/black.
Most of the biostructure has been lost and the edges are typically diffuse.
However, some particle edges are sharp and straight, suggesting a remnant
border of a degraded phytoclast.

AOM (Appendix C4): The amorphous OM (AOM) is a structureless
heterogeneous to homogenous particle with irregular diffuse margins under
transmitted light. Colour typically ranges from pale yellow-brown to greyish.
AOM may represent bacterial and/or reworked/degraded algal OM (Tyson
1995). Pyrite is often present as inclusions. Fluorescence microscopy was not
used in this study, so further subdivision of the AOM group was not possible.

Consequently, all AOM particles were grouped together.
Experimental methodology

Testing different operational procedures: Different operational procedures
were tested on strew slides. First, the experimental setup was tested by
comparing results from a 514.5 nm argon-ion green laser and a 633 nm HeNe
red laser, followed by an analysis of how different accumulation times, number
of accumulations, and laser powers affect the spectra. Spectral processing was
assessed by comparing smoothing vs. non-smoothing, linear vs. 3™-order

polynomial baseline corrections, and deconvolution vs. the automated non-
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deconvolution method developed in this study to determine Raman
parameters.

Testing different samples types: the Raman characteristics of polished blocks
and strew slides were tested using the optimum operational settings and
procedures developed above: 514.5 nm argon-ion green laser wavelength, 10
s accumulation time, 2 accumulations and a 0.2 mW laser power, this was kept
constant throughout. Following acquisition, a Microsoft Excel® worksheet
(Appendix B1) processes and determines the Raman parameters by
performing a Savitzky-Golay smoothing filter using a 21-point quadratic
polynomial algorithm, a linear or a 3™-order polynomial baseline correction,
followed by normalization at the same maximum G height intensity of 2000
counts, as well as automatically calculating the R1, RBS, G-FWHM, D-FWHM,
RIP, DA1/GA and STA Raman parameters. Deconvolution was not performed.
Comparisons between the different sample types were made by: (1) visual
comparison of the spectra; and (2) comparing the Raman parameters.
Testing different organic matter types: Different types of OM were assessed
using strew slides in transmitted light. This experiment was performed under
the optimum instrument conditions. Spectra processing and calculation of the
Raman parameters were performed using the Microsoft Excel® automated

worksheet (Appendix B1). Deconvolution was not performed.

Results

4.4.1 Experimental setup

Figure 4.3 shows a comparison of the spectra obtained from a phytoclast in a

strew slide using laser wavelengths of 514.5 (argon ion) and 633 nm (HeNe).

The 514 nm laser wavelength produces a significantly better-quality spectrum

that has a smoother more linear baseline, and better peak-to-background

ratios, as observed previously by Quirico et al. (2005).

When using a laser power of 1 mW or greater, the laser damages the surface of

the OM (Fig. 4.4). Evidence of in-situ burning caused by the laser was observed
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2291 as a small black spot (Fig. 4.4c, d). In-situ burning also influences the Raman
2292  spectrum (Fig. 4.4f). The position of the G band blue-shifts, as described by
2293 Allwood et al. (2006), and the saddle height and the D band also increases in
2294  height with respect to the G band. Consequently, laser powers greater than 0.2

2295 mW are not advised as they alter the Raman spectrum.

2296
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2297

2298  Figure 4.3. Comparison of the Raman spectra acquired for a translucent phytoclast in a strew slide from
2299  sample SSK 4471 using a 633 nm (red) and 514.5 nm (green) laser. The 633nm laser produces more
2300 fluorescence than the 514.5 nm wavelength.

2301
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a Before acquisition b 0.2mw

f o2mw
2 mW 10 mW

D

Intensity counts

T T T T T T T 1
1000 1100 1200 1300 1400 1500 1600 1700 1800
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Figure 4.4. Images before and after spectra acquisition of a phytoclast from a strew slide (SSK 4471)
using a laser wavelength 514 nm, with associated Raman spectra. The white circles highlight the area
where the measurements were taken. Scale bar is 8 um. (a) before spectra acquisition. Image after
spectra acquisition using: (b) 0.2 mW; (c) 1 mW; (d) 2 mW; (e) 10 mW laser power. (f) associated spectra

using the different laser powers.

Spectra acquired using a 0.02 mW and 0.2 mW laser power are consistent; therefore,
the 0.2 mW laser power does not damage or alter the OM. Figure 4.5 demonstrates
that using a 0.2 mW laser power improves the signal to noise ratio compared to using
a 0.02 mW laser power. Increasing the accumulation time and number of
accumulations also slightly increases the signal to noise ratio, particularly when using

a lower laser power of 0.02 mW (compare Fig. 4.5a and b- d).
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Figure 4.5. Comparison of the spectra acquired from the same spot using variable laser power,
accumulation time and number of accumulations. (a) 0.02 mW laser power with a 10 s accumulation
time, with 1 — 3 accumulations. (b) 0.02 mW laser power with a 20 s accumulation time. (c) 0.2 mW
laser power with a 10 s accumulation time. (d) 0.2 mW laser power with a 20 s accumulation time. Note
that the 0.2 mW laser produces a significantly better signal to noise ratio than using the 0.02 mW laser

power, and shows no significant improvement for a signal accumulation time >10 s.

4.4.2 Processing the spectra

4.4.2.1 Smoothing

Performing a smoothing procedure removes noise from the spectrum, allowing the
operator to pick band heights and positions with less ambiguity. Smoothing the
spectrum also reduces uncertainty during baseline correction, as the noise in the
spectrum can greatly influence the heights of individual control points, leading to
anomalous baseline corrections (Fig. 4.6). This can be a major problem especially if
control points are fixed when performing an automated procedure. After smoothing,
noise is drastically reduced and the control points are less prone to sharp random

increases in height, which makes the baseline corrections more reproducible (Fig. 4.6).
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Figure 4.6. An example of how noise can affect an automated background correction; a—d are all the
same original spectra from a translucent phytoclast (sample SSK 4471). (a) An unsmoothed spectrum
with the predicted background shape. (b) Outcome of the background correction from spectra (a). (c)
A smoothed spectrum with the predicted background shape. (d) Outcome of the background correction
(c). Note the sharp peaks created by the noise in (a) affects the control point at 1850 cm; here the
control point lies above the trend of the background and the resulting spectrum (b) is unsuitable. For a
smoothed spectrum the sharp peaks associated with noise are absent and therefore the control points

are less affected by noise and produce a better background corrected spectrum.

Deconvolution also becomes more reproducible after smoothing, as noise can impact
the fitted bands. Figure 4.7 shows that when smoothing is performed, the fitted
spectrum has a better fit with the original spectrum. The height and widths for the D3,
D4 and D5 fitted bands for an un-smoothed and smoothed spectrum are significantly

different, even though the starting spectrum is the same. Raman parameters may also

differ substantially (Fig. 4.8).
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2353 Figure 4.7. Different five band deconvolution outcomes when performed on an un-smoothed and
2354 smoothed spectrum using the same fitting constraints, from sample SSK 5422. (a) Phytoclast 1 un-
2355 smoothed spectra and deconvolution outcome. (b) Phytoclast 1 smoothed spectra and deconvolution
2356 outcome. (c) Phytoclast 2 un-smoothed spectra and deconvolution outcome. (d) Phytoclast 2 smoothed
2357 spectra and deconvolution outcome. Note that the fitted spectrum for a smoothed spectrum has a
2358 better fit with the original spectrum statistically and visually; and that the shape and position of the
2359  individual bands are different.

2360
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Figure 4.8. Raman parameters (Table 1) derived from un-smoothed and smoothed spectra after
deconvolution from five translucent phytoclasts in sample HC01-04. (a) R1 ratio. (b) G-FWHM. (c) D-
FWHM. (d) D4/D5 band height ratio.

4.4.2.2 Baseline correction

Fluorescence is a common problem in low-maturity OM that can alter the Raman
spectra and parameters. Therefore, an unbiased baseline correction method needs to
be adopted. Here, two of the most commonly used baseline corrections were tested:
(1) linear; and (2) 3™-order polynomial. Each acquired spectrum has a wavenumber
range from 900 to 2000 cm™ to better estimate the shape of the background
fluorescence, and a smoothing procedure was performed before the baseline was
corrected. The control points for the linear function were fixed at 1000 cm™ and 1800
cm?, and for the 3™-order polynomial function the control points are 2000 cm™,
c.1850 cm?, ¢.1050 cm™ and 900 cm™. The positions of the control points were
chosen, on the basis that they lie outside the spectral range influenced by OM. The

position of the control points at ¢.1850 cm™ and ¢.1050 cm™ for the 3™-order
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polynomial correction may be shifted £20 cm, if the baseline correction does not fit
the background shape. An automated worksheet in Microsoft Excel® was developed

to perform these tasks (Appendix B1).

When fluorescence is present, which is often the case for low-maturity OM, a 3™-order
polynomial baseline correction works best (Fig. 4.9). A linear baseline correction
performed on samples that experience non-linear fluorescence will result in the D
band and saddle height to increase in height in relation to the G band, which will lead
to an increase in the R1 ratio, RIP, and SSA Raman parameters, and a decrease in the
saddle index (Fig. 4.9). Figure 4.10 shows 20 overlain spectra that have had a linear
and a 3"-order polynomial baseline correction acquired from the same strew slide.
Notice the larger scatter for the linear baseline correction, compared to the 3™-order

polynomial baseline correction.

a b
- R1 079
£ RBS 224
S Saddle 2.03

- © Index

§ g »

S RIP 136

o

o

SSA 630424

[Z]
8
: r T T T T T T T T T 1 T T T T T T T T T
3 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
o
2
V2]
c Cc - - d
2 1S : R1 0.61
£ c g
§ S RBS 246
- = o » Saddle 3.74
IS N Index
_ o
e 3 RIP 085
(] o
o v SSA 431735
o
(o]

P yarres
T T T T T T T T T T 1 f T

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm™)
Figure 4.9. Comparison of different background corrections on a phytoclast spectrum from sample SSK

4471. (a) Linear baseline correction with the location of the control points. (b) Result of background

deconvolution from spectrum (a). (c) 3-order polynomial baseline correction with the location of the
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2394 control points. (d) Result of background correction from spectrum (c). Note the difference in the shape

2395  of the spectra and the different Raman parameter values.
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2398  Figure 4.10. Twenty AOM spectra from sample HC02-73 overlain after performing (a) linear and (b) 3rd-

2399  order polynomial baseline correction. The same original spectra have been used for both methods.

2400
2401  4.4.2.3 Calculating Raman parameters

2402  Five methods to derive Raman parameters were assessed (Table 4.3). Deconvolution
2403  was not performed for the M-1 and M-2 methods, but is employed in the M-3, M-4
2404  and M-5 methods (Fig. 4.11). Deconvolution was performed using Renishaw’s WiRE
2405  3.3™ software on a smoothed, 3"-order polynomial baseline corrected, normalized
2406  spectra with a tolerance of 0.01 and a maximum of 15 iterations. The descriptions in
2407  Table 3 should be followed precisely, as the initial attributes (height, width, position)
2408  of the curves before fitting can significantly alter the parameters. The closeness of fit
2409  of the fitted spectrum to the original spectrum after deconvolution may be assessed

2410  by: (1) visually comparing the original and fitted spectrum; (2) root-mean-square error

109



2411
2412
2413

2414

2415

2416
2417

2418
2419
2420
2421
2422
2423

CHAPTER 4. Int. J. Coal Geol. 191 (2018), 135-151.

(RMSE); and (3) the coefficient of determination (R?). The D2 band was not included
in any of the deconvolution methods, as it cannot be identified in low-maturity

samples, as observed also by Beyssac et al. (2012) and Brolly et al. (2016).

Table 4-3. Methods used to process the spectra and calculate Raman parameters.

Deconv i
Method X Description
olution

(1) Smooth spectra; (2) 3rd-order polynomial baseline correction. The position and heights of

M-1 None the G, D, saddle are recorded to calculate the R1, RBS, saddle index and G-FWHM.

(1) Smooth spectra; (2) 319-order polynomial baseline correction; (3) Normalize the spectra to
have a G band intensity of 2000. Use trapezoid area rule to calculate the total area under the

-2
M None curve between 1100-1700 cm® (SSA); 1100-1400 cmt (DA1); 1550-1650 cmt (GA). The RIP
may also be calculated.
Starting Conditions
Band cm ¥ Height Width
. d_ H
D1 1360 1000 40 (1) S'mooth sp_ectra, (2) 3r Qrder polynomial
baseline correction; (3) Normalize the spectra to
M-3 G, D1 have a G band intensity of 2000; (4) Perform
G 1605 2000 40 deconvolution using pseudo-Voigt function.
Tolerance of 0.01 and maximum of 15 iterations.
D1 1360 1000 40 (1) Smooth spectra; (2) 3d-order polynomial
G b1 G 1605 2000 40 baseline correction; (3) Normalize the spectra to
M-4 D:% D4 ! have a G band intensity of 2000; (4) Perform
! D3 1500 500 40 deconvolution using pseudo-Voigt function.
D4+D5 1240 500 40 Tolerance of 0.01 and maximum of 15 iterations.
D1 1360 1000 40
G 1605 2000 40 (1) Smooth spectra; (2) 3d-order polynomial
G, D1, baseline correction; (3) Normalize the spectra to

M-5 D3, D4, D3 1500 500 40 have a G band intensity of 2000; (4) Perform
D5 D4 1160 250 40 deconvolution using ps'eudo—V0|gt_ fun'ctlon.
Tolerance of 0.01 and maximum of 15 iterations.

D5 1260 500 40

*cm: centre position of the Raman band.

For the M-1 and M-2 methods, the spectra were copied into the automated Microsoft
Excel® worksheet, which performs a Savitzky-Golay smoothing filter using a 21-point
quadratic polynomial algorithm (Savitzky and Golay, 1964), a 3"-order polynomial
baseline correction, and normalizes the spectra to the same G band height at 2000
counts, followed by calculating the R1, RBS, saddle index, G-FWHM and D-FWHM

Raman parameters (See Table 4.1 and Fig. 4.11a for how to calculate these
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parameters). The M-2 method follows the same processing procedures as for M-1,
however it also integrates the areas of specific regions using the trapezoid area rule

to calculate the RIP (Schopf et al., 2005), DA1/GA and SSA (Tables 4.1, 4.3).

For the M-3 method, a two-band deconvolution method was applied for the D1 and G
band using a pseudo-Voigt function (Fig. 4.11), similar to Hinrichs et al. (2014) and
Wilkins et al. (2014, 2015). The calculated Raman parameters are R1, RA1, D-FWHM,
G-FWHM and RBS (See Table 4.1 and Fig. 4.11 for how to calculate these parameters).
Visually and statistically the fitted spectrum is a good fit with the original spectrum,
however, some bumps on the D1 band limb at ~1250 cm™ are lost. The M-4 method
fits four bands, G, D1, D3 and D4, using a pseudo-Voigt function, similar to Kouketsu
et al. (2014) “fitting G” method. The M-5 method fits the G, D1, D3, D4 and D5 bands
using a pseudo-Voigt function. Both methods have a good fit with the original

spectrum and are statistically better than the M-3 method (Fig. 4.11).

For the M-5 method, the D3, D4 and D5 bands are highly unstable, and may have
unrealistic positions, heights and widths after deconvolution, as illustrated in Figure
4.12. The closeness of fit of the fitted spectrum and the original spectrum may be very
high for an unsuitable fit where the D3 and D5 bands go rogue. This is also the case

for the M-4 method.

The Raman parameters that are compared using the M-1, M-3, M-4 and M-5 methods
are the R1 ratio, RBS, G-FWHM and D-FWHM. The R1 and RBS parameter results differ
slightly for the different methods (Table 4.4); the G-FWHM values are lower after
performing deconvolution and the D-FWHM values are significantly lower after
performing deconvolution. The M-1 method has a lower relative standard deviation

(RSD) than the M-3, M-4 and M-5 methods, with some exceptions.

The outcrop samples (HC01-04 and HC02-73) have higher RBS and lower G-FWHM
values for all the methods, suggesting that they are slightly more mature (Guedes et
al., 2010; Liu et al., 2013). This is consistent with the Pl (production index) data
(Emmings et al., 2017), which also implies increased maturity compared to the

Carsington Dam Reconstruction C4 borehole samples.
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2453  Overall, performing deconvolution slows down Raman spectra analysis and the Raman
2454  bands seldom behave themselves, making visual checks essential. This is not the case
2455  when performing the M-1 or M-2 methods, which do not involve deconvolution.

2456  Therefore, the M-1 and M-2 methods will be utilized in the subsequent sections.

2457

2458 Table 4-4. Comparison of the results for four Raman parameters derived from methods M-1, M-3, M-4
2459  and M-5 for six samples.

Method Sample Parameter
R1 F:;I)) RBS F:;I)) G-FWHM  RSD (%) D-FWHM F:;I))

M-1 SSK 4522 0.64 10 240 4 77 8 204 18
M-3 0.65 14 241 2 77 9 235 6
M-4 0.61 16 236 4 65 19 128 22
M-5 0.64 14 236 3 67 16 130 9
M-1 SSK 4471 0.64 5 234 3 83 6 228

M-3 0.63 4 231 2 77 4 241

M-4 0.62 5 229 1 70 5 149 15
M-5 0.6 7 227 2 70 5 148 20
M-1 MPA 61616  0.61 7 242 4 71 4 215 8
M-3 0.56 10 243 1 69 7 236 4
M-4 0.58 10 236 4 62 5 157 9
M-5 0.55 8 233 2 62 5 138 7
M-1 MPA 61619 0.61 7 246 5 72 7 210 15
M-3 0.65 19 244 2 68 11 242 14
M-4 0.57 16 243 4 61 11 137 26
M-5 0.56 13 244 5 62 10 129 27
M-1 HC01-04 0.61 1 255 4 67 3 209 17
M-3 0.61 8 249 2 66 8 230 7
M-4 0.61 14 246 2 56 7 137 12
M-5 0.61 8 245 2 57 7 128 10
M-1 HC02-73 0.63 9 247 5 67 3 212 13
M-3 0.63 17 247 2 65 8 206 14
M-4 0.62 18 242 4 62 10 142 24
M-5 0.6 18 237 5 61 9 150 27

Mean calculated using a minimum of seven translucent phytoclasts per sample on a strew slide. RSD =
relative standard deviation.

2460
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Figure 4.11. Comparison of the methods used in this study to determine the Raman features and bands
to derive the Raman parameters (Table 1). (a) M-1 and M-2 methods. Deconvolution is not performed.
(b) M-3 method. Deconvolution of the G and D1 bands are performed. (c) M-4 method. Deconvolution
of the G, D1, D3 and D4 bands are performed. (d) M-5 method. Deconvolution of the G, D1, D3, D4 and
D5 bands are performed. Note the RMSE and R? values, which statistically show how well the fitted

spectrum correlates with the original spectrum, indicate a slightly better fit using method M-5.
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Figure 4.12. Common errors associated with deconvolution. Original spectrum is from a phytoclast in
sample HC01-04. (a) The curve fitting results are suitable, and the bands have reasonable positions,
heights and widths. (b) The D5 band has shifted to an unsuitable higher position. (c) The D5 band has
moved to an unsuitable position as well as having an unrealistic bandwidth. (d) The D5 and D3 bands

have moved to unrealistic positions and the D3 band has an unrealistic height.
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4.4.2.4 Sample types

Raman spectra acquired from a polished block and a strew slide from the same sample
(Fig. 4.13), indicates that polishing increases the relative intensity of the D band, the
D band position blue-shifts by ~20 cm™, and the saddle height increases. The G band
position remains relatively unaffected by the polishing procedure, however the G-
FWHM is affected but not systematically (Fig. 4.13, Table 4.5). Table 4.5 shows that
the polishing procedure increases the R1 ratio, in agreement with the results of
Ammar and Rouzaud (2012) and Liinsdorf (2016). The R1 ratios from polished blocks
also exhibit more scatter and have a random distribution compared to the R1 ratio

calculated from strew slides (Fig. 4.14).
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. Mean values and percent relative standard deviation (%RSD) of Raman parameters obtained from strew slides and polished blocks of selected samples.

Raman Parameter Results

Sample - R1 RBS RIP saddle Index G-FWHM D-FWHM DA1/GA SSA (x10°)
Sample Statistics

Type ) ) ) ) ) ) ] )

H H ra_ H ra_ H ra_ H H H ra_ H
Linear oP Linear 3rd-QOP Linear 39-OP Linear 3rd-OP Linear oP Linear oP Linear 3r9-OP Linear oP

Strew X 0.64 064 240 240 081 096 413 345 79 77 168 204 122 134 434 457
- slide %RSD 12 10 45 38 15 7.3 30 10 99 78 28 19 28 10 14 65
4522 pojished s

olished 0.77 069 243 245 13 091 421 432 81 79 201 196 177 155 543 493

Block %RSD 20 12 55 5.1 20 18 28 21 93 82 28 22 25 15 23 83

Strew X 064 064 235 234 094 101 345 246 94 83 222 228 125 128 398 471
ssk slide %RSD 75 45 3.2 2.9 12 9.8 36 27 10 6 16 94 12 8.9 13 8
4471 polished % 071 065 233 234 117 1.03 2.8 3.7 84 78 214 216 147 132 534 463

Block %RSD 12 73 4.6 3.9 28 15 37 38 98 7.5 17 13 22 10 42 13

Strew X 061 061 262 242 106 102 385 421 74 71 218 215 139 135 447 424
vpa  slide %RSD 14 71 36 3.9 6.2 43 26 7.5 65 4.4 12 78 11 8.7 57 46
61616 pyjished 079 075 249 251 16 1 322 5.2 71 65 210 189 201 171 598 454

Block %RSD 13 15 3.8 3.7 37 17 27 39 12 53 22 26 25 51 29 11

Strew X 062 061 244 246 085 093 42 445 75 72 197 210 128 133 425 411
v slide %RSD 89 6.9 5 5.2 36 14 40 14 68 6.7 34 15 23 11 14 10
61619 polished 078 075 255 254 1.03 09 275 3.1 87 81 211 194 168 153 532 492

Block %RSD 12 13 3.4 3.4 6.6 13 9.9 13 85 9.1 22 24 11 12 7.2 9
HCOl-  Strew X 066 061 251 255 109 101 425  3.78 69 67 199 209 155 143 452 428
04 slide %RSD 58 1.3 4.8 35 16 4.1 26 25 11 32 15 17 11 1.4 13 19
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262 258 1.68 0.84 4.67 4.05 64 60
4.9 6.3 23 23 28 9.5 21 9.5
257 247 0.97 0.99 4.33 4.9 66 67
3.9 5.2 11 9.3 17 8.9 3.3 3.3
248 253 1.45 0.92 2.74 3.16 84 78

5 6 52 18 24 12 14 8

180
26

196
17

204
10
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21
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13

195
13

1.53
19

1.39
14

1.8
22

1.82
15

142
9.5

1.56
12

437
18

417
6.1

604
32
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13
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6.1

491

Note that linear baseline subtraction results in higher RSDs than 3™-order polynomial baseline subtraction (3-OP) and the mean values also differ.
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Figure 4.13. Comparison of Raman spectra from sample HC01-04 derived from a strew slide and

polished block. Only phytoclasts were analysed.
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Figure 4.14. Comparison of the R1 ratio from sample HC01-04 for a strew slide and a polished block.

Note that the polished block produces a greater range and more scattered distribution, whereas the

strew samples produces a more normally distributed histogram with less scatter and a smaller range.
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A linear baseline correction performed on polished blocks creates more scatter than
3"-order polynomial baseline corrections (Table 4.5). The Raman parameters derived
using the latter, lie closer to the strew slide results than for the linear-corrected data.
It is clear that the R1 ratio, saddle index, D-FWHM, DA1/GA and SSA are affected by
polishing; however, there is no clear evidence that polishing alters the RBS, G-FWHM
and RIP values (Table 4.5). Sample SSK 4471 is an exception, since all the Raman
parameters following a 3™-order polynomial baseline correction become remarkably
similar to the strew slide results (Table 4.5). This will be considered further in the

discussion below.

Beyssac et al. (2003) and Kouketsu et al. (2014) reported that polishing effects might
be avoided by analyzing immediately below the surface of a particle. Our results do
not support this conclusion. Figure 4.15 shows the R1 ratio results of a depth profile
from an exemplar sample (HC01-04). The mean value derived from a strew slide for
the R1 parameter for this sample is 0.61 (horizontal red line in Fig. 4.15). The R1 values
in the depth profiles are substantially greater than the mean value from the strew
slide, and despite some scatter, the R1 value does not change systematically with

depth.

0907 g

cor | HM “ ;..--+-?-4-4--.}---}___}_ ______

0.70 1

deeperbelowthe surface

Y

mean value for strew slide

0.65 -
\

0.60

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8
Micrometre increments

Figure 4.15. Depth profile of the R1 ratio derived from two phytoclasts (a) and (b) in a polished block

(sample HC01-04), where 0 um is the surface of the particle.
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4.4.2.5 Organic matter type and intra-particle variation

The translucent phytoclast group (Appendix C1) has similar R1, RIP, D-FWHM, DA1/GA
and SSA Raman parameters across the five samples tested (Type 4 in Fig. 4.16), which
is in accordance that all these samples have similar maturities. The G-FWHM, RBS and
the saddle index results are more varied across the sample set. The pseudo-
amorphous phytoclast (Appendix C3) group behaves similarly to the translucent
phytoclast group and the Raman parameters are similar (compare Types 3 and 4, Fig.
4.16). The AOM group (Type 1, Fig. 4.16; Appendix C4) is also similar, with the
exception of the R1 and D-FWHM parameters, as the R1 tends to be greater than for
other OM types and the D-FWHM is significantly more variable. The opaque phytoclast
group (Type 2, Fig. 16; C2) displays the largest variation between OM types, as the
parameter values commonly differ substantially from those obtained for coexisting

translucent phytoclasts, pseudo-amorphous phytoclasts and AOM.
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Figure 4.16. Raman parameter results of each organic matter type: 1 — AOM; 2 — opaque phytoclast; 3
— pseudo-amorphous phytoclast; 4 — translucent phytoclast (Appendix C). Data points for each sample
are the mean of 7 to 15 measurements and the error bars are 1 sigma standard deviations. (a) R1, (b)

RBS, (c) Saddle Index, (d) RIP, () G-FWHM, (f) D-FWHM, (g) DA1/DA, (h) SSA.

Intra-particle OM variation of the Raman parameters vary up to 2-9 %RSD. This creates
large scatter in the Raman parameter values obtained if only one measurement is
taken from an individual particle (Fig. 4.17). The scatter is reduced to 1-3 %RSD, if the
average of three measurements from an individual particle is used (Fig. 4.17). The

scatter does not significantly reduce further when performing >3 measurements.
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Figure 4.17. Intra-sample variation for a translucent phytoclast, pseudo-amorphous phytoclast and
AOM in sample SSK 4471. 1: one measurement; 2: average of two measurements; 3: average of three
measurements; 4: average of four measurements. The horizontal lines are the average results of 10
single measurements for each particle type. The scatter around the average reduces considerably if an
average of 23 different measurements across a particle is calculated. (a) R1, (b) RBS, (c) DA1/GA, (d)

SSA.

4.5 Discussion

This study demonstrates that polished blocks made from isolated OM and strew slides
have differing Raman spectra and parameters. Previous authors have noted that
polishing OM alters the D band height by inducing disorder in the crystal lattice as the
parallel graphene layers “crumple up” (Ammar and Rouzaud, 2012; Liinsdorf, 2016).
Our study confirms that R1 Raman parameter values increase after polishing. The R1
ratio from the strew slides have a normal distribution and low range, whereas the R1
ratio derived from polished blocks has a random distribution with a much larger range.
This suggests that during polishing, different particles are affected unequally, as

proposed by Ammar and Rouzaud (2012). This crumbling effect during polishing
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affects the R1 ratio, the saddle index, D-FWHM, DA1/GA and the SSA parameters in a
systematic manner. G-FWHM is also affected by polishing but in this case the changes

in values are not systematic. The RBS parameter remains largely unaffected.

Sample SSK 4471 is an exception to the general trends, as the results derived from the
polished block and strew slide are very similar after performing a 3™-order polynomial
baseline correction. The reason for this exception is uncertain, but the isolated OM
from this sample is composed almost entirely of phytoclasts, whereas the other
samples consists predominantly of AOM and some pyrite. One hypothesis is that the
varying hardness of the different types of OM and pyrite particles may lead to unequal
degrees of polishing and potential heating of individual particles, which may impact

the Raman parameters.

Beyssac et al. (2003) and Kouketsu et al. (2014) avoided analysing the damaged
surface of the OM in polished blocks by focusing the laser beam a few micrometres
below the surface. This was tested in this study; however, the R1 ratio for several
polished blocks did not decrease with depth towards the strew slide sample mean,
which suggests that polishing not only impacts the surface, but may also extend below

the surface of individual OM particles.

Strew slides exhibit the least amount of bias, as sample preparation does not alter the
Raman spectra. In addition, OM types can be easily identified, as well as having the
ability to perform conventional standard palynological analysis, spore colouration
index (SCI), and other thermal alteration indices (TAl) contemporaneously (cf.

Hartkopf-Froder et al., 2015).

Raman parameters from the opaque phytoclast group are substantially different
compared to the other OM groups. Translucent phytoclast, pseudo-amorphous
phytoclast and AOM groups have similar Raman parameter values. This is important,
as it may be unnecessary to differentiate between these OM types for a rapid

assessment of thermal maturity.

Intra-particle variation is apparent in the samples and the results range from 2-9

%RSD when performing only one measurement on a particle. However, this variation
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can be reduced to 1-3 %RSD, if the average value of 3 measurements is taken from a
sample. The intra-particle variation can be attributed to the biogenic heterogeneity.
Different thicknesses of the particle may also impact the results, as thinner particles
allow the laser to interact with the glass slide, producing greater fluorescence. This
could lead to bias in the Raman results if a linear or unsuitable non-linear background
correction is performed. Greater fluorescence is also observed close to the edges of
the particles and particles with a diameter of <3 um. It is therefore recommended that
thin parts of a particle, as judged by the degree of translucency, small particles of <3

um, and the edges of particles should be avoided.

The experimental setup affects the OM Raman spectra and parameters. The 514.5 nm
Ar-ion laser produces significantly less fluorescence than the 633 nm HeNe laser. Using
high laser powers of 21 mW damages the surface of the OM, which leads to a blue-
shift in the G band, the G-FWHM and SSA increases and the D band and saddle heights
increase relative to the G band. We recommended a laser power of ~0.2 mW to

analyse kerogens, as it does not damage the surface of OM or alter the Raman spectra.

Some previous authors have also used laser powers of <1 mW (Quirico et al., 2005;
Hinrichs et al., 2014; Linsdorf et al., 2014; Mumm and Inan, 2016; Muirhead et al.,
2016; Schito et al., 2017; Schimdt et al., 2017), but the majority of previous studies
have employed laser powers >1 mW (Pasteris and Wopenka, 1991; Spotl et al., 1998;
Beyssac et al., 2003; Nestler et al., 2003; Rahl et al., 2005; Schopf et al., 2005; Allwood
et al., 2006; Marques et al., 2009; Guedes et al., 2010; Kwiecinska et al., 2010; Lahfid
etal., 2010; Liu et al., 2013; Matthew et al., 2013; Kouketsu et al., 2014; Bonoldi et al.,
2016; Delarue et al., 2016; Ferralis et al., 2016; Sauerer et al., 2017), which may have
induced in-situ thermal damage. Jehlicka et al. (2003) and Court et al. (2007) both used
laser powers >1 mW but stated no induced damaged was observed. The reason for
this, as mentioned by Court et al. (2007), could be due to the strong noise in the
spectra making it difficult to interpret the blue-shift of the G band position. It is also
difficult to see the damage if the particle is dark brown/black when analyzing a strew

slide.
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The Raman instrument set up used in this study showed than an accumulation time of
>10 s does not significantly improve the signal to noise ratio, whereas the number of
accumulations, does improve the signal to noise ratio. It is essential that optimum
instrumental conditions are developed before conducting Raman analysis. Better
quality spectra reduce the bias in picking peak heights and positions when using the
M-1 method, and improve reproducibility when performing deconvolution. Some
individual OM components generated very noisy spectra and increasing the
accumulation time and number of accumulations did very little to improve the signal.
These particles were identified as being strongly oxidized (cf. Brolly et al., 2016) and

data from these particles are rejected.

Non-linear baseline correction is necessary to analyse low maturity samples, as
fluorescence is often present. Linear baseline correction overestimates the R1
parameter, the G-FWHM, the Raman spectra area, and the saddle height, as the linear
correction does not take into consideration the curved nature of the background
created by the fluorescence. To predict the shape of the background fluorescence, a

spectra range of 900-2000 cm™ is proposed in this study.

Five methods were tested in order to calculate Raman parameters, these included:
two non-deconvolution methods, the M-1 and M-2 methods; and three deconvolution
methods, the M-3, M-4 and M-5 methods. The deconvolution M-3 method has a
poorer visual fit with the original spectrum and does not account for the finer detail
of the disordered bands between 1200-1300 cm*. The fitted spectra for the M-4 and
M-5 methods have a closer fit visually and statistically with the original spectrum.
However, this can be misleading, as unrealistic band positions, heights and widths,
which are a common problem for the M-4 and M-5 methods, can produce equally

good visual and statistical fits.

Kouketsu et al. (2004) avoided the problem of unrealistic band positions in low
maturity OM by fixing the position of the D4 band; this method could also be
replicated for other bands. This is a more sensible approach than assigning threshold
limits, as the experiment is kept consistent. However, this method was not chosen in

the present study as the width and heights of the bands are unstable, which results in
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discrepancies in the other bands. This is a major problem, as a fixed universal

deconvolution method applied to low-maturity OM may produce considerable bias.

The M-3 method is simplistic, it ignores the finer detail, and the fitted spectra have a
poor resemblance to the original spectrum. On the other hand, the extra bands for
the M-4 and M-5 methods have too much freedom of movement, which produces
unrealistic band positions, heights and widths. Visual inspection after deconvolution
to assess the legitimacy of each band is necessary. A degree of manual tuning is
essential. This poses an interesting challenge if an automated deconvolution method

is to be developed (Liinsdorf and Liinsdorf, 2016; Linsdorf et al. 2017).

Nevertheless, deconvolution is heavily used in the literature (Appendix A), although
Kouketsu et al. (2014) and Linsdorf et al. (2014) acknowledged that there is no
agreement on the best way to perform deconvolution for low-maturity OM. Lupoi et
al. (2017) also stated that deconvolution is too labour extensive and has inherent bias,
which restricts the method as a widespread thermal maturity tool. This study is in
agreement with Kouketsu et al. (2014) and Lupoi et al. (2017). We therefore propose
that the M-1 and M-2 methods that do not perform deconvolution should be used for
low-maturity OM. Both of these methods introduce minimal bias, as well as offering

faster data acquisition.

4.6 Conclusions

(1) It is recommended that strew slides should be preferred over polished blocks
for Raman analysis, which also allow the operator to perform palynofacies
analysis and other types of thermal alteration studies (e.g. SCI, TAl)

contemporaneously.

(2) The Raman parameters for our low-maturity sample set (0.5—0.8 %cqVRo) show
that there is little difference between the translucent phytoclast, pseudo-
amorphous phytoclast and amorphous organic matter groups. However,
opaque phytoclasts need to be differentiated. Taking the average value of

three measurements across a single particle, as well as avoiding the edges of
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2683 particles, thin particles and particles with a diameter of <3 um, reduce inter-
2684 particle variability.

2685 (3) Minimising the noise in the spectra is achieved by using the highest laser
2686 power that does not induce damage to the sample. In this study a 514.5 nm
2687 laser power of 0.2 mW was used. A better-quality spectrum reduces the error
2688 associated with selecting the band heights, positions and widths, and makes
2689 the baseline correction and deconvolution more reproducible when using an
2690 automated method.

2691 (4) A 3™-order polynomial baseline correction is advised for low-maturity OM. The
2692 spectrum needs to be acquired between 900-2000 cm™ to predict the non-
2693 linearity of the fluorescence.

2694 (5) The reproducibility of using the same deconvolution method across a sample
2695 set can be poor and leads to errors. We recommend that deconvolution should
2696 not be performed for low-maturity samples. Raman parameters should be
2697 acquired using the M-1 and M-2 methods described in this study, which are
2698 rapid, robust and require minimal operator manipulation.
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Chapter 5 A rapid method for determining
organic matter maturity using Raman
spectroscopy: Application to Carboniferous

organic-rich mudstones and coals

This chapter is from: Henry, D.G., Jarvis, |., Gillmore, G., Stephenson, M., 2019. A rapid
method for determining organic maturity using Raman spectroscopy: Application to
Carboniferous organic-rich mudstone and coals. International Journal of Coal Geology,

203, 87 — 98.
5.1 Abstract

A simple and rapid automated Raman maturity method is calibrated using a suite of
Carboniferous organic-rich mudstones and coals from the Inch of Ferryton-1 borehole
in the Midland Valley of Scotland. Sediments in the borehole have been thermally
matured by intrusion of a quartz dolerite sill, generating vitrinite reflectance (VR)
values ranging from 0.5 to 6.0%VRo. Calibration curves are tested on eight other UK
wells penetrating Carboniferous shales and coals in the Midland Valley and southern
Pennine Basin. The G-band full-width at half-maximum (G-FWHM) is the best Raman
parameter to estimate the thermal maturity of organic matter (OM) in the oil and gas

window (0.5 to 3%VR,) and has a very strong correlation with VR,.
5.2 Introduction

Raman spectroscopy has been used to track the thermal maturity of organic matter
(OM) in sedimentary and metamorphic rocks (Pasteris and Wopenka, 1991; Spot! et
al., 1998; Kelemen and Fang, 2001; Beyssac et al., 2002; Jehli¢ka et al., 2003; Marshall
et al., 2005; Quirico et al., 2005; Rahl et al., 2005; Schopf et al., 2005; Guedes et al.,
2010; Liu et al., 2013; Muirhead et al., 2012, 2016; Aoya et al., 2010; Kouketsu et al.,
2014; Zhou et al., 2014; McNeil et al., 2015; Bonoldi et al., 2016; Ferralis et al., 2016;
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Linsdorf, 2016; Sauerer et al., 2017; Schito et al., 2017; Schmidt et al., 2017; Baludikay
et al., 2018; Khatibi et al., 2018). Studies have had various degrees of success and
results show significant inconsistencies between Raman thermal maturity parameters
and vitrinite reflectance (e.g. Quirico et al., 2005; Bonoldi et al., 2016; Sauerer et al.,
2017; Schmidt et al., 2017; Schito et al., 2017; Khatibi et al., 2018). This is attributed
to measuring different sample types and performing different methods of spectra
acquisition and processing, which can significantly impact the Raman parameters
(Linsdorf et al., 2014; Henry et al., 2018). This paper applies the method of Henry et
al. (2018) that does not perform spectral deconvolution and therefore avoids
processing bias and longer processing time when deriving Raman parameters. The
downside of not performing deconvolution is that the parameters cannot be assigned
to specific modes of vibrations, as they are a result of several different modes

interacting with each other (Beyssac et al., 2002; Ferralis et al., 2016).

The aim of this study is to: (1) apply the methodology developed by Henry et al. (2018)
to construct Raman vs. vitrinite reflectance calibration curves using several Raman
parameters; (2) test the calibration curves on several wells that intersect
Carboniferous coals and shales and; (3) determine which is the best Raman parameter
to provide equivalent VR values that are similar to measured VR values for samples in
the oil and gas maturity ranges (0.6—3%VR.). We confirm Raman spectroscopy as
being a powerful new tool for the rapid quantification of organic matter maturity in

petroleum basins, with particular application to shale gas exploration.

5.3 Material and methods

5.3.1 Material

Washed and registered cuttings collected from the British Geological Survey (BGS)
core store at Keyworth were used (Table 1, Fig. 1a). The cuttings were first analysed
using laser Raman, and selected samples were subsequently prepared for vitrinite
reflectance (VR) analysis; samples were selected to cross-check previously reported
VR values (Raymond, 1991; Green et al., 2001; Smith et al., 2011; Andrews et al., 2013)

and to obtain data for sample intervals where VR values were unavailable.
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Samples from the Inch of Ferryton-1 borehole (Table 1), located in the Midland Valley
of Scotland (Fig. 1), were used to correlate Raman parameters with VR, data. The well
penetrates Carboniferous rocks that are similar in age to the Bowland Shale of central
England, which is the main target for shale gas exploration in the UK (Andrews, 2013).
The Inch of Ferryton-1 borehole has an unusually wide maturity range of 0.5 to 6.0
%VR, (Table 1; Raymond, 1991), as the organic matter has been thermally matured by
a ¢.150 m thick quartz dolerite sill of Stephanian (late Pennsylvanian) age that was
intruded into the Pendleian (late Mississippian) Limestone Coal Group (Fig. 1b). There
is significant literature discussing how igneous intrusions impact sediment host rocks

(Dow, 1977; Raymond and Murchison, 1988; Raymond, 1991).

In summary, thermal alteration zones (aureoles) develop around the igneous
intrusion; the extent of thermal aureoles is dependent on the thickness of the
intrusion, the nature of the igneous rock, hydrothermal fluids and host rocks, and the
degree of post-intrusion compaction, and it is typically delineated by performing
vitrinite reflectance (VR) (Dow, 1977; Raymond and Murchison, 1988). VR values
increase exponentially as the intrusion is approached and VR values tend to be higher
above the intrusion due to the preferential upwards flow of hydrothermal fluids
(Raymond and Murchison, 1988). The extent of thermal aureoles typically varies
between 30 and 200% of the intrusion thickness (Dow, 1977; Aarnes et al., 2010).
Therefore, by measuring VR at a distance>200% the thickness of the intrusion, the

regional background burial VR values can be estimated.

The calibration curves derived from the Inch of Ferryton-1 analyses, were applied to
samples from eight additional wells (Fig. 5.1; Table 5.1): two from the Midland Valley:
Milton of Balgonie-1; Calais-3; and six from the Pennine Basin of central England: Kirk
Smeaton-1; Gun Hill-1; Gainsborough-2; Duffield-1; Rufford-1; Carsington Dam
Reconstruction-1. The aim was to test whether laser Raman can be used as a rapid
means to reliably estimate the thermal maturity of Carboniferous rocks in the UK, with
particular focus on the maturity range relevant to shale gas exploration (0.6—3 %VR,).

All the wells intersect Carboniferous organic-rich mudstones and coals.
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The Midland Valley of Scotland and Pennine Basin in central England were both
formed in response to Late Devonian and Early Mississippian back-arc extension north
of the Variscan orogenic front, forming a series of interconnected NE-SW graben and
half-graben structures (Fig. 2; Waters et al., 2009). These basins accumulated
Carboniferous organic-rich mudstones and coals, which have been identified as
proven source rocks for many of the conventional oil and gas fields in central England
(Andrews, 2013) and, historically, were an important source of oil shale in the Midland
Valley of Scotland (Monaghan, 2014). Both the Midland Valley and Pennine Basin
suffered from extensive tholeiitic magmatism during the Late Carboniferous, which
led to the intrusion of sills and dykes into Lower Carboniferous strata. These intrusions
led to local thermal alteration of the surrounding strata pushing the maturity of shales

and coals into and above the oil and gas windows (Raymond, 1991; Monaghan, 2014).
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Figure 5.1. (a) Geological framework of the Carboniferous and the location of the wells used in this
study. Base map from Waters et al. (2009). The Pennine Basin, a complex fault-controlled mosaic of
shelves and sub-basins, extends between the Southern Uplands and the Wales-Brabant High. BH—
Bowland High; BT-Bowland Trough; CLH-Central Lancashire High; DH—Derbyshire High; EG—-Edale Gulf;
GT-Gainsborough Trough; HB—Humber Basin; HdB—Huddersfield Basin; HS—Hathern Shelf; LDH-Lake
District High; MH-Manx High; WG—-Widmerpool Gulf. Reproduced with the permission of the British

Geological Survey ©ONERC. All rights reserved. (b) Core description of the Inch of Ferryton-1 borehole
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and the depths of samples used to calibrate the Raman with vitrinite reflectance. IG-Inverclyde Group;

SG-Strathclyde Group. Adapted from Raymond (1991) and Monaghan (2014).

Table 5-1. Borehole samples used in this study along with depth, series /stage, rock unit and measured

vitrinite reflectance (%VRo).

Well (British National Sample Depth Series / Stage Rock Unit %VRo Rock type
Grid: E, N) (Lat, Long) No. (SSK)  (m) analysed
Inch of Ferryton-1 75826 24 U. Carboniferous®*  Scottish Lower Coal 0.572 Coal
Measures Fm.
(NS 290777, 690150) 75827 588 U. Carboniferous*  Upper Limestone Fm. 0.95° Shale
(56.091618 N, 75828 640 U. Carboniferous*  Upper Limestone Fm. 0.75° Coal
3.757062 W)
75846 735 U. Carboniferous®*  Limestone Coal Fm. 0.89° Coal
75829 838 U. Carboniferous®*  Limestone Coal Fm. 1.00° Coal
75830 1021 U. Carboniferous®*  Limestone Coal Fm. 1.85° Coal
75831 1064 U. Carboniferous®*  Limestone Coal Fm. 2.23b Coal
75840 1155 U. Carboniferous®  Limestone Coal Fm. 3.79° Coal
75841 1170 U. Carboniferous®*  Limestone Coal Fm. 4.03° Coal
75842 1423 U. Carboniferous®  Limestone Coal Fm. 6.04° Coal
75843 1487 U. Carboniferous®*  Limestone Coal Fm. 4.28° Shale
75844 1637 L. Carboniferous? Lower Limestone Fm. 2.97° Coal
75845 2057 Devonian? Stratheden Group 2.21b Shale
Milton of Balgonie-1 80037 305 U. Carboniferous*  Upper Limestone Fm. 0.482 Shale
(NT 33173, 99335) 80249 408 U. Carboniferous*  Upper Limestone Fm. 0.47" Coal
(56.181942 N, 80250 489 U. Carboniferous*  Upper Limestone Fm. 0.65° Coal
3.078141 W)
80251 582 U. Carboniferous®  Limestone Coal Fm. 0.67° Coal
80272 625 U. Carboniferous®  Limestone Coal Fm. nd Coal
80252 649 U. Carboniferous®*  Limestone Coal Fm. 0.83° Coal
80253 704 U. Carboniferous®  Limestone Coal Fm. 1.95° Shale
80254 762 U. Carboniferous®*  Limestone Coal Fm. 2.182 Coal
80255 777 U. Carboniferous®  Limestone Coal Fm. 3.02° Coal
80256 799 U. Carboniferous®  Limestone Coal Fm. 3.320 Coal
80273 805 U. Carboniferous®  Limestone Coal Fm. nd Coal
80257 817 L. Carboniferous? Lower Limestone Fm. 4.00° Coal
80258 847 L. Carboniferous? Lower Limestone Fm. 2.212 Shale
80259 1030 L. Carboniferous? Lower Limestone Fm. 3.74° Coal
80260 1036 L. Carboniferous? Lower Limestone Fm. 3.54b Coal
80261 1082 L. Carboniferous? Lower Limestone Fm. 2.11° Shale
80262 1097 L. Carboniferous? Lower Limestone Fm. 2.38" Shale
80263 1125 L. Carboniferous? Lower Limestone Fm. 1.44° Coal
80264 1137 L. Carboniferous? Lower Limestone Fm. 1.262 Coal
80265 1195 L. Carboniferous? Lower Limestone Fm. 1.562 Coal
80266 1210 L. Carboniferous? Lower Limestone Fm. 1.35° Coal
80267 1222 L. Carboniferous? Lower Limestone Fm. 0.75° Coal
80268 1280 L. Carboniferous? Strathclyde Group 0.84° Shale
80277 1445 L. Carboniferous? Strathclyde Group 0.87° Shale
80269 1484 L. Carboniferous? Strathclyde Group 0.90° Coal
80278 1600 L. Carboniferous? Strathclyde Group 0.90° Shale
80279 1783 L. Carboniferous? Strathclyde Group nd Shale
80270 1911 L. Carboniferous? Strathclyde Group 1.13°b Shale
80035 1966 L. Carboniferous? Strathclyde Group 1.20° Coal
80271 1975 L. Carboniferous? Strathclyde Group 1.26° Shale
80036 1981 L. Carboniferous? Strathclyde Group 4.54b Shale
Calais-3 80232 24 L. Carboniferous? Lower Limestone Fm. 1.71° Coal
(NT 12764, 86386) 80233 30 L. Carboniferous? Lower Limestone Fm. 1.62° Coal
(56.062333 N, 80234 49 L. Carboniferous? Lower Limestone Fm. 1.51b Coal
3.402583 W)
80235 52 L. Carboniferous? Lower Limestone Fm. 1.51° Coal
80236 64 L. Carboniferous? Lower Limestone Fm. 1.39° Shale
80237 66 L. Carboniferous? Lower Limestone Fm. nd Coal

131



CHAPTER 5. Int. J. Coal Geol. 203 (2019), 87-98.

80238 88 L. Carboniferous? Strathclyde Group 1.32°b Shale
80239 98 L. Carboniferous? Strathclyde Group 2.03° Shale
80040 111 L. Carboniferous? Strathclyde Group nd Coal
80042 137 L. Carboniferous? Strathclyde Group 1.44° Coal
80043 146 L. Carboniferous? Strathclyde Group 1.51° Shale
80044 152 L. Carboniferous? Strathclyde Group 1.68° Coal
80045 168 L. Carboniferous? Strathclyde Group 2.07° Shale
80046 174 L. Carboniferous? Strathclyde Group 3.80° Coal
Kirk Smeaton-1 75847 250 Westphalian C¢ Pennine Upper Coal 0.55¢ Coal
Measures Fm.
(SE 51142, 16097) 75848 512 Westphalian B¢ Pennine Middle Coal 0.70¢ Coal
Measures Fm.
(53.638899 N, 75849 758 Westphalian A¢ Pennine Lower Coal 0.80°¢ Coal
1.227966 W) Measures Fm.
75850 1002 Namurian® Millstone Grit Group 0.90¢ Shale
75851 1252 Namurian® Millstone Grit Group 1.20¢ Shale
75852 1590 Namurian® Bowland Shale Fm. 1.40¢ Shale
Gun Hill-1 75853 250 Namurian® Millstone Grit Group 0.65¢ Shale
(SJ 97230, 61820) 75854 481 Namurian® Bowland Shale Fm. 0.70¢ Shale
(53.153506 N, 75855 503 Namurian® Bowland Shale Fm. 1.50¢ Shale
2.042876 W)
75856 622 Namurian®© Bowland Shale Fm. 1.40¢ Shale
75857 839 Namurian® Bowland Shale Fm. 1.10¢ Shale
75858 956 Namurian®© Bowland Shale Fm. 1.20¢ Shale
75859 1401 Namurian® Bowland Shale Fm. 1.60¢ Shale
Gainsborough-2 75860 764 Westphalian B¢ Pennine Middle Coal 0.45¢ Coal
Measures Fm.
(SK 81774, 90785) 75861 897 Westphalian B¢ Pennine Middle Coal 0.65¢ Shale
Measures Fm.
(53.407555 N, 75862 1089 Westphalian B¢ Pennine Middle Coal 0.60°¢ Coal
0.771360 W) Measures Fm.
75863 1302 Westphalian Ac Pennine Lower Coal 0.71¢ Shale
Measures Fm.
75864 1797 Namurian® Millstone Grit Group 0.75¢ Shale
75865 1844 Namurian® Bowland Shale Fm. 0.80¢ Shale
75866 1900 Namurian® Bowland Shale Fm. 0.75¢ Shale
Duffield-1 75869 1046 Viseand Bowland Shale Fm. 1.254 Shale
(SK 34280, 42170)
(52.975790 N,
1.490946 W)
Rufford-1 80051 451 Westphalian® nd 0.59¢ Coal
(SK 64718, 62200) 80052 499 Westphalian® nd 0.59¢ Coal
(53.153012 N, 80053 748 Westphalian® nd 0.71¢ Coal
1.033694 W)
80056 1126 Namurian® nd 0.82¢ Coal
80055 1174 Tournaisian- nd 0.85¢ Shale
Visean®
80054 1201 Tournaisian- nd 0.76¢ Shale
Visean
Carsington Dam 4471 39 Namurian Bowland Shale Fm. 0.62° Shale

Reconstruction-1

(SK 24285, 50473)
(53.050970 N,
1.639168 W)

2807 2 VR values determined in this study; additional VR data and ages from: ® Raymond (1991); ¢ Andrews et al. (2013); ¢
2808 Smith et al. (2011); ® Green et al. (2001). Fm. = Formation. nd = not determined.

2809

2810 The Midland Valley of Scotland boreholes: Inch of Ferryton-1; Milton of Balgonie-1;

2811  and Calais-3, penetrate thick Carboniferous strata with interbedded coals, siltstones,
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sandstones, mudstones and carbonates with igneous intrusions. Inch of Ferryton-1
was drilled by Tricentrol in 1986 to test the conventional hydrocarbon potential of the
Namurian and Dinantian sandstones (Monaghan, 2014). The well includes the
Carboniferous Scottish Lower Coal Measures Formation, Clackmannan Group
(Passage Formation, Upper Limestone Formation, Limestone Coal Formation, Lower
Limestone Formation), Strathclyde Group and Inverclyde Group, followed by the
Devonian Stratheden Group at the base (Fig. 5.1). The quartz-dolerite Midland Valley
Sill is intruded into the Limestone Coal Group Formation (Namurian). Thin tuff
intervals are also present below the sill. Milton of Balgonie-1 was drilled by Burmah
Oil Exploration in 1984 to test the conventional hydrocarbon potential of the Earl’s
Sear Anticline targeting the Lower Carboniferous sandstones (Monaghan, 2014).
Similar to the Inch of Ferryton-1, the Midland Valley Sill intruded in the Clackmannan
Group (Namurian) with several minor tuff, lava and quartz-dolerite sills deeper in the
Strathclyde Group (Visean), below. Calais-3 was an appraisal well drilled by Berkeley
Resources Limited in 1986 (Monaghan, 2014). The well intersected the Lower
Limestone Formation and the Strathclyde Group. An igneous sill was encountered at

the base of the well at c. 185 m depth, in the Strathclyde Group.

The remaining six wells are located in the Carboniferous Pennine Basin, an
interconnected mosaic of rift basins and shelves in central England (Fig. 5.1). The wells
are associated with interbedded coals, siltstones, sandstones, mudstones and
carbonates, with some minor igneous intrusions and lavas. Kirk Smeaton-1 was a
wildcat well drilled in the Gainsborough Trough by RTZ Oil and Gas Limited in 1985
(Andrews, 2013). The well encountered the Triassic-Permian Sherwood Sandstone
Group (SSG), followed by the Carboniferous Pennine Coal Measures Group
(Westphalian A—C), Millstone Grit Group and the Bowland Shale Formation. There is
no evidence of igneous intrusions. Gun Hill-1 was drilled by D’Arcy Exploration in 1938
and is on the western flank of the Derbyshire High in the Widmerpool Gulf (Andrews,
2013). The well intersects a thick Carboniferous sequence including the Millstone Grit
Group and the Bowland Shale Formation. There are also several intervals of lava flows
known as the Gun Hill lava between 400-900 m in Visean aged strata. Gainsborough-

2 was drilled by British Petroleum in 1959 in the Gainsborough Trough (Andrews,
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2013). The well intersects the Triassic—Permian Sherwood Sandstone Group, before it
encounters a thick sequence of Carboniferous Pennine Coal Measures Group
(Westphalian A and B), and Bowland Shale Formation. The well terminated in the
Upper Bowland Shales just below a thin dolerite sill at c.1900 m. Duffield-1 was drilled
by the BGS in 1966 and intersects a thick sequence of Bowland Shales (Aitkenhead,
1977; Andrews, 2013). A quartz-dolerite sill intruded at the base of the well at c. 1000
m in the Lower Bowland Shales. Rufford-1 was drilled by British Petroleum in 1986 to
test the hydrocarbon potential of the Westphalian and Namurian sandstones and the
Dinantian limestones (Hodge, 1986). Similar to Gainsborough-2 and Kirk Smeaton-1,
the well intersects Triassic and Permian strata, followed by a thick sequence of
Carboniferous Pennine Coal Measures Group (Westphalian A and B), Millstone Grit
Group and the Carboniferous Limestone Supergroup. Carsington Dam Reconstruction-
1 was drilled in the 1990 to assess the hydrological conditions and pressures of the
reconstructed Carsington Dam following its failure in 1984 (Banyard et al., 1992;

Skempton and Vaughan, 1993) and intersects Namurian Bowland Shale.
5.3.2 Methods
5.3.2.1 Laser Raman spectroscopy

Coal particles were hand-picked from the bulk samples, however, when coal particles
were not present, black shale particles were selected (Table 5.1). Each particle was
stored in a plastic bag and labelled. The particles were analysed by a Renishaw inVia™
laser Raman instrument connected to a Leica DMLM microscope. The Rayleigh
scattering was removed using an edge filter and the Raman scattering was dispersed
by an 18,000 lines/mm holographic grating and detected by a charged couple device
(CCD). A standard silicon wafer sample was used to calibrate the instrument by
matching the 520.5cm™ band position, followed by manually aligning the laser beam
with the crosshairs on the microscope. A 514.5 nm argon-ion green laser delivering c.
2 mW was used. The laser was focused through a x50 objective, with a laser spot size
of c. 2 um. The scan range was limited to 900-2000 cm?, in order to assess the first-

order region.
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Where possible, up to 30 measurements from different cuttings (pieces of coal/shale)
where analysed per sample depth. The data are generally normally distributed.
However, as the samples are cuttings, cavings and recycled vitrinite may be present.
These were identified, and the corresponding data removed before parameterising
the population to represent the true maturity. Two types of data manipulation were
performed: (1) isolated anomalous data points (‘flyers’) were excluded; and (2)
populations of caved or reworked material were identified using histograms (where
present), and the corresponding data excluded before calculating the mean Raman
parameter values to represent the true maturity of the sample. The same approach is
routinely applied in the petroleum industry for the determination of VR values from

wells (Dow, 1977; wiki.aapg.org/vitrinite_reflectance).

Renishaw WIRE 3.3 software was used to acquire spectra, which were processed in
the automated Microsoft Excel® spreadsheet of Henry et al. (2018) that performs a
Savitzky-Golay smoothing filter using a 21-point quadratic polynomial algorithm, a 37-
order polynomial baseline correction, and normalizes the spectra to a common G-
band height of 2000 au. The automated method is set to calculate the following
Raman parameters (Fig. 5.2, Table 5.2): G-band full-width half-maximum (G-FWHM);
D-band full-width half-maximum (D-FWHM); Raman band separation (RBS); R1 (D/G
height ratio); saddle index (SI; G/S height ratio); and scaled spectrum area (SSA; total
area under a baseline corrected curve when the G band has been normalized to an
intensity count of 2000 a.u. between 1100 — 1700 cm™). The D-FWHM cannot be
calculated if the saddle height (“S”, Fig. 5.2) is above the height of the half maximum
height of the D band.
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Figure 5.2. lllustration of the Raman parameters. The horizontal and vertical arrows for the D

(disordered, D-band), G (graphite, G-band) and S (saddle) are used to measure the height intensity and

position respectively, and the double-ended arrows are used to measure the full-width half-maximum

(FWHM). The SSA (scaled spectrum area) is the total area under the curve between 1100-1700 cm*

(red shaded area).

Table 5-2. Raman parameters used to determine the maturity of organic matter examined in this study,

along with the abbreviations and reference to previous studies.

Method Parameters  Abbreviations References

Full-width at G G-FWHM e.g. Hinrichs et al. (2014); Zhou et al. (2014);

half-maximum Schmidt et al. (2017); Henry et al. (2018).

(FWHM)

D D-FWHM e.g. Quirico et al. (2005); Bonoldi et al. (2016);

Schito et al. (2017); Henry et al. (2018).

Raman band G-D RBS (Raman Band e.g. Mumm and Inan (2016); Sauerer et al.

position Separation) (2017); Schmidt et al. (2017); Schito et al.
(2017); Henry et al. (2018).

Ratio of D/G R1 e.g. Rahl et al. (2005); Schmidt et al. (2017);

Raman band
height

intensity

136

Sauerer et al. (2017); Roberts et al. (1995);
Spotl et al. (1998); Kelemen and Fang (2001);
Henry et al. (2018).



2905

2906

2907
2908
2909
2910
2911
2912
2913
2914
2915
2916
2917
2918
2919
2920

2921

2922

2923
2924
2925
2926
2927
2928
2929

CHAPTER 5. Int. J. Coal Geol. 203 (2019), 87-98.

G/S Sl (Saddle Index) Wilkins et al. (2014); Henry et al. (2018).

Scaled Area  (1100- SSA Henry et al. (2018).

spectrum area  1700)

5.3.2.2 Vitrinite reflectance

Polished blocks were prepared by embedding the same particles that were used for
Raman analysis in an epoxy resin, followed by grinding and polishing according to the
ISO 7404-2:2009 standard. Vitrinite reflectance (VR) was carried out using a Carl Zeiss
Axio Imager.A2m microscope equipped with a halogen light source light at 546 nm
and following the ISO 7404-5:2009 standard. Calibration was performed using spinel
(Ro=0.420%) and gadolinium.gallium-garnet (Ro=1.722%) standards. We did not
possess a standard with a higher reflectance value, therefore our own VR analyses
were limited to VR, measurements of <1.5% (the oil window; Dow, 1977). Random
reflectance measurements were taken in oil with a refractive index of 1.519. Samples
selected for VR determinations were the same as those used for Raman analysis. Up
to thirty measurements from the particles selected during the hand-picking were
taken per sample, where possible. The mean vitrinite reflectance results were
calculated after the removal of measurements that were judged to be form cavings

and/or recycled vitrinite (cf. Dow, 1977).

5.4  Results and discussion

5.4.1 Calibration

A core depth plot of the Raman parameters derived from coals and shales in this study,
demonstrates that the laser Raman method differentiates the extent of the thermal
aureole of the sill in the Inch of Ferryton-1 borehole just as effectively as measured
vitrinite reflectance (%VRo) (Fig. 5.3). The G-FWHM, SSA, R1 and D-FWHM values
decrease with increasing maturity and the saddle index (SI) and Raman band
separation (RBS) increase with increasing maturity (Fig. 5.4). The dashed lines in Figure

3 represent the general trend of the parameters with depth above and below the
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thermal aureole. There is a pronounce change in the values for all the Raman
parameters close to the top and base of the sill, however, the almost vertical general
depth trend lines for the Sl and D-FWHM parameters (Fig. 5.3d, g) suggest that these
parameters lack the sensitivity necessary to quantify lower thermal maturities further
away from the aureole. Note that vitrinite reflectance has a non-linear general depth
trend, which is a common phenomenon when not plotted on a log scale (Dow, 1977).
Whether the Raman parameters have a non-linear depth trend is uncertain, as
samples deeper than c. 2050 m were not tested. The aureole symmetry (the red
shaded region above and below the sill) in Figure 5.3 for VR and G-FWHM, SSA, Sl and
R1 is almost identical, as the increase in maturity starts at c. 700 m, however, due to
the lack of samples in the lower section, the thickness of the aureole cannot be
predicted with confidence using the Raman parameters. The RBS parameter (Fig. 5.3¢)
significantly overpredicts the aureole thickness above the sill and the D-FWHM (Fig.

5.3g) under-predicts the width of the aureole above and below the sill.

The Raman parameters that are most sensitive to smaller incremental maturity
changes in the Inch of Ferryton-1 well between maturity values of 0.6 to 3 %VR,, are
the G-FWHM, SSA, SI, RBS and R1 parameters (Fig. 5.3b—f). Hence, these are
considered to be the most reliable Raman parameters for estimating organic matter

maturities in the oil and gas windows.
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Figure 5.3. Vitrinite reflectance and Raman parameters depth plots, mapping out the thermal aureole
around the quartz dolerite sill (Midland Valley Sill) in the Inch of Ferryton-1 borehole. %VR, values from
Raymond (1991). The stippled area represents the vertical extent of the sill. The red shading indicates
the extent of the thermal aureole as determined from each analytical parameter. (a) Measured %VR,,

(b) G-FWHM, (c) SSA, (d) RBS, (e) SI, (f) R1, (g) D-FWHM. Numerical data are presented in Appendix E

Raman parameters vs. vitrinite reflectance (VRo) calibration curves (Fig. 5.4), indicated
that the G-FWHM is the most promising parameter for maturity analysis with an R? of
0.96 (Fig. 5.4a). The G-FWHM calibration curve has a steeper curve and less scatter
compared to the other parameters in the oil and gas windows (0.6—3 %VR,), making
maturity analysis less ambiguous. Our data show similar trends to Spotl et al. (1998),
Kelemen and Fang (2001), Quirico et al. (2005), Marques et al. (2009), Guedes et al.
(2010), Zhou et al. (2014), Schito et al. (2017) and Schmidt et al. (2017) but differ
significantly from Hinrichs et al. (2014), Bonoldi et al. (2016), and Lupoi et al. (2017)
(Fig. 5.5a). These discrepancies are explained by differences in the processing

methods, particularly performing variable deconvolution methods.

139



2966
2967
2968
2969
2970
2971
2972
2973

2974
2975
2976
2977
2978
2979
2980
2981
2982
2983
2984
2985
2986

2987
2988
2989
2990

2991
2992
2993
2994
2995

CHAPTER 5. Int. J. Coal Geol. 203 (2019), 87-98.

The SSA (scaled spectrum area) parameter was developed by Henry et al. (2018) and
measures the total area under the curve from 1100-1700 cm™ using the trapezoid area
rule after the curve has been normalized to the same G band height of 2000 au. The
SSA parameter decreases with increasing maturity and is the second-best Raman
parameter with an R? of 0.88 (Fig. 5.4b). The SSA parameter has good potential to
estimate the maturity of organic matter (OM) in the oil and gas windows as it has a
clear linear trend with a low standard deviation for VR values <3 %VR,, compared to

VR values > 3 %VR,.

The R1 parameter determined by several authors shows a trend that initially
decreases and then begins to increase (Fig. 5.5b). The point at which the R1 ratio trend
reverses varies between different studies. Sauerer et al. (2017) demonstrated an
increase starting at c. 1.5 %VR,, whereas other authors document that the increase
starts between 2.0 to 5.5 %VR, (e.g. Spotl et al., 1998; Quirico et al., 2005; Zhou et al.,
2014). This large variation is again attributed to variable processing methods. In this
study, R1 values do not show a clear reversal of trend, but there are signs that they
may start to increase at c. 4.0 %VR, (Fig. 5.4c). Guedes et al. (2010) and Liu et al. (2013)
showed a strong linear increase with substantially greater R1 values compared to the
other calibration curves (Fig. 5.5b). Liu et al. (2013) suggested the R1 ratio is suitable
for measuring the maturity of over-mature OM with VR values > 3.5 %VR. Unlike the
G-FWHM, Spotl et al.’s (1998) R1 calibration curve is not similar to this study’s R1

calibration curve, as those authors’ values begin to increase at c. 2.5 %VR (Fig. 5.5b).

The saddle index (SI) was first used by Wilkins et al. (2014) who integrated this
parameter into a multi-linear regression equation known as the ‘RaMM’ technique. In
this study, the Sl increases with increasing maturity with an R? of 0.75 (Fig. 5.4d), in
agreement with Wilkins et al. (2014).

The RBS increases linearly with increasing maturity (Figs. 5.4e and 5.5c), as the D band
position shifts to lower wavenumbers (cm™) and the G band shifts to higher
wavenumbers. However, the RBS values have a large standard deviation. This may
lead to significant errors when using the RBS calibration curve and it should therefore

not be used independently to estimate the maturity of OM. This contradicts the
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conclusion of Liu et al. (2013) who proposed using the RBS parameter to estimate
lower maturity OM (0.5 to 3.5 %VR). The large scatter for the RBS is similar to that

reported by Kelemen and Fang (2001).

The D-FWHM parameter results follow a similar trend to calibration curves in the
literature (Spotl et al., 1998; Kelemen and Fang, 2001; Quirico et al., 2005; Zhou et al.,
2014; Figs. 5.4f and 5.5d). The values remain relatively consistent up to c. 3 %VR, and
then begin to decrease. Hinrichs et al. (2014) calibration curve is significantly different
compared to other published calibration curves, particularly at low VR values. This is
attributed to the deconvolution method used. Negligible variation between maturity
values of 0.5 to 3 %VRo,, makes the D-FWHM parameter unsuitable for determining

the maturity of organic matter for the oil and gas industry.
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Figure 5.4. Vitrinite reflectance (VR) and Raman parameter calibration curves, constructed using the

values acquired from the Inch of Ferryton-1 borehole, overlain by the oil, wet gas and dry gas zones
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(after Dow, 1977) based on VR.. The error bars are the calculated standard deviations for each sample.

(a) G-FWHM, (b) SSA, (c) RBS, (d) SI, (e) R1, (f) D-FWHM. Numerical data are presented in Appendix E.
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Figure 5.5. Superimposed key Raman parameter calibration curves from selected publications,

compared to this study. (a) G-FWHM, (b) R1, (c) RBS, (d) D-FWHM.

5.4.2 Case study on Carboniferous samples in the UK

A blind test was conducted to estimate the equivalent VR for 78 Carboniferous
samples using the G-FWHM, SSA, SI, RBS and R1 calibration curve equations (Table
5.3) derived from the Inch of Ferryton-1 borehole study. The results are then

compared to measured VR values.

Table 5-3. G-FWHM, SSA, RBS and Sl vs. VR calibration curve equations for the maturity range
0.5 to 6 %VR..

Parameters R? Equation

142



3024

3025

3026
3027
3028
3029
3030
3031
3032
3033
3034
3035
3036
3037
3038
3039
3040
3041

3042
3043
3044
3045
3046

CHAPTER 5. Int. J. Coal Geol. 203 (2019), 87-98.

G-FWHM 0.96 %eqVR = 85.7830385291 * EXP (0058254813 G-FWHM)
SSA 0.88 %eqVR = -0.0000264097 * SSA + 12.6257416613
Sl 0.75 %eqVR = 1.1765899192 * S| — 2.9499539579

R1 0.73 %eqVR = 1945.4938205866 * EXP 116106553161 " R1)
RBS 0.62 %eqVR = 0.1359255714 * RBS — 30.6210791875

5.4.2.1 Midland Valley Sites

The Milton of Balgonie-1 results shows a close correlation between %VR, and %eqVR
for most Raman parameters (Fig. 5.6a). Notable, both VR, and Raman parameters
have sharp decrease in the VR values in close proximity (above and below) to the
quartz dolerite sill (Midland Valley Sill). This has been observed near the contact of
igneous intrusions by several authors (Raymond and Murchison, 1988; Bishop and
Abbott, 1995; Yao et al., 2011; Wang and Liu, 2015). Bishop and Abbott (1995) showed
that the decrease starts at about 10% distance of the thickness of the dyke; in this
study, the decrease in VR starts at about 10% above and 15% below the intrusion. This
difference is due to more compaction above the sill, compared to below the sill.
Khorasani et al. (1990) proposed two reasons for this sharp decrease in VR close to
intrusions: (1) difficulty in polishing high maturity vitrinite particles; and (2)
differences in molecular disordering that occurs at high heating rates near the sill. Our
study suggests that polishing is not the reason for this phenomenon, as the laser
Raman analysed unpolished rock chips. It is concluded that the apparent decrease in
maturity near the intrusion is a result of natural thermochemical reactions that occur

at a distance of <15% thickness of the intruded dolerite sill.

The Raman spectra of the samples taken close to the Midland Valley Sill in the Milton
of Balgonie-1 well are significantly different from the Raman spectra at a greater
distance from the sill (Fig. 5.6aiii). Similar spectra have been reported by Rantitsch et
al. (2014) and Morga et al. (2015) from coke samples. with R1 ratios > 1.00. The coke

spectra are similar to spectrum 3 in Figure 5.6aiii (sample SSK 80259), which is
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substantially different compared to the R1 ratio measured in coals (<0.80). This is also
observed in the inch of Ferryton-1 well and is accompanied by a sharp decrease in VR

values in very close proximity of the sill.

The G-FWHM, SSA, Sl and RBS %.4VR results have a strong correlation with VR data,
whereas the R1 parameter has %eqVR that are shifted to higher values. However,
anomalous Raman and VR results below the sill at depths >1200 m (circled in Figure
5.6a) are present and could be due to the complex stratigraphy that includes multiple
extruded lava flows and thin quartz dolerite sills in the lower section (Raymond, 1991),

although the possibility of unrecognised cavings cannot be excluded.

The %VRo and %qVR values follow a similar trend for the Calais-3 borehole (Fig. 5.6b).
The G-FWHM, SSA, Sl and RBS parameters yield %eqVR values that are closest to VR,,
whereas the R1%.4VR data are again shifted to higher values. The strange concave VR
maturity trend for Calais-3 (Fig. 5.6b) is most likely the result of a previously overlying
sill that has been eroded, combined with the basal dolerite sill below 190 m. The
Raman parameters also show an increase in maturity values between 57 and 82 m,
which suggests that there may be another igneous intrusion nearby (Fig. 5.6biii), that
has not been picked out by the VR results. Although an igneous intrusion has not been
identified previously at that level, the well report indicates evidence of baking at

¢.95m (Aitkenhead, 1977), implying that an igneous body may be present.

5.4.2.2 Southern Pennine Basin sites

One sample was analysed for the Duffield-1 well, from a depth of ¢.1100 m (Fig. 5.6c).
The G-FWHM, SSA, RBS and SI1 %.4VR values are in good agreement with %VR,; R1
values are again too high. The sharp increase in %VR, is attributed to a sill near the

base of the well (Andrews, 2013).

The VR data for Gainsborough-2 fluctuates between 0.4 — 0.7 %VR, down to 1800 m
and then there is an increase to 1.1 %VR, just below the sill at the base of the well
(1900 m) (Andrews, 2013). An increase in the G-FWHM, SSA, RBS and SI1 %¢qVR is also
evident (Fig. 5.6d). The G-FWHM data have the best correlation with %VR,. The G-

FWHM %eqVR and %VR, results are very similar for the Rufford-1 well, whereas, the
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SSA, RBS, Sl and R1 %qVR data show substantial more discrepancies (Fig. 5.6e). At
1300 m in Gainsborough-2 there is a negative value for the Sl parameter, which occurs
when the background fluorescence curvature is underestimated. This leads to a higher
saddle height and a lower Sl ratio number, which can result in a lower than expected
maturity or a negative value. This issue could be addressed with further spectrum
processing, but this negates the objective of having an automated approach. It is
advised to reject these spurious data points, as is common practice when reviewing

vitrinite reflectance and Rock-Eval pyrolysis data sets.

There is substantial scatter in %VR, for the Gun Hill-1 well above 700 m depth, which
is replicated by the G-FWHM, SSA, S| and RBS %eqVR profiles, (Fig. 5.6f). The RBS
substantially overestimates the maturity of the samples but follows the same trend as
the other parameters (Fig. 5.6f). The SSA fails to generate acceptable %.qVR values, as
some of the results are negative. The reason for this is that the background correction
has underestimated the curvature of the background fluorescence, and therefore
increased the total area under the curve to the baseline, resulting in very low or
negative maturity results. G-FWHM %cqVR has the best correlation with measured VR
values. The results for the Kirk Smeaton-1 well show a smooth %VR, profile that
increases with depth (Fig. 5.6g). The G-FWHM, SSA, RBS and SI1 %eqVR profile follow
the same trend but with higher VR values and greater variance. The G-FWHM %eqVR
values are closest to the %VR, data and the R1 and RBS parameters overestimate the

VR values.
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Figure 5.6. Core depth plots vs. maturity measurements for the several wells estimated using the G-
FWHM, SSA and RBS calibration curve equations in Table 3. Midland Valley: (a) Milton of Balgonie-1.
(b) Calais-3. Southern Pennine Basin: (c) Kirk Smeaton-1. (d) Gainsborough-2. (e) Gun Hill-1. (f) Rufford-
1. (g) Duffield-1. Numerical data are presented in Appendix E. LLG: Lower Limestone Group. MG:
Millstone Grit Group. MMG: Mercia Mudstone Group. SSG: Sherwood Sandstone Group. BS: Bowland

Shale Formation. CL: Carboniferous Limestone. L1: Green Vesicular Lava. L2: Green tuffaceous pillow

lava. L3: Green tuffacesous lava.
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Figure 5.6 continued...

Figure 5.7 is a summary of %VR, vs. %eqVR for the G-FWHM, SSA, SI, R1 and RBS
parameters for all the samples analysed. Overall, G-FWHM has the tightest correlation
with %VR, with an R? of 0.84 and can successfully generate %.qVR values that are
similar to measured %VR, values, as the trend line lies almost on top of the 1:1 line
(Fig 5.7a). The SSA and SI %eqVR parameters correlate well with %VR,, yielding R?
values of 0.75 and 0.71, respectively (Fig. 5.7b-c), but have greater scatter than the G-
FWHM Raman parameter. The R1 and RBS calibration curves have the greatest scatter
for maturities in the oil and gas maturity ranges (0.6-3.5 %VR) and they both

overestimate %.qVR for maturities < 3.0 %VRo.

The G-FWHM parameter has the greatest potential to be used as a universal maturity
proxy, however there is large scatter for higher maturities (Fig. 5.7a). This is because
the calibration curve is non-linear and flattens out for higher maturities, therefore

small changes in the G-FWHM for higher maturity samples give large differences in
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%eqVR (Fig. 5.4a). This is not the case for maturities <3.5%VR, as the calibration curve
is steep and linear. The other calibration curves may be used to confirm the results,
but they should not be used independently, as there is significant scatter. The Pennine
Basin and Midland Valley of Scotland samples also follow a similar maturity path for
the G-FWHM Raman parameter (Fig. 5.7a), however the Pennine Basin data have
greater scatter than the Midland Valley of Scotland results for the rest of the Raman
parameters (Fig. 5.7b-e). This is likely caused by more intense and variable background
fluorescence in the Pennine Basin samples compared to those from the Midland Valley
of Scotland, which tends to have a greater impact on the SSA, Sl, R1 and RBS Raman

parameters.
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3137  Midland Valley of Scotland. Yellow data points: Pennine Basin
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5.5 Conclusion

Raman parameter calibration curves constructed using samples from the Inch of Ferryton-1
borehole have been successfully tested on Carboniferous organic-rich sediments from the
Midland Valley of Scotland and the southern Pennine Basin, central England. The Raman
parameter with the strongest correlation with measured vitrinite reflectance (%VRo) is the G-
FWHM, which can successfully generate similar VR equivalent values in the oil and gas
windows (0-3.0%VR.). Due to the non-linear nature of the G-FWHM calibration curve,

unreliable results may be derived for samples that have a maturity >3.5% VR,.

Maturity measurements can be acquired rapidly on well cuttings, with the potential to be
performed on-site using a portable Raman instrument early in an oil and/or gas fields life
cycle. The SSA, RBS, R1, D-FWHM and SI Raman parameters may be used alongside the G-
FWHM parameter to better constrain the maturity of OM, but they should not be used

independently due to large scatter in the results.

The G-FWHM calibration curve has the potential to be used universally, but further work must
be performed to refine the calibration curve and test it in a wider range of sedimentary basins
around the world. Testing the method in areas of known VR suppression and/or retardation
caused by the presence of Type Il hydrogen-rich macerals, lithological variation, and
overpressurized basins would also be instructive; as well as testing laser Raman in scenarios
where VR cannot be measured, such as pre-Devonian and deep marine shales where vitrinite

particles are absent or rare.
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Chapter 6 Raman spectroscopy, vitrinite
reflectance, Rock-Eval pyrolysis and illite
crystallinity maturity indices: a critical comparison

for Carboniferous shale gas exploration in the UK

This Chapter is from: Henry, D.G., Jarvis, 1., Gillmore, G., Stephenson, M., Vane, C.H., Huggett,
J., Wray, D., in revision. Raman spectroscopy, vitrinite reflectance, Rock-Eval pyrolysis and illite
crystallinity maturity indices: a critical comparison for Carboniferous shale gas exploration.

Submitted to J. Mar. Petrol. Geol. Short comm. Paper.

So far, the results from Raman spectroscopy have been taken from a bench-top Raman
spectrometer and compared with vitrinite reflectance (VR). Here, the bench-top Raman and
VR results will be compared with Rock-Eval pyrolysis, illite crystallinity and a portable Raman

instrument.
6.1 Abstract

Five thermal maturity methods are compared for a suite of Carboniferous shales and coals
from formations in the UK that are prospective shale gas targets: Raman spectroscopy;
vitrinite reflectance (VR); Tmax and production index (PI) from Rock-Eval pyrolysis; and illite
crystallinity (IC). The comparison demonstrates that: (1) Raman spectroscopy is a powerful
alternative method to estimate equivalent VR values from shales and coals. (2) A portable
Raman instrument has the potential to be used on-site or in the field to determine the
maturity of coals. (3) Comparing organic matter maturity proxies with IC can help to
qualitatively determine changes in thermal gradients, as clay minerals take longer time to
equilibrate to the surrounding temperatures than organic matter. (4) VR and Tmax values have
a strong relationship, which may be used to estimate equivalent VR values and calibrate basin
models; these have been used previously to estimate the volume of shale gas resources in
the Pennine Basin of central England. Anomalously low Tmax values (<400 °C) for samples with

maturity values >1.5 %VR, indicate that these had free heavy hydrocarbons present, which
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had not been expelled prior to pyrolysis. This highlights the need to perform solvent
extraction on high maturity samples in the Carboniferous successions of the UK. This is
particularly important for shale gas exploration, as the sweet spots typically occur at maturity

values >1.4 %VR.

6.2 Introduction

Thermal maturity measurements made on source rocks are essential to calibrate basin
models that help reconstruct the thermal and subsidence history of a basin (Tissot et al.,
1987). These models allow petroleum geologists to determine the timing, quantities, type and
location of hydrocarbon generation and expulsion, as well as quantifying missing sedimentary
stratigraphy, and constrain poroperm-critical diagenetic reactions such as quartz and
carbonate cementation and illitization (Susanne et al., 2008; Allen and Allen, 2013; Andrews,

2013).

Using a combination of thermal maturity techniques is standard practice in oil and gas
exploration, as it decreases risk by cross-checking results, as no single maturity method is
universally reliable (Whelan and Thompson-Rizer, 1993; Wilkins, 1999). Having a selection of
methods to determine the thermal maturity of rocks allows geoscientists to optimize their
analysis based on the quantity, composition and age of the sample, maturity grade, operator
expertise, equipment availability, and time and money constraints. There are often
discrepancies in the thermal maturity results obtained when using several methods, which
are due to technical, methodological and theoretical problems inherent for each technique
(Espitalie et al., 1977; Merriman and Kemp, 1996; Wilkins, 1999; Hartkopf-Froder et al., 2015).
Such discrepancies may help to determine important changes in thermal regimes and organic
matter (OM) composition. For instance, comparing illite crystallinity with maturities derived
from OM can help to qualitatively predict changes in thermal gradient (Merriman and Kemp,
1996). The suppression and retardation phenomenon that impacts vitrinite reflectance (VR)
(Carr, 2000) can be understood by comparing VR with the spore colouration index and/or the
fluorescence alteration of multiple macerals (Wilkins, 1999), as well as Raman spectroscopy

(Wilkins et al., 2015; Schito et al., 2019).
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To our knowledge, no other study has directly compared different thermal maturity indicators
for Carboniferous rocks in the UK; it is therefore not known whether discrepancies exist. Here,
we compare VR with Rock-Eval pyrolysis and illite crystallinity maturity indices, as well as
Raman spectroscopy (bench—top and portable instruments), which has been advocated as a
new maturity assessment tool (e.g. Henry et al., 2018, 2019). We identify discrepancies that
occur and build a calibrated maturity chart that can be used for thermal maturity studies of

Carboniferous rocks in the UK.
6.3 Materials and methods

6.3.1 Materials and geological setting

Washed and registered Carboniferous cuttings from seven wells were collected from the
British Geological Survey (Fig. 6.1; Appendix E) that were divided into three sub-sets for: (1)
VR and Raman analysis; (2) Rock-Eval pyrolysis; (3) illite crystallinity, where there was
sufficient material available (Appendix E; Fig. 3.1). VR was performed on selected samples to
cross-check the reported VR values of samples that have been used in this study (Appendix E;
Raymond, 1991; Green et al., 2001; Smith et al., 2011; Andrews et al., 2013). A more detailed

description of the wells has been provided by Henry et al. (2019).
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Figure 6.1. Geological framework of the Carboniferous and the location of the wells used in this study. Base map
from Waters et al. (2009). The Pennine Basin, a complex fault-controlled mosaic of shelves and sub-basins,

extends between the Southern Uplands and the Wales-Brabant High.

Back-arc extension north of the Variscan orogenic front during the Late Devonian and Early
Mississippian led to the development of both the Midland Valley of Scotland and Pennine
Basin (Fig. 3.1). This resulted in the formation of a complex mosaic of NE-SW graben and half-
graben structures (Waters et al., 2009, 2019). Deposition of Carboniferous organic-rich
mudstones and coals in these structures have had significant economic and social benefits,
as they have provided much of the hydrocarbons for conventional oil and gas fields in central
England (Andres, 2013), as well as historically providing oil shale in the Midland Valley of
Scotland (Monaghan, 2014). Both the Midland Valley and Pennine Basin experienced
magmatism during the Late Carboniferous, accompanied by igneous intrusions into Lower
Carboniferous strata, which have locally elevated the thermal maturity of shales and coals

(Raymond, 1991; Monaghan, 2014).

6.3.2 Methods

6.3.2.1 Raman spectroscopy

Bench-top Raman results (Appendix A; Henry et al., 2019) were obtained using a Renishaw
inVia™ Raman instrument with a 514.5 nm laser and c. 2 um spot diameter. A portable
B&WTek i-Raman Plus instrument was tested on 14 selected samples (Appendix E) with a 532
nm laser with a spot diameter of c.100 um; an attached video microscope projected a live
video stream to a laptop computer. Raman spectra were processed following the
methodology of Henry et al. (2018). Only the Raman parameter G-band full-width at half-
maximum (G-FWHM) data are reported, as this is considered to be the most reliable for
estimating equivalent VR values for oil and gas exploration (Henry et al., 2019). The different

laser wavelengths used is not expected to alter the G-FWHM (Kouketsu et al., 2014).

6.3.2.2 Rock-Eval pyrolysis

A Rock-Eval 6 instrument (Vinci Technologies) at the British Geological Survey was used

for Rock-Eval pyrolysis of 83 samples (Appendix E). The samples were grounded and
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homogenized using an agate pestle and mortar and no further processing was executed. The
samples were heated in a nitrogen atmosphere between 300 — 650 °C at 25 °C/minute,
followed by oxidising the residual carbon at 300 — 650 °C at 20 °C/minute. The hydrocarbons
released during pyrolysis and oxidation were measured using a flame ionisation detector (FID)
and the CO and CO; were measured using an infrared cell. The Tmax (temperature at which
the maximum quantities of hydrocarbons were generated from kerogen) and the production
index (Pl = S1/[S1+S2]) maturity parameters are presented in this study (see Peters and
Rodriguez (2017) for further explanation). Total organic carbon, hydrogen index and oxygen

index values are reported in Appendix E.
6.3.2.3 lllite crystallinity

Illite crystallinity (IC) determinations were performed on 24 samples (Appendix E). Sample
preparation was undertaken at Petroclays (Heathfield, UK) with x-ray diffraction (XRD)
analysis at the University of Greenwich. Rock samples were gently crushed and mixed with
distilled water, followed by an ultrasonic bath for 20 minutes to release the clays into
suspension. The suspension is decanted and centrifuged at 1000 rpm for four minutes. The
remaining suspension is again decanted and centrifuged at 4000 rpm for 20 minutes,
depositing the < 2 um clay fraction. The resulting slurry was spread over an unglazed ceramic
tile and air dried, and analysed using a Bruker D8 Advance fitted with a LYNEYE detector and
Ni-filtered CuKa radiation. Samples were scanned sequentially after air drying, after treating
with glycol, after heating for four hours at 400 °C, and again after heating at 550°C for an
additional four hours. The FWHM of the illite 10/A peak was measured at each stage. The raw
data were processed following the method developed by Warr and Rice (1994) to derive IC

values.
6.4 Results and discussion

Raman spectroscopy can be used to track the thermal maturity of OM in sedimentary rocks.
The G-FWHM has a strong relationship with %VR,, as demonstrated by Henry et al. (2019)
who used a bench-top instrument to analyse a suite of Carboniferous rocks from the UK
(calibration curve in Fig. 6.2). We show here, using a sample subset, that a portable Raman

system can also track the thermal maturity of coals using the G-FWHM and has a good
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relationship with VR (Fig. 6.2, Appendix E). However, the two shale samples that were tested
have higher G-FWHM values than coals for the portable Raman instrument. This is due to an
underestimation of the baseline subtraction, which has led to a lower placement of the
FWHM for the G-band. The underestimation is a result of intense background fluorescence
caused by the inclusion of both OM and the surrounding mineral matrix, a result of the c.100
um laser spot size deployed in the instrument. This makes baseline subtraction extremely
difficult and can create significant bias, and in some cases may completely obscure the Raman
OM signal. The smaller spot size (c. 2 um diameter) of the bench-top Raman enables the
analysis of isolated OM grains, thereby minimising matrix effects. Nevertheless, both data
sets follow a similar trend, albeit with different values, which demonstrates considerable
potential for the use of a portable Raman in the field or on-site on a drilling rig (although the
impact on the performance of the spectrometer of the vibrations experienced on a drilling rig

has not been investigated).
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Figure 6.2. Bench-top Raman and portable Raman G-FWHM vs. VR, from selected UK Lower Carboniferous
samples. The calibration curve of Henry et al. (2019) derived from a larger sample set using a bench-top

instrument is shown for comparison.

Rock-Eval pyrolysis is an all-in-one method that can be used to quantify the quantity, quality
and thermal maturity of sedimentary rocks. However, it is mostly used to screen large number

of samples before more expensive and time-consuming analysis (Peters and Rodriguez, 2017).
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Here, the Tmax and production index (Pl) are used to assess thermal maturity. Jarvie et al.
(2001) constructed a Tmax VS. %VR, calibration curve for US Carboniferous Barnett Shale
samples which was used by Andrews (2013) to calculate equivalent VR values in their UK
Bowland shale gas study where measured VR data was missing. Results were used to estimate
total in-place gas resources for the Bowland shales across northern England. Slowakiewicz et
al. (2014) also used Jarvie et al.’s (2001) equation to estimate equivalent VR for Carboniferous
rocks in the UK. Figure 6.3a shows that Jarvie et al.’s (2001) equation is within error of the
Tmax VS. VR calibration curve obtained from low-maturity (<1.5 %VR,) samples in this study,
confirming that the equivalent VR values calculated using Tmax by Andrews (2013) and

Slowakiewicz et al. (2014) are reliable.
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Figure 6.3. VR vs. Tmax values. (a) Calibration curve for low-maturity samples. (b) VR vs. Rock-Eval Tmax for all
samples (lower-maturity subset circled). Note that samples with VR, values >1.5 %, have anomalously low Tpax

values.

Samples with VR, values >c.1.5 % show considerable scatter and yield anomalously low Tmax
values (between 350 — 450 °C) with respect to their VR values (Fig. 6.3b), attributable to the
presence of free heavy hydrocarbons in the cuttings (cf. Clementz, 1979). In order to avoid
this problem, washing samples with an organic solvent prior to pyrolysis is recommended, so
that only hydrocarbons generated from the insoluble kerogen fraction are analysed

(Clementz, 1979). This is particularly relevant to shale gas exploration, as shale gas sweet
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spots occur at VR values > 1.4% (Jarvie, 2012). The production index (PI) vs. Tmax plot confirms

the presence of free heavy hydrocarbons (Fig. 6.4).

The Pl increases with increasing maturity and samples with VR, values >c.1.5 %, have

anomalously low, high and scattered Pl values, with respect to VR (Fig. 6.5c).

The thermal evolution for the Pl values with increasing VR and Tmax is different for the Midland
Valley of Scotland and Pennine Basin (Figs. 6.4 and 6.5). There are also intra-basin differences
for the Pennine Basin (Fig. 6.5b), as the Pl values follow a similar trend with VR for Rufford-1
and Gainsborough-2, whereas the Kirk Smeaton-1 and Gun Hill-1 wells have a steeper
gradient (Fig. 6.4b). This is common when the depositional environments and kerogen types
are significantly different (Peters and Cassa, 1994) and suggests that a separate VR and Tmax

vs. Pl relationships must be established for individual wells.
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Figure 6.4. Production index (PI) vs. Tmax. (@) Midland Valley of Scotland and Pennine Basin low-maturity samples
show different tends. (b) Pl vs Tmax for all the samples. Samples with VR, values > 1.5 % plot in the non-

indigenous/free heavy hydrocarbon segment.

158



3345

3346
3347
3348

3349

3350
3351
3352
3353
3354
3355
3356
3357
3358
3359

CHAPTER 6. Submitted to Mar. Petrol. Geol. Short Comm.

2.0 ; ; -

i ' i i
a. o = - @ b. :
J 5 o i e 4 0 |
= ! O o = 0 1%}
S ' S e} ; @
1 g . . 2 : G
154 &r e 1 § i :
1 i, T o i
4 A :A 'f" E 0 |
| A7 ' | | -
1.0 ¥l | - 0 0
p 4 ' N W
] A? o i M . o
J i : ] -
—os] gy 10 | 184 :
§ 1 ] Midland Valley of Scotland E Pennine Basin -
ST ; PI%¢oVR = 0.408"In(PI) + 1.96 : PI% VR = 1.21* (PI) + 0.631
:” | i n 23 R? 0.54 ' n 24 R? 0.1
O 0 t L S B — ——t————1———
s 0 0.1 0.2 0.3 0.4 05 0 0.1 0.2 0.3 0.4 0.5
-
o
[} 79 I I Vitrinite Reflectance: Vitrinite Reflectance:
— c ] ]
S 1G., = ' %) <1.5% >1.5%
() ' '
14 6 4 o © 'm 8 Midland Valley of Scotland ~ Midland Valley of Scotland
E] 13 H O Inch of Ferryton-1 B Inch of Ferryton-1
5 ‘g : : A Milton of Balgonie-1 A Milton of Balgonie-1
:E £ E E O Calais-3 @ Calais-3
S ) ' ' (] Pennine Basin Pennine Basin
4 0 Bg o, ° @ Kirk Smeaton-1 A Gun Hill-1
1 , A A Gun Hill-1
A A
3 LA A: B Gainsborough-2
: . Dry Gas @ Rufford-1 Individual site trends:
2 4 a H E A o Kirk Smeaton-1 —— Rufford-1 "
1A v b 7 .' Wet Gas %eoVR = 2.62*(PI)+0.511 %eoVR = 0.951%(P1)+0.592
1 ' oil ns R? 0.37 ne R? 0.69
] i Gainsborough-2 -~ . Gun Hill-1
; : %¢oVR = 0.726*(PI)}+0.525 %¢oVR = 2.93*(P1)+0.600
0 ——T—+——T———— 7T n7 R 04 n6 R 009
0 0.2 0.4 0.6 0.8 1

Production Index (PI)

Figure 6.5. VR vs. production index (PI). (a) Low-maturity samples (<1.5 %VR,) from the Midland Valley. (b) Low-
maturity samples for the Pennine Basin. Note that individual wells display different trends. (c) VR vs. PI for all

samples; those with VR, >1.5 % have anomalous scattered PI values.

Illite crystallinity (IC) tracks the transformation of smectite to illite, as the interstitial Na* and
Ca?* ions from smectite are replaced by K*, and AI** substitutes for Si** which progressively
converts the smectite to mixed layer/smectite to an authigenic illite (Ferreiro Mahlmann et
al., 2012). This transformation is mostly controlled by the maximum temperature. However,
time, thermal gradient, the original clay-mineral assemblage, the chemical environment,
fluids, pressure regime and deformation can all impact IC values (Ferreiro Mdahlmann et al.,
2012 and references therein). IC is a valuable maturity method when OM is absent; however,
it is also useful when compared to OM maturity, to qualitatively determining changes in
thermal regimes (Merriman and Kemp, 1996). In addition to determining the hydrocarbon

maturity and thermal gradients of a sedimentary basin, the degree of transformation of
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smectite to illite, can be used to infer overpressure in shales caused by the release of water

during the mineral transformation (Bruce, 1984).

Plotting IC vs. VR and G-FWHM can help to qualitatively compare changes in thermal gradients
between different wells (Fig. 6.6). In the Pennine Basin, the IC values are relatively constant
at 0.44 — 0.55 °A26, with a weak trend towards falling values (increasing crystallinity) with
increasing VR and G-FWHM. For Milton of Balgonie-1 from the Midland Valley of Scotland,
the IC vs. VR, and G-FWHM plots shift farther to the right with increasing VR, which is typical
for short-lived increases in thermal gradients caused by contact metamorphism, as clays take
a longer time to reach equilibrium with the surrounding temperature (Merriman and Kemp,
1996). The highest maturity samples (>3 %VR,), which originate from closest to the Midland
Valley Sill, plot farthest to the right; with decreasing VR and increasing distance from the
igneous intrusion, samples shift farther to the left. Samples farthest away from the intrusion
with the lowest VR values (<1.2%VR,) plot along a similar trend to those from the Pennine
Basin, suggesting that the OM in these samples was not impacted by the local increase in
thermal gradient caused by the igneous intrusion (Fig. 6). It is unclear why there is substantial
scatter in the IC results for Milton of Balgonie-1and why there is not a systematic shift in IC
values, especially for the two high crystallinity values >0.7 °A26. However, the succession is
very complex, with several smaller intrusive sills and extrusive lava horizons complicating the
thermal regime and chemical environment (Henry et al 2019 fig. 6a). Other aspects that might
relate to the poor IC correlation with VR and G-FWHM include changes in mineral
assemblages associated with variable volcanic input, the availability of K, and fluid-rock
interactions in the mixed sediment — lava sequence (Ferreiro Mahlmann et al., 2012 and

references therein).

Merriman and Kemp (1996) determined hydrocarbon generation zones based on IC values:
oil window at c.1.0°A26; wet gas at ¢.0.65 °A28; and dry gas at c.0.42 °A206 (Fig. 6.6). If we
only consider the samples that have not been affected by an igneous intrusion (Pennine basin
and Milton of Balgonie-1 samples with VR <1.2 %), our study shows that in this case the
hydrocarbon zones correspond to: oil window at ¢.0.6—0.8 °A26; wet gas at ¢.0.35-0.45 °A26;
and dry gas at ¢.0.15-0.25 °A20. If we include samples that have been affected by igneous

intrusions, then we get significantly different results. This demonstrates that IC thresholds for
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hydrocarbon generation zones cannot be universally applied and that IC must be calibrated

with VR for individual wells.

Figure 6.7 shows a calibrated basin maturity chart for the Pennine Basin and the Midland
Valley of Scotland the thermal maturity values derived from this study. Creating maturity
charts for different basins is advised and can be used to compare and cross-check results
derived from different maturity methods, as well as determining potential theoretical
differences in the results that could be due to the nature of rock and the surrounding thermal

environment, as well as technical and/or methodological differences.

A VR: 3.0-4.0%

»o--- o

g
»

A VR: >4.0%
Pennine Basin
> ‘I'ﬂmdmua ﬁ; hi !I';{t \ A Gun Hill-1
*+ %\ caused by contact 0 D © VR: 1.2-2.0%

~ . metamorphism

3. Normal geothermal
4. High geothermal
5. Hyperthermal

lllite crystallinity (°A26)

o 1 2 3 4 5 6 7 8 9 100 9 80 70 60 50 40 30 20 10 O
%VR G-FWHM (cm)

Figure 6.6. lllite crystallinity vs. (a) VR and (b) G-FWHM, superimposed on a thermal gradient plot modified from
Ferreiro Mahlmann et al. (2012). The illite crystallinity hydrocarbon zones are derived from Merriman and Kemp

(1996). IC vs. VR and G-FWHM relationships are strongly dependent on local thermal gradients.
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Figure 6.7. Thermal maturity chart for the Pennine Basin and Midland Valley of Scotland. Values in parentheses

are for the Midland Valley where these differ from the Pennine Basin.

6.5 Conclusion

Standard thermal maturity relationships for different maturity techniques cannot always be
applied universally, and if performed, should be interpreted with caution; an operator must
understand how discrepancies in the results may occur. Nevertheless, we demonstrate that:
(1) the Raman G-FWHM can be used as a maturity proxy in both the Pennine Basin and the
Midland Valley of Scotland, using the same calibration curves. (2) a portable Raman can be
used successfully on coals, but due to technical limitations (large laser spot width), shale
samples should be avoided. (3) the Tmax Vs. VR, calibration curve is within error of that
presented by Jarvie et al. (2001), demonstrating an identical relationship in Carboniferous
shales from the US and UK. (4) VR and PI plots show that different thermal maturity pathways

exist in the Pennine Basin, which is also different to wells from the Midland Valley of Scotland.
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(5) llite crystallinity values should not be used to determine the onset of the oil and gas
windows without first calibrating with VR or G-FWHM, as the relationships may be strongly
affected by changes in the thermal gradient, which can give significantly different crystallinity

values.

It is concluded that several thermal maturity techniques should be routinely employed to
reduce risk when estimating the thermal maturity of OM in petroleum basins. Different
methods should be cross-referenced to VR in order to create calibrated basin maturity charts
for prospective basins. Not only will this reduce the risk by cross-checking the results, but
discrepancies in the data can be used to gain a better understanding of the thermal regime,

as well as identifying poor technical and/or methodological practices.

163



3430

3431

3432

3433

3434
3435
3436
3437
3438
3439
3440
3441
3442
3443
3444
3445
3446
3447
3448

3449

3450
3451
3452
3453
3454
3455

CHAPTER 7. Characterising USGS geological reference samples

Chapter 7 Characterising candidate shale
geological reference materials from the United

States Geological Survey (USGS)

7.1 Abstract

Six candidate shale geological reference materials from the United States Geological Survey
(USGS) have been characterised using Henry et al.’s (2018) Raman spectroscopy method. The
calibration curves of Henry et al. (2019) have been applied successfully to rock-chip samples.
Strew slides display different responses, as isolating the organic matter using HCl and HF
alters the Raman spectrum, including values for the G-band full-width at half-maximum (G-
FWHM), scaled spectrum area (SSA; area under the curve from 1100 — 1700 cm™), Raman
band separation (RBS; G-band position minus the D-band position) and the R1 (height ratio of
the D-band/G-band) parameters. These differences are attributed to the removal/reduction
of non-organic components in the rock, which significantly reduces the background
fluorescence. This reduction or removal of the fluorescence in the strew slides leads to less
scatter in the G-FWHM, SSA, RBS and R1 results. The strew slide samples show a stronger
correlation with measured vitrinite reflectance (VRo) values compared to the equivalent rock-
chip material. Our Raman results follow the same trends as those of Jubb et al. (2018) for
these materials, albeit with significantly different values, attributable to the different sample

preparation and data processing methods used.
7.2  Introduction

The United States Geological Survey (USGS) are developing geological reference samples
relevant to source rocks for unconventional petroleum systems. A subset of six reference
samples was acquired along with a complete geochemical data set, including major- and
trace-element concentrations, mineralogy from X-ray diffraction (XRD), vitrinite reflectance
(VR), Rock-Eval pyrolysis and Raman spectroscopy (Birdwell and Wilson, 2017; Jubb et al.,

2018). The aim of the USGS reference material project is to allow petroleum geologists and
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geochemists to use these samples for quality control and as assurance standards for
mineralogical, organic and inorganic geochemical studies and thermal maturity analysis

(Birdwell and Wilson, 2017; Jubb et al., 2018).

Raman analysis of four USGS shale reference materials (Table 7.1) has previously been
conducted by Jubb et al. (2018); however, their methodological approach was different to
that performed here. Jubb et al. (2018) analysed polished surfaces of resin-embedded rock
chips and performed deconvolution of the Raman spectra with four Lorentzian bands (G, D1,
D2, D4 functions). We have studied unprepared rock chips and strew slide preparations, with
Raman analysis following the method of Henry et al. (2018), which does not involve
deconvolution. Here, we compare the Raman results obtained using Henry et al.’s (2018) and
Jubb et al.’s (2018) methods. The study offers an opportunity to test Henry et al.’s (2019)
calibration curves, developed using a suite of Carboniferous organic-rich mudstone and coal
rock chips from the UK, on samples of different ages and from different basins. We will also
compare results from strew slides vs. rock-chip samples to see whether isolating the organic

matter using HCl and HF impacts the Raman spectra and parameters.

7.3 Material and methods

7.3.1 Material

Six shale rock reference materials from Devonian to Eocene age shale gas plays were collected
at outcrop by the United States Geological Survey (USGS) (Fig. 7.1; Table 7.1). Sample data
available include previously determined vitrinite reflectance (VR), Rock-Eval™ pyrolysis
and/or Raman results (Jubb et al., 2018; Appendix E), which will be compared with the Raman

results obtained here.
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Figure 7.1. Location of the sampling areas superimposed on the main shale plays in the United States of America.

From the Energy Information Administration (EIA): www.eia.gov/maps/images/shale gas lower48.pdf

Sample ShPYR-1 was collected at the Unocal Mine in Garfield County, Colorado and is
representative of the Mahogany zone of the Eocene Green River Formation in the Piceance
Basin (Fig. 7.1; Table 7.1 and 7.2). The ShMCO-1-1C was collected at US-50 in Delta County,
Colorado and is representative of the Late Cretaceous Mancos Shale of the Piceance Basin.
Sample ShNIO-ICP is representative of the Late Cretaceous Niobrara Shale in the Denver-
Julesburg Basin and was sampled at the CEMEX quarry near Lyons in Boulder Country,
Colorado. Sample ShBOQ-1C is representative of the Late Cretaceous (Cenomanian —
Turonian) Boquillas Shale in the Gulf Coast Basin, stratigraphically equivalent to the Eagle Ford
Shale of South Texas, and was collected from a road cut on US-90 west of Del Rio in Val Verde
County, Texas. Sample ShWFD-1C is representative of the Devonian — Mississippian Woodford
Shale in the Anadarko Basin and was collected at a road cut on I-35 near Ardmore and Springer
in Carter County, Oklahoma. Finally, the ShMAR-1C samples is representative of the Devonian
Marcellus Shale in the Appalachian Basin and was collected at the Oatka Creek outcrop in the

village of Le Roy in Genesee County, New York.
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It should be noted that vitrinite reflectance (VR) values for sample ShMCO-1-1C is absent and

that Raman analysis was not performed on the strew slide sample for ShPYR-1.

Table 7-1. Outcrop samples from the USGS, along with their geological basins, age and rock units.

Sample Co-ordinates Basin Age Rock Unit
ShPYR-1 39.657 N, 107.705 W Piceance Eocene Green River
ShMCO-1-1C 38.86 N, 107.86 W Piceance Late Cretaceous Mancos
ShNIO-ICP 2 40.2230N, 105.2315 W Denver-Julesburg Late Cretaceous Niobrara
ShBOQ-1C? 29.7028 N, 101.2111 W Gulf Coast Late Cretaceous Boquillas
ShWFD-1C? 34.3520 N, 97.1489 W Anadarko Devonian — Woodford
Mississippian
ShMAR-1C? 42.9787 N, 77.9884 W Appalachian Middle Devonian Marcellus

@ Raman analysis has been performed by Jubb et al. (2018). The accompanying data set for the samples is

presented in Appendix E.

Table 7-2. Vitrinite reflectance, Raman and Rock-Eval Tmax (°C) results for the Geological reference samples from

the USGS.
Sample (SSK)  VR? Raman"® Trnax
(%VR,) G-FWHM 1o SSA  1c 1o RBS 1o (°C)®
(x10%) (x10%)

Rock chips ©

ShBOQ-1C 0.54 85.26 2.33 479 83 0.63 0.03 225 22 422
ShWFD-1C 0.4 101.2 7.45 508 51 0.72 0.07 2010 6 427
ShMAR-1C 0.73 82.83 3.87 514 32 0.68 0.04 222 23 436
ShNIO-ICP 0.99 75.88 6.65 530 51 0.70 0.07 239 24 455
ShPYR-1 0.83 89.62 11.51 504 73 0.65 0.07 256 22 na
ShMCO-1-1C na 82.58 7.70 489 43 0.67 0.06 233 16 na
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Strew slides ¢

ShBOQ-1C 0.54 76.05 2.87 458 9 0.68  0.02 250 2 422
ShWFD-1C 0.4 94.69 14.55 473 24 0.66 0.03 232 17 427
ShMAR-1C 0.73 69.61 3.96 422 19 0.63 0.03 248 4 436
ShNIO-ICP 0.99 62.27 2.07 396 10 0.60 0.02 255 5 455
ShPYR-1 0.83 na na na na na na na na na
ShMCO-1-1C na 76.17 6.74 467 28 0.69 0.06 247 13 na

2 VR and Rock-Eval are from the USGS: Birdwell and Wilson (2017) and Jubb et al. (2018). ® Raman results from
this study. ¢ Raman instrument from National Physical Library. ¢ Newly installed Raman instrument at Kingston

University.

7.3.2 Methods

Jubb et al. (2018) questioned the reliability of performing Raman analysis on samples with
minimal sample preparation, and chose to study polished surfaces of rocks chips embedded
in resin blocks. Henry et al. (2019) demonstrated the viability of analysing unprepared rock
chip surfaces, so for this study we performed Raman analysis on both unprepared rock-chips
and kerogen isolates on glass slides (strew slides). The organic matter isolation procedure of

Henry et al. (2018) was followed for the latter.

Raman results (Table 7.2) acquired from rock-chips were obtained using a Renishaw inVia
microscope with a 532 nm wavelength and a 2400 mm™ grating at the National Physical
Library (NPL) in Teddington (UK); results for the kerogen isolates (strew slides) were acquired
using a newly installed Renishaw inVia microscope with a 532 nm wavelength laser and a 1800
mm grating at Kingston University, as the Raman instrument used by Henry et al. (2018,
2019) had been destroyed by a flood in December 2018. It should be noted that the new
Kingston Raman instrument is identical to that used previously at the University, apart from
the laser wavelength, which was 514 nm in the old instrument. The 532 nm laser wavelength
was chosen as it offers better stability, longer lifetime and generates less heat, therefore an

air extraction hose is not required. In all cases a laser power of c. 0.2 mW was used to avoid
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damage to the organic matter (cf. Henry et al., 2018), and the analysis was performed with a

50x objective.

The raw Raman data were processed using Henry et al.’s (2018) automated spreadsheet
(Appendix B2) that calculates the G-FWHM, RBS, SSA and R1 Raman parameters. Both
instruments were calibrated using rock-chips of UK Carboniferous shales and coals from the
Milton of Balgonie-1 borehole (Henry et al., 2019; Appendix E — Table 1), to test the
reproducibility of the data between instruments. The results show that the calibration curves
follow similar trends and that the values are mostly within the error range for all parameters
(Fig. 7.2). However, there is some deviation from Henry et al.’s (2019) calibration curves.
These discrepancies in the calibration curves could yield notably different outcomes for
hydrocarbon exploration. For example, when using Henry et al.’s (2019) calibration curve a
G-FWHM value of 80 cm™ suggests that the rock has just entered the oil window, whereas for
the NPL calibration curve the OM is entering the wet gas generation window; the same is true
when considering an SSA value of 450 (x103) (Fig. 7.2). The RBS calibration curve constructed
using the Kingston University 532 nm Raman instrument is also significantly different from
the NPL 532 nm and the Kingston University 514 Raman instruments. The modified calibration
curves equations for the different instruments and samples types are presented in Appendix
E. The results demonstrate that calibration of individual instruments is essential to ensure

optimum data quality when deriving VReq% values from Raman parameters.
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Figure 7.2. Calibration curves for several Raman parameters using different Renishaw Raman instruments from
NPL (532 nm), Kingston University (532 nm) and the original Raman instrument used in this study (Henry et al.,
2018, 2019) with a 514 nm laser wavelength. See Appendix F to see what samples were used to calibrate the
NPL (532 nm) Kingston University (532 nhm) Raman instruments. (a) G-FWHM vs. VR calibration curves. (b) SSA
vs. VR calibration curves. (c) RBS vs. VR calibration curves. (d) R1 vs. VR calibration curves. The error bars are

one standard deviation,

7.4  Results and discussion

Henry et al. (2018) recommended that strew slides should be used for Raman analysis but
Henry et al. (2019) later demonstrated that where suitable lithologies are available, analysing

unprepared rock-chips is a rapid alternative that can reliably predict equivalent vitrinite
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reflectance (VR) values. However, there is no literature comparing maturity analysis for strew
slides vs. rock-chips. We therefore do not know whether Henry et al.’s (2019) calibration

curves based on rock chips can be applied on strew slides or not.

A comparison of the Raman results acquired from rock-chips, strew slides and Jubb et al.’s
(2018) data is shown in Fig. 7.3. The data are superimposed on the calibration curves from
Fig. 7.2 and their standard deviations. The rock-chip results demonstrate that the G-FWHM
and RBS follow the same path as the calibration curves, whereas the SSA and R1 values have
higher values and show no correlation with VR. The G-FWHM and RBS results for the strew
slides samples display tightly defined trends but follow different paths compared to the
calibration curves in Fig. 7.2. In contrast, the SSA and R1 are within one standard deviation of
the calibration curves; however, their values are not identical. Therefore, using Henry et al.’s
(2019) rock chip calibration curves for strew slide data will in many cases yield erroneous

equivalent VR values.

The G-FWHM and SSA values for the strew slide samples have a stronger correlation and less
scatter with VR than the rock-chip samples (strew slides, RZ = 0.96 and 0.99; rock-chips:, R? =
0.67 and 0.37 for the two parameters, respectively). The G-FWHM values from Jubb et al.
(2018) also follow a different path to our data set, as they define a steeper gradient with
lower G-FWHM values; nevertheless, they also show a strong correlation with VR (R = 0.80).
The lower G-FWHM values for Jubb et al.’s (2018) results are to be expected, as deconvolution
was performed. Their RBS values plot in a similar region to our data and are within the range
of error for the calibration curves in Fig. 7.2; whereas, the R1 values they obtained are
significantly lower with substantial scatter and large error bars, that show no correlation with
VR (R? = 0.07) (Fig. 7.3). We would normally attribute this lack of correlation to the use of
deconvolution, which has been shown to substantially impact the R1 ratio (Henry et al., 2018);
however, the R1 ratios calculated here using our method that avoids deconvolution, also
show no correlation with VR (R? of <0.01). However, the strew slide R1 results have a relatively

strong correlation with an R? of 0.72.
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Figure 7.3. Comparison of the Raman parameters vs. VR for this study and Jubb et al.s (2018) data,
superimposed on the calibration curves in Fig. 7.2 and Henry et al.’s (2019) calibration curve. (a) G-FWHM vs.

VR. (b) SSA vs. VR. (c) RBS vs. VR. (d) R1 vs. VR.

Figure 7.4 is a cross-plot of the Raman parameters for the USGS samples and the UK
Carboniferous dataset. The G-FWHM vs. RBS cross-plot shows that the rock-chip and strew
slide results plot on different paths, as the strew slide results have lower G-FWHM and higher
RBS values. The USGS rock-chip data plot on a similar trend to the UK Carboniferous rock-chip
dataset of Henry et al. (2019; see Chapter 5) and they also agree with the hydrocarbon

generation zones, whereas the strew slide results substantially overestimate the maturity.
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This confirms that the Henry et al. (2019) calibration curve based on rock chips cannot be
used for the strew slides. However, Jubb et al.’s (2018) G-FWHM vs. RBS results plot along the
same path as the UK Carboniferous samples. The G-FWHM vs. R1 cross-plot shows
considerable scatter, although the values follow an overall trend that fits the general trend of
the UK Carboniferous data set. Jubb et al.’s (2018) data also fits the general trend of our

results, albeit with significant scatter.

The G-FWHM vs. SSA cross-plot demonstrates that the strew slides results follow a subtly
different path to the UK Carboniferous rock-chip data set of Henry et al. (2019; see Chapter
5), as the G-FWHM values are slightly lower. Nevertheless, the results overall follow a similar
trend. The same is true for the rock-chip samples, however, the SSA values of samples ShMAR-
1C and ShNIO-ICP are offset to higher values. The most likely reason for this is that both these
samples have high fluorescence, which may have led to an underestimation of background
subtraction and increased SSA values. The R1 vs. SSA Raman parameters have a strong
correlation and all the data sets follow the same trend with similar values. However, the strew
slide results again overestimate the maturity of the samples with respect to the rock chip
samples, when using the Raman hydrocarbon generation zones derived from Henry et al.

(2019).
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Figure 7.4. Cross-plots of the Raman parameters for the USGS samples and the UK Carboniferous dataset. (a) G-

FWHM vs. RBS. (b) G-FWHM vs. SSA. (c) G-FWHM vs. R1. (d) R1 vs. SSA. MVS—Midland Valley of Scotland.

These results demonstrate that Raman parameters vary between rock-chip and strew slides,
and that calibration curves constructed using rock-chip samples cannot be used for strew
slides. This confirms that the organic matter isolation procedure using HCl and HF acids has
altered the OM Raman spectrum. Several studies have shown that the removal of non-organic
components using mineral acids can reduce the fluorescence in the organic matter Raman

spectrum (Villanueva et al., 2008; Lunsdorf et al., 2014; Brolly et al., 2016). This will have a
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significant impact when performing background subtraction. An underestimation of the
background fluorescence would lead to higher G-FWHM and SSA values; whereas the
reduction or removal of fluorescence (due to HCl and HF treatment) will lead to a less
ambiguous background subtraction with less probability of underestimating the background
fluorescence, thus producing more reliable R1 values with less scatter, as well as more reliable
and lower G-FWHM and SSA values, which is confirmed in Figs 7.3—-7.4. The removal of
fluorescence would also lead to less bias during the background subtraction processing. This
is evident, as the Raman parameters for the strew slides have less scatter compared to the

rock-chip results (Fig. 7.3, Appendix E).

Raman parameters acquired from the strew slides have a stronger correlation with VR (Fig.
7.3) than those derived from rock chips. We therefore propose that strew slide calibration
curves should be constructed independently from rock-chips. However, this does not reduce
the importance of having calibration curves for rock-chip samples, as these can be used to
screen samples early in a study lifecycle to rapidly determine which samples should be used

for more expensive, longer and technical analysis.

7.5 Conclusion

The Raman G-FWHM calibration curve of Henry et al. (2019) can be used to obtain equivalent
%VR, maturity values from unprepared shale rock-chips of different ages and from different
basins; however, rock-chip calibration curves cannot be applied to strew slide samples. Rock-
chips also introduce greater bias due to enhanced background non-linear fluorescence when
compared to strew slide samples, as isolating the kerogen using HCl and HF can reduce or
removed the non-linear background. We recommend that calibration curves for strew slides
should be constructed separately. G-FWHM is confirmed as the most reliable Raman
parameter to provide an organic matter maturity proxy, as it has the best correlation with

vitrinite reflectance values for both rock-chips and strew slides.

175



3648

3649

3650

3651

3652
3653
3654
3655
3656
3657
3658
3659
3660
3661
3662
3663
3664
3665
3666

3667
3668
3669
3670
3671
3672
3673
3674

CHAPTER 8. Application to offshore UK and Norwegian Jurassic shales

Chapter 8 Applying Raman spectroscopy to Late
Jurassic and Late Cretaceous aged samples from

the UK and Norwegian continental shelves

8.1 Abstract

The Raman maturity method developed by Henry et al. (2018) is extended to Jurassic and
Cretaceous aged Type |l kerogen samples from the Norwegian (rock-chip samples) and UK
(strew slide samples) continental shelves. The results confirm that the G-band full-width at
half-maximum (G-FWHM), scaled spectrum area (SSA; total area under the curve between
1100-1700 cm™) and Raman band separation (RBS; G-band position minus the D-band
position) are the most reliable Raman parameters that can successfully estimate sensible
hydrocarbon generation zones and have similar values to the measured vitrinite reflectance
from the UK continental shelf samples. Whereas, the vitrinite reflectance values derived using
Jarvie et al.'s (2001) Rock-Eval™ Tmax equation, for the Norwegian shelf samples have
anomalously low maturity values and under-predict the maturity of the organic matter (OM)
with respect to the Raman parameters. The source of the anomalously low Tmax values is
uncertain, however it is most likely to be due to contamination of lignite material (which is
present in the rock-chips) and/or the presence of free heavy hydrocarbons that were not
expelled by means of solvent extraction or the initial heating phase prior to performing Rock-

Eval pyrolysis.

The vitrinite reflectance (VR) hydrocarbon generation zones from the UK continental shelf
samples from previously acquired VR results are very similar to the estimated Raman
hydrocarbon generation zones based on the calibrations curves constructed using the USGS
shale geological reference material strew slides in Chapter 7. However, samples from the
high-pressure/high-temperature Shearwater gas field, which have previous been determined
to have retarded VR values, underestimate the maturity of the OM with respect to the G-
FWHM, SSA and RBS Raman parameters; again, based on the hydrocarbon generation zones

estimated using the shale reference material calibration curves. The study highlights the
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importance to perform several maturity methods, in order to decrease the risk in estimating
the maturity of source rocks for hydrocarbon exploration, as contamination and theoretical
issues such as retardation or suppression (which is not taken into consideration here) can lead

to unreliable results.

8.2 Introduction

Henry et al.’s (2018) Raman method has mostly been performed on Type Il and Type II/Ill
organic matter in Carboniferous samples from onshore UK. Testing the method on samples
with different kerogen types, different ages and from different basins is necessary to assess
whether a universal calibration curve can be used to estimate equivalent vitrinite reflectance
(VR) values, when the same technical and methodological approach is followed. If a universal
calibration curve cannot be used, then we can assume that there are inherent theoretical
problems that are creating discrepancies, which may be related to factors such as: the
composition of the organic matter; different lithologies; and/or different thermal, pressure
and geodynamic histories. No thermal maturity technique can be ubiquitously applied
(Nuccio, 1991; Wilkins, 1999), therefore it is naive to assume that Raman can correct for all
discrepancies. Here, we aim to gain some insight into the potential discrepancies that may

occur when using Raman spectroscopy to assess the maturity of organic matter.

The objectives of this chapter are to: (1) test whether Henry et al.’s (2018, 2019) method and
calibration curves are applicable on Type Il kerogen, and rocks of different ages and from
different geological basins and; (2) assess further if there are significant differences between
Raman data derived from rock-chip and strew-slide samples (see Chapter 7); (3) investigate
whether Raman spectroscopy is affected by retardation effects, which is a known
phenomenon that occurs when performing vitrinite reflectance on samples that have
experience substantial overpressure (Teichmduller, 1974; Carr, 2000). In order to test the
above, Jurassic and Cretaceous offshore borehole samples with Type Il kerogen from the UK
and Norwegian continental shelves were obtained from 8 petroleum exploration wells with
available Rock-Eval™ Tmax and/or vitrinite reflectance (VR) maturity data (Table 7.1). Samples
from the high-pressure/high-temperature Shearwater gas field offer an opportunity to test
whether vitrinite reflectance retardation, due to overpressure, can be corrected using Raman

spectroscopy.

177



3705

3706
3707
3708
3709

3710

3711
3712
3713
3714
3715
3716

3717
3718
3719
3720
3721
3722
3723
3724

3725
3726
3727
3728
3729

3730
3731
3732

CHAPTER 8. Application to offshore UK and Norwegian Jurassic shales

8.3 Geological settings of the materials studied

All the wells are located in the North Sea, apart from Skalle well 7120/2-3 S, which is located
in the southwestern Barents Sea (Figs 8.1 and 8.2). Only a summary of the geological settings
will be outlined here. For more detailed information see Evans et al. (2013) for the North Sea

and Smelror et al. (2009) and www.npd.no for the southwestern Barents Sea.
8.3.1 North Sea

The main structural units of the North Sea Basin formed as a result of the Middle Jurassic to
Early Cretaceous rifting that led to the development of what is known as the North Sea ‘triple-
junction’ (Central Graben, Moray Firth Basin and Viking Graben), which represents a failed rift
system and was followed by thermal subsidence (Fig. 8.1; Ziegler, 1989; Underhill and
Partington, 1993). The North Sea Basin stratigraphy from the Triassic to present can be

subdivided into three main depositional phases: The pre-rift, syn-rift and post-rift.

The pre-rift Triassic sediments deposited the aeolian sediments of the Zechstein and
Rotliegend groups (Ziegler, 1989). During the Early Jurassic there was a widespread marine
transgression that led to the deposition of shallow marine shales, sandstone and siltstones.
Thermal doming during the Middle Jurassic led to subaerial exposure and the formation of
the mid-Cimmerian unconformity (Underhill and Partington, 1993). The uplift and erosion of
the dome led to the deposition of paralic sediments, including the deposition of the Brent
Group, which is composed of the most prolific reservoirs in the central North Sea (Richards,

1992).

Collapse of the thermal dome during the Late Jurassic (Middle Oxfordian) marked the onset
of the syn-rift deposition (Underhill and Partington, 1993). This led to a marine transgression
that inundated paralic depositional environments and led to the deposition of deeper marine
deposits, such as the Kimmeridge Clay Formation (Fraser et al., 2003), which is the main

source rock in the North Sea and a major focus of this study.

Rifting stopped during the Early Cretaceous and was followed by thermal subsidence and the
formation of the regional Base Cretaceous Unconformity (Rawson and Riley, 1982; Coward et

al., 2013). By Late Cretaceous the post-rift pelagic chalks blanketed the North Sea (Surlyk et
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al., 2003), which act as important seals to hydrocarbon reservoirs, as well fracture reservoirs.
Mantle underplating associated with the opening of the North Atlantic Ocean during the
Paleocene, led to the uplift and erosion of NW Scotland and the deposition of Paleocene-

Eocene clastic fan deposits (Reynolds, 1994).
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Figure 8.1. Structural setting of the northern North Sea and the location of the borehole samples used in this

study. Adapted from Dominguez (2007), as modified from Faerseth (1996).

8.3.2 Southwestern Barents Sea

The southwestern Barents Sea (SWB) continental margin extends c. 100 km NNW along the
Norwegian continental shelf (Fig. 8.2). This area has undergone several complex tectonic
phases during the Devonian to Middle Carboniferous; Middle Carboniferous to Permian,
Triassic to Jurassic; Late Jurassic to Early Cretaceous; and Tertiary deformation, that led to the

development of complex mosaic of basins and platforms (Faleide et al., 1993; Gernigon et al.,
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2014). The main structural units in the SWB are the Hammerfest, Tromsg and Nordkapp

basins, the Finnmark and Bjarmeland platforms and the Loppa High (Fig. 8.2).

The metamorphic remnants of Caledonian orogeny make up the basement rock of the
Barents Sea basin (Dengo and Rgssland, 1992; Gac, et al., 2018) which is overlain by thick
continental clastic sediments, followed by shallow-water carbonates and sabkha evaporites
that were deposited in grabens during the Late Devonian to Middle Carboniferous (Faleide et
al., 1984; Worsley, 2006). A marine transgression during the Late Carboniferous led to the
development of a widespread carbonate platform that covered the topography of the
Carboniferous grabens (Wood et al., 1989). Rifting during the Late Permian then led to the

deposition of large volumes of clastic sediments (Faleide et al., 2015; Gac et al., 2018).

The Triassic was a period of tectonic quiescence and was dominated by the deposition of thick
deltaic transgressive-regressive cycles, that initiated halokinesis of the Carboniferous sabkha
evaporites in the Nordkapp basin (Mgrk et al., 1989; Gabrielsen et al., 1990). Clastic
sedimentation continued throughout the Jurassic in the SWB (Gac et al., 2018). Major rifting
during the Middle Jurassic to Early Cretaceous led to the development of narrow and deep
basins, followed by passive subsidence during the Late Cretaceous. The passive subsidence
was interrupted by the crustal break-up and sea floor spreading and opening of the North
Atlantic Ocean during the Paleogene, which led to tectonism and uplift. Glaciation during the
Late Pliocene and Pleistocene led to large scale erosion in the Barents Sea (Cavanagh et al.,
2006). These phases of uplift and erosion caused the breaching of seals and reservoirs and re-
migration of hydrocarbons, as well having important consequences for reservoir quality and

source rock maturity (Henriksen et al., 2011).
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Figure 8.2. Main structural units in the southwestern Barents Sea and location of the borehole studied (yellow

filled triangle). Modified from www.npd.no/.

8.4 Materials and methods

8.4.1 Materials

Twenty-three cuttings and one core sample from eight wells were studied (Figs 8.1 and 8.2;
Table 8.1 and Table 8.2). The Norwegian samples were provided by Dr Holly Turner courtesy
of Mike Charnock and Lundin Norway AS (Turner et al., 2018) and the UK samples were
provided by Dr Manuel Viera from Shell UK. VR data for the Norwegian shelf samples was
estimated using Jarvie et al.’s (2001) Tmax equation (VR = 0.018*Tmax— 7.16) using Tmax values
from Turner (2018), whereas measured VR values were acquired from Shell UK for the UK

continental shelf samples.
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Well 7120/2-3 S is located on the ENE edge of Hammerfest Basin and is bordered to the north
by the Loppa High in the southwestern Barents Sea. The well was drilled in 2011 as a wildcat
well operated by Lundin Norway AS and was completed as a gas discovery, known as the
Skalle field; however, it has now been plugged and abandoned. Well 33/12-10 S is in the
Norwegian northern North Sea and was a drilled in 2014 as a wildcat well in the Tampen Spur
north of the Viking Graben and was determined dry by Lundin Norway AS. The 16/01-14 well
is located in the Southern Viking graben in the Gundrun Terrace, west of the Utsira High. The
well was completed in 2010 and discovered oil by Lundin Norway AS, but was later plugged

and abandoned.

Well 21/02-01 completed drilling in 1981 and was operated by Britannia Operator Ltd. It aided
the discovery of the Ettrick oil field in the Outer Moray Firth. The well was later plugged and
abandoned. Well 22/13a-1 was drilled in 1988 at the edge of the Bardolino oil field in the
Witch Ground Graben, which was discovered by Shell in 1989. The well is now plugged and
abandoned. Shell drilled well 29/7-1 and discovered the Curlew-A oil accumulation in 1979,
which is composed of a series of terraces in the western Central Graben. The well is now
plugged and abandoned. Shell completed well 30/19a-05S3 in 1974 and drilled into the
Affleck field in the Central Graben area in the Central North Sea. The well is now plugged and

abandoned.

Wells SWO01 and SW04 were drilled in the high-pressure/high-temperature Shearwater field
in the Central Graben area of the central North Sea. The Central Graben area of the Central
North Sea is widely known to be highly overpressured (Gaarenstroom et al., 1993; Petersen
et al.,, 2012) and samples from the area offer a good opportunity to assess potential
suppression of Raman maturity values. Previously acquired VR data from Shell, demonstrate
that the values have been suppressed (Appendix E). Ideally, a wide depth range would be
studied, however only four samples were available. The complexity of the Shearwater

samples is increased by the presence of lignite and oil-based mud contamination (OBM).

182



CHAPTER 8. Application to offshore UK and Norwegian Jurassic shales

3809

3810 Table 8-1. Borehole samples studied from the UK and Norwegian continental shelves, along with depths, sample

3811  type, location, age and rock unit.

Well (Lat, Long) (Sea) Sample Samples Sample type Hydrocarbon Series/Stage Rock Unit
Depth (m) analysed Field

Norwegian continental shelf

7120/2-3 s2 2003.6 Cuttings  Rock-chip Skalle Field Late Jurassic Hekkingen Fm.

(71.47 N, 20.22 E) 2005.3 Cuttings  Rock-chip Skalle Field Late Jurassic Hekkingen Fm.

(Sws) 2012.4 Cuttings  Rock-chip Skalle Field Late Jurassic Hekkingen Fm.
2019.95 Cuttings  Rock-chip Skalle Field Late Jurassic Hekkingen Fm.

33/12-10 %2 2944.01 Cuttings  Rock-chip Volgrav Field  Late Jurassic Draupne Fm.

(61.78 N, 1.56 E) 2958.44 Cuttings  Rock-chip Volgrav Field  Late Jurassic Draupne Fm.

(NNS) 2970.24 Cuttings  Rock-chip Volgrav Field Late Jurassic Draupne Fm.

Rock-chip

16/1-14° 2384.25 Cuttings  Rock-chip Apollo Late Cretaceous  Kyrre Fm.

(58.54 N, 2.12 E) 2388.8 Cuttings  Rock-chip Apollo Late Cretaceous  Kyrre Fm.

(NNS) 2405.05 Cuttings  Rock-chip Apollo Late Cretaceous  Kyrre Fm.
2410.9 Cuttings  Rock-chip Apollo Late Cretaceous  Kyrre Fm.

UK continental shelf

21/02-01b 3758 Cuttings  Strew slide Glenn Field Late Jurassic KCF
57.92N,0.26 E 3961 Cuttings  Strew slide Glenn Field Late Jurassic KCF
(UKNS)
22/13a-01b 3596 Cuttings  Strew slide Bardolino Late Jurassic KCF
(57.63 N, 1.42 E) 3608 Cuttings  Strew slide Bardolino Late Jurassic KCF
(UKNS) 3645 Cuttings  Strew slide Bardolino Late Jurassic KCF

3672 Cuttings  Strew slide Bardolino Late Jurassic KCF
29/07-01° 3398 Cuttings  Strew slide Curlew A Late Jurassic KCF
(56.79 N, 1.27 E) 3490 Cuttings  Strew slide Curlew A Late Jurassic KCF
(UKNS)
Swo1bk 5209 Cuttings  Strew slide Shearwater Late Jurassic Heather Fm.
(57.01 N, 1.95E) 5218 Cuttings  Strew slide Shearwater Late Jurassic Heather Fm.
(UKNS) 5230 Cuttings  Strew slide Shearwater Late Jurassic Heather Fm.
SWo4b 5211 Core Strew slide Shearwater Late Jurassic Heather Fm.
(57.01 N, 1.95E)
(UKNS)

3812 SWB = southwestern Barents Sea. NNS = Norwegian North Sea. UKNS = United Kingdom North Sea. KCF = Kimmeridge Clay
3813 Formation. @2 Samples analysed using the National Physical Laboratory (NPL) 532 nm Raman instrument. ®* Samples analysed

3814 using the Kingston University 532 nm Raman instrument.

3815

3816

3817
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Table 8-2. Corresponding measured VR and equivalent VR estimated using Tmax (Tmax%eqVR), Raman and Rock-

Eval Tmax results for the samples in Table 8.1.

Wells Depth  VR? Tmad Raman* Tmax

(m) %VR, %eVR G-FWHM 10 SSA 10 R1 1o RBS 1o (°C)¢
(x10%) (x10%)

Norwegian continental shelf®

7120/2-3S 2003.6 na 0.63 88.56 14.24 447 37 0.56 0.05 220 12 433
2005.3 na 0.53 89.55 4.03 486 10 0.60 0.02 234 9 427
2012.4 na 0.62 90.05 7.96 493 19 0.63 0.03 228 432
2020.0 na 0.65 94.15 3.09 524 3 0.67 0.01 221 15 434

33/12-10S 2944.0 na 0.42 73.57 1.69 452 9 0.63 0.03 251 15 421
2958.4 na 0.49 69.80 3.48 430 12 0.63 0.02 255 7 425
2970.2 na 0.42 73.19 9.06 448 23 0.60 0.04 246 16 421

16/1-14 2384.3 na 0.29 75.79 5.64 453 33 0.60 0.06 242 414
2388.8 na 0.47 78.96 8.66 456 23 0.60 0.04 240 424
2405.1 na 0.11 78.62 12.84 458 42 0.61 0.05 241 17 404
24109 na na 79.96 6.73 452 15 0.58 0.04 235 11 na

UK continental shelff

21/02-01 3758.2 0.67 0.58 75.61 1.94 373 16 0.66 0.02 254 4 430
3861.8 1.05 0.40 74.65 4.60 361 15 0.62 0.03 250 6 420

22/13a-01 3596.6 0.57 0.76 82.90 8.90 351 31 0.65 0.02 241 10 440
3608.8 0.36 0.76 82.82 10.87 351 36 0.66 0.04 240 14 440
3645.4 0.54 0.74 79.75 11.47 343 29 0.63 0.04 243 15 439
3672.8 0.64 0.78 81.84 15.57 389 48 0.67 0.05 247 8 441

29/07-01 3398.5 0.58 0.72 77.36 9.25 348 24 0.61 0.02 245 438
3490.0 0.42 na 71.89 2.06 335 13 0.61 0.01 254 na

Swo1 5209.0 0.75 na 69.28 4.62 325 52 0.65 0.08 253 na
5218.2 0.75 na 64.29 4.18 319 30 0.63 0.05 258 na
5230.4 0.74 na 64.26 9.38 310 17 0.6 0.03 256 na

SwWo4 5211.7 0.75 na 58.48 1.74 306 11 0.6 0.03 261 3 na

2 measured VR values acquired from Shell UK. ® VR values estimated using Jarvie et al.’s (2001) Tmax €quation

(VR=0.018*Tmax— 7.16). © Tmax results acquired from Turner (2018) (Norwegian continental shelf) and Dr.

Manuel Viera (UK continental shelf). 9 Raman results acquired in this study. ¢ Raman analysis performed on

rock chip samples. f Raman analysis performed on strew slide samples.
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8.4.2 Sample preparation

Raman analysis was performed on rock-chips for the southwestern Barents Sea (well 7120/2-
3 S) and Norwegian North Sea samples (wells 33/12-10 S, 16/1-14) as a sufficient number of
phytoclasts could be identified using a microscope. The organic matter (OM) had to be
isolated using HCl and HF for the UK North Sea samples (wells 21/02-01, 22/13a-01, 29/07-
01, SW01, SWO04), as phytoclasts could not be visually identified in the rock-chip/hand
specimens (Table 8.2). The kerogen isolation procedure outlined in Chapter 4.3.2.2 (Henry et
al., 2018) was followed. It has been shown in Chapter 7 that strew slide results differ from
rock-chip samples and that Henry et al.’s (2019) calibration curves could not be used on strew

slides. This will be further assessed here.
8.4.3 Instruments and data processing methods

The rock-chip Raman results were acquired using a Renishaw inVia microscope with a 532 nm
wavelength and a 2400 mm™ grating at the National Physical Library (NPL) in Teddington (UK).
Results obtained from the kerogen isolates (strew slides) were acquired using a newly
installed Renishaw inVia microscope with a 532 nm wavelength laser and a 1800 mm* grating
at Kingston University. The Kingston Raman system was a replacement like-for-like for the
instrument used by Henry et al. (2018, 2019); however, a 532 nm solid state laser was
installed instead of a 514 nm laser. On both occasions a laser power of 0.2 mW was used to
avoid damage to the organic matter and the analysis was performed through a 50x objective.

The raw data were processed using Henry et al.’s (2018) version 2 method (Appendix B2).

8.5 Results and discussion

A depth plot of the maturity indicators helps petroleum geologists determine at what depths
hydrocarbon generation is expected in a specific region (Petersen et al., 2011). Figure 8.3
shows how VRo, Tmax derived equivalent VR values (Tmax%eqVR) and several Raman parameters

evolve with increasing depth for the Norwegian and UK continental shelf samples.

For the Norwegian continental shelf samples, the Tmax%eqVR values for wells 16/1-14 and

33/12-10 S d are lower than expected due to the depth of the samples. This is in contrast to
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the G-FWHM and SSA results, which show that the maturity of the samples increases with
increasing depth for the different wells. The RBS also shows increasing values with depth but
with substantially more scatter. The R1 values suggest that the maturity of the results
decrease with increasing depth, however, there is considerably greater standard deviation
for each sample that ranges across the whole hydrocarbon generation zones, which makes it
an unreliable maturity proxy. There are discrepancies between the different maturity proxies.
The Tmax values which were used to calculated equivalent VR values for the Norwegian
continental shelf suggest that the 7120/2-3 S samples have just entered the oil window,
whereas the deeper samples are immature (Fig. 8.3a). The anomalously low values and large
scatter for the samples in well 16/1-14 suggest that the samples may have been contaminated
or had free heavy hydrocarbons present in the rock prior to pyrolysis. Assuming an average
geothermal gradient of ¢.30 °C per/km for the Central Graben (Petersen et al., 2012), we can

also assume that the samples from well 33/12-10 S should have entered the oil window.

Strew slides were analysed for the UK continental shelf samples and therefore the
hydrocarbon generation zones were derived from the USGS strew slide calibration curve
equations calculated in Chapter 7 and shown in Appendix F. The USGS samples had a limited
maturity range of up to c.1 %VR,, therefore the equations were extrapolated to estimate
Raman values for higher VR values. Figure 8.3 also shows Henry et al.’s (2019) rock-chip
Raman hydrocarbon generation zones superimposed for comparison (the stippled vertical
lines in the bottom half of Figure 8.3). Overall, the vitrinite reflectance values increase with
increasing depth, albeit with some scatter; however, the SW01 and SW04 samples from the
high-pressure/high-temperature Shearwater gas field, have retarded VR values and do not
fall on the general depth trend evolution for VR. The 3,861 m sample for Well 21/02-01 also
shows a strong positive deviation in VR, compared to sample 3,758 m for the same well (Fig.
8.3), which could be a result of misinterpreting the primary vitrinite population for either the

secondary and/or inertinite population.

G-FWHM values increase with increasing depth (Fig. 8.3b). The samples from SWO01 and
SWO04, which have been interpreted as having retarded VR values, lie on the same general
maturity trend as the other samples, in contrast to VR. The G-FWHM values suggests that the
samples have entered the oil to wet gas generation zones, which conforms with the

hydrocarbon production data for the Shearwater gas field area (Taylor et al., 2015). This
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contradicts the VR values, which suggest that the samples have only entered the oil
generation window with VR values of ¢.0.75 %VR,. Using the same crude thought process as
before, for well 33/12-10 S, and again assuming an average geothermal gradient of c.30 °C
per/km for the Central Graben area (Petersen et al., 2012), we should expect the samples to
have reached temperatures of c.150 °C, which would be the equivalent of c.1 %VR (Barker
and Goldstein, 1990; Burnham and Sweeney, 1989). However, the measured VR values are
0.75 %VRo, whereas the equivalent G-FWHM VR values using the USGS strew slide calibration

curve equation is c. 0.90 %VRo,.

The wide discrepancy in the VR, maturity values for the two samples from well 21/02-01 are
not apparent in the G-FWHM depth plot, the values from which suggest that the samples
have just entered the oil hydrocarbon generation zone. The G-FWHM and VR values for wells
22/13a-01 and 29/07-01 are very similar and both predict that the samples are bordering
immature to early oil maturity. The SSA and RBS Raman parameters estimate similar maturity
values to the G-FWHM Raman parameter for wells 22/13a-01, 21/02-01 and 29/07-01, and
also predict that the SW01 and SW04 samples have entered well into the oil generation zone
and border the wet gas zone. The R1 Raman parameter also estimates similar hydrocarbon
generation zones for all the UK continental shelf samples, albeit, with substantially more

scatter.

These results demonstrate that Raman spectroscopy can be applied to Type Il organic matter
in Jurassic and Cretaceous shales and can be used to estimate reasonable hydrocarbon
generation zones similar to VR. These results also suggest that the Raman parameters may
correct for the VR retardation effect, however this is not conclusive. Further tests on samples
with known retarded values and laboratory tests are needed, in order to confirm whether or
not Raman can correct VR retardation. We again demonstrate that Raman results from strew
slide samples differ to rock-chip samples. Figures 8.4 and 8.5 show that the strew slide data
from the UK continental shelf plot along a similar path as the USGS shale reference material

strew slide results, suggesting that a universal strew slide calibration curve may be feasible.

The UK continental shelf samples contain substantial lignite contamination. This was not an
issue for Raman spectroscopy, as the lignite grains can be easily avoided visually when using

either rock-chips or strew slides. This is not the case when performing vitrinite reflectance, as
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polishing the grains make the discrimination of lignite material much harder (Hackley and
Cardott, 2016). Misinterpretation of lignite material would underestimate the VR values and
Rock-Eval maturity estimations (Bostick and Apern, 1977; Nzoussi-Mbassani et al., 2005;
Hackley and Cardott, 2016). Raman analysis is therefore an extremely useful tool for avoiding
contamination that would otherwise be an issue for vitrinite reflectance and Rock-Eval

pyrolysis, as noted recently by Goryl et al. (2019).
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3940 8.6 Conclusion
3941 The chapter demonstrates the need to perform more than one maturity method, as factors
3942  such as retardation and contamination may impact the maturity results. Here, we
3943  demonstrate that the G-FWHM, SSA and RBS are reliable Raman parameters to determine
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the maturity of Type Il Jurassic and Late Cretaceous shale samples from the UK and Norwegian
continental shelf. Raman spectroscopy may also correct for VR retardation effect that is
commonly seen in high pressure boreholes; however, the results from this study do not
ascertain this. In order to confirm the validity of this, it is necessary to study a suite of samples
with variable depths from a borehole with known retardation. As only four samples from the
Shearwater samples are used in this study and they have a very narrow depth range. Raman
is also highly advantageous when analysing samples that are contaminated with lignite, as

these particles can be easily avoided when analysing either rock-chips or strew slides.
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Chapter 9 Round-up and the future of Raman
spectroscopy as a tool to determine the maturity of

organic matter

9.1 Main outcomes

A novel, bespoke and rapid Raman automated method that does not perform spectral
deconvolution has been developed (Henry et al., 2018; Chapter 4), which processes the raw
analytical data and determines several Raman maturity parameters. The method has been
calibrated with vitrinite reflectance using a suite of rock-chip samples with a wide maturity

range (0.6—6.0 %VRo; Henry et al., 2019; Chapter 5).

Henry et al.’s (2018) method and calibration curves have been tested on 72 Carboniferous
shales and coals from the UK (Henry et al., 2019; Chapter 5) and has successfully predicted
equivalent vitrinite reflectance (VR) values that are comparable to measured VR values. The
best Raman parameter to predict vitrinite reflectance is the G-band full-width at half-
maximum (G-FWHM), which has a calibration curve with an R? of 0.96. The estimated VR
values using the calibration curve, had a strong correlation with the measured VR values for
the 72 samples, with an R? of 0.80. Other notable Raman parameters include the scaled
spectrum area (SSA) (R? of 0.88), R1 (R? of 0.73) and Raman band separation (RBS) (R? of 0.65),
which have an R? of 0.75, 0.55 and 0.45 respectively, when correlated with all 72 samples. It
is recommended that the other Raman parameters should not be used independently, and

rather act as a means to cross-check and corroborate the G-FWHM results.

The Raman method developed here and the G-FHWM, SSA and RBS calibration curves have
been successfully extended to several other rock formations of different ages and from

different basins:

e Jurassic Kimmeridge Clay and equivalent formations and Cretaceous mudstones

from the UK and Norwegian continental shelves.
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e Individual outcrop samples provided by the USGS from several USA shale gas plays
including the: Marcellus Shale (Middle Devonian), Woodford Shale (Devonian—
Mississippian), Boquillas Formation (Upper Cretaceous), Mancos Shale (Upper
Cretaceous), Niobrara Formation (Upper Cretaceous) and Green River Shale

(Eocene).

The main finding from analyzing the USGS samples is that Henry et al.’s (2019) calibration
curve based on unprepared rock chips should not be used for strew slides, as the removal of
non-organic components using HCl and HF leads to a reduction or removal of background
fluorescence, which impacts the background subtraction processing step. However, removing
the non-organic components increases analytical precision, and hence minimizes the bias

associated with performing Raman spectroscopy.

The Raman results from the UK and Norwegian continental shelf demonstrate that the G-
FWHM, SSA and RBS calibration curve can be applied to different aged rocks and rocks from
different basins that have experienced different thermal—pressure histories. It also
demonstrates that the G-FWHM, SSA and RBS Raman parameters can be applied on Type Il
kerogen-bearing sedimentary rocks. Raman results for samples from the high-pressure/high-
temperature Shearwater gas field in the central North Sea, indicate that Raman spectroscopy
may be used to overcome the issue of inaccurate maturity assessments due to VR retardation.
However, due to the small sample size and narrow depth range, results are not conclusive

and further work must be undertaken in order to confirm this.

It is strongly advised that multiple maturity methods are performed, as no maturity method
is universally applicable to all rock types. Comparing thermal maturity results can help identify

and overcome technical, methodological and theoretical discrepancies. For example.

e Technical: Different instrumental set-ups, contamination, and operator inexperience
can lead to bias in the results.

e Methodological: Poor polishing of vitrinite particles can lead to suppressed VR
values, while polishing vitrinite particles prior to Raman analysis generates greater
analytical scatter, as well as reducing maturity values. Operator inexperience can also

lead to misinterpretation of primary vitrinite particles and produce unreliable results.
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Not performing solvent extraction of high-maturity rocks (>1.5 %VR,) prior to Rock-
Eval pyrolysis, can lead to suppressed Tmax values and an underestimation of OM
maturity, whereas this is not a problem for Raman analysis.

e Theoretical: Not all maturity methods are affected by the same kinetic reactions. For
example, comparing illite crystallinity with organic matter maturity methods (VR or
Raman) can help to determine different thermal conditions. Methods are also age,
rock-type, and maturity stage limited; and therefore, a wide selection of maturity
tools needs to be at the operator’s disposal. Vitrinite reflectance is affected by
suppression and retardation and preliminary results in this study demonstrates that

the G-FWHM and SSA may be able to correct this.

A portable Raman instrument has the potential to be used on-site for rapid determination of
OM maturity, as the data obtained have a similar trend to a bench-top Raman instrument.
However, preliminary results suggest that a portable Raman is more suited to coals and not
dispersed OM in shales as the laser spot size is too large and there is no control on what is
being analysed. This can lead to significant non-linear fluorescence due to incorporating

emission from the surrounding non-OM matrix.

9.2 What next?

The future of Raman spectroscopy is promising, and it is increasingly being used to determine
the thermal maturity of sedimentary and metamorphic rocks, and to study fault movements
in structurally complex settings. Nevertheless, there remains several concerns that need to

be addressed:

A simple, easy, fast analytical protocol needs to be adopted as an accredited test method to
encourage the wider use of Raman spectroscopy. However, it may be the case that different
methodologies may be needed and adopted for different applications (e.g. hydrocarbon

exploration, metamorphic studies, determining frictional heating in fault rocks).

Excluding deconvolution, background subtraction is the most subjective processing step that
is routinely applied to Raman spectra. An unbiased background subtraction method needs to
be adopted. Further testing on the simple method developed in this study and by Schito and
Corrado (2018), as well as the more complex Linsdorf et al. (2017) method should be tried
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and tested. The bias in background subtraction is mostly associated with the oil and gas
exploration thermal maturity zones. In order to completely remove the bias, it may be
necessary to isolate the organic matter in shales using mineral acids, as described in Chapters

7 and 8. Background subtraction is mostly linear and easy to perform for coals.

An interlaboratory test between different operators, with different instrumentation, that
assesses the most commonly used methods is necessary in order to promote unanimous

agreement on the best methodology to be adopted.

Additional reference samples need to be created and circulated, such as the USGS shale
geological reference samples used in this thesis from Jubb et al. (2018), and those made
available by Liinsdorf et al. (2017). These reference materials need to be characterized and
have a suite of organic and inorganic geochemical data, and organic petrology and maturity
data derived from multiple methods. A substantial quantity of homogenous material should
be available so that samples can be circulated for round-robin exercises, as well as being used

to calibrate Raman instruments.

The Raman analysis of samples with different properties, of different ages and from different
basins needs to be continued to see whether re-calibration is required for different rocks. So
far, this study has demonstrated that the G-FWHM, SSA and RBS calibrations can be used
universally when analysing the same sample type (e.g. rock-chip vs. strew slide). Analyzing
natural samples with known vitrinite reflectance suppression and retardation also needs to

be further investigated.

Further work on the ability to determine different organic types using Raman is needed, which
has the potential to allow the organic petrologist to automatically map different organic
matter particles for a given area. Novel work has been performed by Schito et al. (2019) in
this field, by using a multivariate Principal Component Analysis (PCA) and Partial Least Square

- Discriminant Analysis (PLS-DA) method.

This is the first study that has tested the applicability of a portable Raman to determine the
thermal maturity of organic matter, which could be applied on-site or in the field. The

following questions have been raised regarding the portable Raman instrument capabilities:
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4064 e |sthe portable Raman only applicable to coals?

4065 e Canthelaser spotsize be reduced, to avoid the fluorescence caused by the matrix?
4066 e Can a portable microscope be installed so that operators can confidently identify
4067 what is being analyzed?

4068
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Appendices

Appendix A Summary of Raman instrumentation and methods
reported in the literature.

Electronic Excel file.
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Appendix B Automated Raman processing method.

Appendix B1. Original Raman processing method from Henry et al. (2018).
Electronic Excel file. This method was used in Chapter 4.

Appendix B2. Raman processing method V2.

Electronic Excel file. This method was used in Chapter 5, 6, 7 and 8.

Appendix B3. MATLAB code of the Raman processing method.

Steps
1. Load Spectra
2. Plot Spectra
3. Perform a Savitzky-Golay smoothing filter using a 21-pointquadratic polynomial algorithm
4. Perform a 3rd-order polynomial baseline correction
5. Normalize the spectra to have a G band height with an intensity of 2000 au.
6. Calculate the G-FWHM Raman parameter

$PROCESSING THE SPECTRA

% Load and plot the Raw spectra

load test matlab.txt

wavenumber = test matlab(:,1);

height = test matlab(:,2);

subplot(3,2,1)

plot (wavenumber, height, 'black')

title('Raw Spectrum'), xlabel('Wavenumber (cm”{-1})"'), ylabel('Intensity

(au) ")

% Perform Savitzky-Goal Filtering

height sgf = sgolayfilt(height, 4, 21);
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subplot(3,2,2)
plot(wavenumber, height sgf, 'black')

title( 'Smoothed Spectrum'), xlabel ( 'Wavenumber (cm™{-1})"),
ylabel('Intensity (au)')

% Background Correction
background = [wavenumber ([l 109 636 726]), height sgf([1l 109 636 7261])1];

background x = background(:,1);

background_y background(:,2);
p = polyfit(background x, background y, 3)

background 2y = (p(l) * wavenumber."3.) + (p(2) * wavenumber.”2.) + (p(3) *

wavenumber) + p(4)

subplot(3,2,3)

plot (wavenumber, background 2y, 'black')

title( 'Background'), xlabel ( 'Wavenumber (cm™{-1})"), ylabel('Intensity

(au) ")

height cor = height sgf - background 2y;

subplot(3,2,4)

plot(wavenumber, height sgf, 'black')

hold on

plot (wavenumber, background 2y, 'black')

title('Spectrum and Background'), xlabel ( 'Wavenumber (cm™{-1})"),

ylabel('Intensity (au)')

subplot(3,2,5)

plot(wavenumber, height cor, 'black')

title( 'Background'), xlabel ( 'Wavenumber (cm™{-1})"), ylabel('Intensity
(au) ')
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% Normalize the Spectrum

scale = max/2000;

height final = height cor / scale;
subplot(3,2,6)

plot(wavenumber, height final, 'black')

title('Final Spectrum'), xlabel('Wavenumber (cm”{-1})'), ylabel('Intensity

(au) ")

%Calculating and Plotting G-FWHM

% Calculating the G-FHWM
half height = 1000;
above half max = height final >= 990.5;

first index = find(above half max, 1, 'first');

last index find(above half max, 1, 'last');

position 1 = test matlab(257, 1);

position 2 test matlab(295, 1);

G_FWHM = position 1 - position 2

% Plotting the G-FWHM

G _FWHM 2 = [wavenumber([first index last index]), height final([last index

last _index])];

G FWHM x = G_FWHM 2(:,1);

G FWHM y = G_FWHM 2(:,2);
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subplot(3,2,6)
hold on

plot(G_FWHM x, G FWHM y, 'r')

G FWHM 1 = [wavenumber([first index last index]), height final([first index

first index])];

G_FWHM x1

G FWHM 1(:,1);

G FWHM yl = G _FWHM 1(:,2);
subplot(3,2,6)

hold on

plot(G_FWHM x1, G FWHM yl, 'r')

% Making sure the axes are correct

subplot(3,2,5)

axis([900 2000 0 inf])

subplot(3,2,6)

axis([900 2000 0 20001])
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Audit trail of the processing of the Raman spectra
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Appendix C Representative images of organic matter macerals taken from strew slides

Appendix C1. Translucent phytoclasts.

Appendix B1. Translucent phytoclasts.

— 50 um

Lath shaped pitted phytoclast (SSK 4522).
Equidimensional pitted phytoclast (SSK 4471).
Equidimensional banded phytoclast (SSK 4522).
Fibrous/striped phytoclast (SSK 4471).
Equidimensional pitted phytoclast (SSK 4471).
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Appendix C2. Opaque phytoclasts.

Appendix B2. Opaque phytoclasts — 90 um

Equi-dimensional opaque phytoclast (SSK 4471)

Corroded lath shaped opaque phytoclast (SSK 4522).
Corroded lath shaped opaque phytoclast (SSK 4522).
Corroded lath shaped opaque phytoclast with remnant pits
(SSK 4522).

Corroded opaque phytoclast with remnant pits (SSK 4471).
Corroded opaque phytoclast with remnant pits (SSK 4471).
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Appendix C3. Psuedo-amorphous phytoclasts.

Appendices

Appendix B3. Psuedo-amorphous phytoclast

R

b

233

— 50 um

Biodegraded phytoclast, with possible pitted
remnants (SSK 4522).

Biodegraded phytoclasts with a relict rectangular
appearance (SSK 4471).

Biodegraded phytoclasts with a relict rectangular
appearance (HC02-73).

Biodegraded and corroded phytoclasts with a relict
rectangular appearance (MPA 61616).
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Appendix C4. Amorphous organic matter (AOM).

Appendix B4. Amorphous organic matter (AOM)

- > N
A Ty »»‘ Wi~
Ry A -

opaque inclusions (HC02-73).
b Heterogeneous AOM
7| surrounded by phytoclasts (SSK
4522).

4 ¢ Homogenous AOM with a
" mottled texture (HC02-73).
J d Homogenous AOM with an
opaque inner zone (MPA 61616).

y e Heterogeneous AOM with diffuse margins (MPA 61619).
f Heterogeneous AOM with diffuse margins (MPA 61619).
g Homogeneous AOM with an opaque inner zone (HC02-73).
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Appendix D Vitrinite reflectance methodology

1

Objective

Vitrinite reflectance was performed to verify VR measurements acquired from other sources

and where VR measurements were missing. The VR measurements are then compared to

Raman, Rock-Eval and illite crystallinity results.

2

Sample preparation

Shale: the organic matter was isolated using the technique discussed in section 2.1.

Coals: whole rock coal samples were used.

2.1

Organic matter separation method for shale samples

Gently crush the rock to c. 2mm, in order to facilitate a faster reaction with HCl and HF acid.

2.2

1. Add 100 ml of 37 % concentrated HCL in a 500 m| beaker with the sample in a fume

cupboard. Keep a wash bottle topped up with distilled nearby, in case the reaction is
too strong. Leave for 18 hours.

a. After 18 hours, add 400 ml of water in the container. Wait until the rock
particles have settled and decant. Repeat the procedure three times. Then
wash the sample using a 15-um polyester mesh.

Add the cleaned rock residue to another 500 ml beaker (make sure it is polyphenylene
ether plastic). Then add 100 ml of 40 % concentrated HF into the beaker. Leave for 24
hours. If the rock is not fully disaggregated after 24 hours, facilitate the reaction by
stirring and/or leave the sample in acid for additional days.

Once completely disaggregated, add 400 ml of water into the 500 ml beaker and
decant. Repeat the process three times and then wash the residual kerogen using a
15-um polyester mesh.

Transfer the isolated kerogen into a vial.

Polishing
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For the polishing stage, 2.5 cm wide epoxy moulds were made. Then a 1 cm hole was drilled

into the epoxy mould.

Use a pipette to transfer the isolate kerogen from the vial into the hole that was drilled in the
epoxy mould, the sample was then left to dry on a hot play at 40 °C, until the kerogen is
completely dry. In the case of coal fragments, these where transferred and positioned using
tweezers. Once the sample is placed in the hole, the hole was filled with a mixture of epoxy
and hardener and then placed on a hot plate at 40 °C for 24-48 hours, in order to facilitate

the solidification of the resin mixture.

Once the resin in the samples has solidified, they are evenly placed in a sample holder ready
for grinding. Each sample holder had space for six samples. When there were not enough
samples to balance the sample holder, blank moulds were inserted. At each grinding stage
the machine was rotating at c. 150 RPM at a low pressure of approximately 0.02 MPa, to not
damage the organic matter, and 8—10 drips per second of water was used as a lubricant. Each
grinding stage lasted approximately 30 seconds and was examined using a microscope. A
P400 silicon carbide paper was firstly used to grind the sample until the organic matter was
exposed at the surface for each sample. Then P600, P800, P1200 and P2500 silicon carbide

papers were used.

Every polishing stage was performed on separate lap cloths for each polishing stage. The
sample holder was set to rotate at c. 150 RPM at a pressure of c. 0.02 MPa, for two minutes.
After each polishing stage, the samples were analysed using a reflected light microscope to
monitor the relief and scratches, making sure that the scratches systematically reduce in
width after each successive polishing stage. If the scratch widths were not a ubiquitous size,
the samples were re-polished using the same polishing grade. The samples were first polished
using a diamond liquid suspension of 9 um, 6 um, 3 um, 1 um and were finished off with a

0.04 um colloidal silica suspension.

Once the samples have been checked and the quality is acceptable (no relief and minimal

scratches), the samples were stored in an air tight plastic container.

3 Performing vitrinite reflectance
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3.1 \Vitrinite reflectance: calibration and measurements

Wait 30 minutes after switching the microscope and light source on, to allow the bulbs to

stabilise.

e Microscope instrument: Carl Zeiss Axio Imager.A2

e Calibration samples: GGG (1.722 %) and spinel standard (0.420 %)
e Oil: Refractive index 1.518

e Method: Random reflectance

e Light Source: monochromatic light 546 nm

e Software: Axiovision 4.8

3.1.1 Calibration

1. A drop of immersion oil was applied on the gadolinium gallium garnet (GGG) (1.722
%) standard sample and was then placed under the oil immersion lens. The sample
was then focused by firstly reducing the field diaphragm and then by moving focus
knob until the field diaphragm edges become clear, whilst also making sure that the
field diaphragm is aligned.

2. When the standard sample is focused and aligned, collect five “mean grey values”
from several different areas across the sample. Once complete, the “mean grey value”

is calibrated with the reflectance. See the Red “+” sign in the Figure AD3.1.
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Figure AD3.1. Screenshot of the calibration panel using the Axiovision 4.8 software. The red plus sign

is the calibration for the GGG (1.722 %) standard against the mean grey value.

3. The same is done for the lower reflectance spinel standard (0.420%). Once complete,
two red “+” points will be displayed on the calibration curve (Figure AD3.2).

Figure AD3.2. Screenshot of the calibration panel for both the GGG (1.722 %) and Spinel (0.420 %) standard

against the mean grey value.
3.1.2 Performing vitrinite reflectance measurements

1. Apply a drop of immersion oil on the sample prior to vitrinite reflectance analysis.

2. Put the sample under the oil immersion lens and focus on the sample.
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3. The field of view was divided into quadrants, to make sure that the same vitrinite
particle was not measured twice.

4. Aim to perform 30 to 50 measurements for each sample when possible. Ideally 50
measurements were determined, as some measurements will be disregarded and not
used to calculate the mean random reflectance.

5. The instrument was re-calibrated every 30 minutes.

6. When possible, large vitrinite particles with unscratched surfaces were targeted for
analysis. Small vitrinite particles and vitrinite particles that were close to bright pyrite
grains, were avoided.

7. Due to the limited range of the standards (0.420 — 1.722 %), samples with previous VR

measurements > 2 %VR, were not measured.

3.2 Vitrinite reflectance: processing the results

Before calculating the mean random reflectance, standard deviation and number of
measurements, histograms were constructed showing the VR measurements, to see whether
different VR populations were present. Anomalously outliers were disregarded. What was

perceived to be cavings and VR values from inertinite particles were also rejected.

However, it should be noted that due to the igneous intrusions, cavings were treated
differently whether the samples were above or below the intrusion. Typically, when studying
cavings in normal burial conditions, the lower maturity population may be treated as cavings.
However, for samples below an igneous intrusion, the higher maturity population may also

be from cavings.

Therefore, Below the igneous intrusion, the populations with higher than expected VR
measurements were treated as cavings and the population with lower VR measurements
were used to calculate the mean random reflectance and standard deviation. For samples
above the igneous intrusion, the populations with lower than expected VR measurements
were treated as cavings and spuriously high VR measurements were treated as inertinite

particles.
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Appendix E Spreadsheet containing all the numerical data and
additional information

Electronic Excel file.
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Appendix F Calibration curves constructed in Chapter 7.

Table 1. The calibration rock-chip samples used in Chapter 7. (a) National Physical Library (NPL) Raman

instrument calibration samples. (b) The newly installed Kingston University instrument calibration

samples.
(a) NPL Calibration (532 nm) (b) Kingston Calibration (532 nm)
Well Sample (SSK)  Depth (m) Well Sample (SSK) Depth (m)
MoB-1 80037 305 MoB-1 80251 582
MoB-1 80251 582 MoB-1 80254 762
MoB-1 80254 762 MoB-1 80273 805
MoB-1 80255 777 MoB-1 80274 832
MoB-1 80263 1125 MoB-1 80258 847
MoB-1 80264 1137 MoB-1 80263 1125
MoB-1 80265 1195 MoB-1 80264 1137
MoB-1 80266 1210 MoB-1 80265 1195
MoB-1 80269 1484 MoB-1 80266 1210
MoB-1 80273 805

MoB-1: Milton of Balgonie-1 well.
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Table 2. The calibration curve equations for several Raman parameters vs. vitrinite reflectance for the
NPL (532 nm) and the newly installed Kingston University Raman instruments (532 nm), as well as the

previous Kingston Raman instrument (514 nm) for comparison purposes.

National Physical Laboratory (532 nm) — Carboniferous rock-chips

G-FWHM %eqVR = 31.05769*exp(0-04120"G-FWHM)

SSA %eqVR = 448.40817*exp!0-01321554)

RBS %eqVR = 0.09432*RBS - 20.46853

R1 %eqVR = 7899.20967 *exp!15>-00801*R1)

Kingston University (532 nm) — Carboniferous rock-chips

G-FWHM %eqVR = 22.13800*exp(0-03881"G-FWHM)

SSA %eqVR = -73.48994*In(SSA) + 440.65274

RBS %eqVR = 0.05349*RBS - 11.37781

R1 %eqVR = 43441.89092exp1757710°R1)

Kingston University (532 nm) — United States Geological Survey (USGS) strew-slides

G-FWHM %eqVR =6594.03336*G-FWHM (2:14604)

SSA %eqVR = 143.97780*exp!0-011907S5A)

RBS %eqVR = 0.02052*RBS - 4.38501

R1 %eqVR = 274.91395*exp9-464237R1)

Kingston University (514 nm) — Carboniferous rock-chips

G-FWHM %eqVR = 35.32431*exp! 0045547 C-FWHM)

SSA %eqVR = 489.80048*exp0-01431755A)

RBS %eqVR = 0.15129*RBS - 34.45176

R1 %eqVR = 475531.13999*exp2272431"R1)
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Appendix G Conference paper abstracts

Faculty of Science, Engineering and Computing (SEC) Conference, Kingston University, 2017.

April 5, 2017 at Penrhyn Road, Kingston University

Assessing Organic Carbon Maturity using laser Raman spectroscopy

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1) and Michael Stephenson (2).

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

When exploring for oil and gas, basin models are constructed by geoscientists to help predict
the timing of hydrocarbon generation and expulsion; as well as quantifying diagenesis, fluid
flow and tectonics and missing stratigraphic units in a sedimentary basin. The basin models
need to be calibrated with thermal maturity values derived from optical and geochemical
analysis, in order to understand the thermal evolution of a basin through geological time.
Vitrinite reflectance (VR) is considered the “gold standard” for assessing the maturity of
source rocks, however it has long been recognized that it can often produce unreliable results
in dispersed organic matter (DOM) in shales; due to misidentification of primary vitrinite and
the suppression and/or retardation effect, caused by macerals with high hydrogen
concentration (e.g. liptinites, amorphous organic matter (AOM) and hydrogen rich vitrinites),
different lithologies and overpressurized basins. Therefore, in order to get reliable results

several methods need to be implemented together in order to crosscheck the results.

In this study, | will investigate the application of Laser Raman spectroscopy as a tool for
guantitatively measuring the maturity of various organic materials, as well as assessing the
potential to constrain the origins of organic matter in sedimentary rocks. A multidisciplinary
approach will be implemented in order to achieve this aim, by comparing the Laser Raman
spectra and parameters with petrographic data (vitrinite reflectance, thermal alteration
index, fluorescence, palynology), organic and inorganic geochemistry, and the sedimentology
of core and outcrop samples. The study will focus on Bowland-Hodder shale successions, an
important target for shale gas exploration in the UK. Ultimately, laser Raman spectroscopy

has the potential to be an important tool that can be used to rapidly quantify the maturity of
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OM early in a field’s lifecycle and to characterize and distinguish between different

palaeoenvironments.
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Faculty of Science, Engineering and Computing (SEC) Conference, Kingston University, 2018.

April 16, 2018 at Penrhyn Road, Kingston University

Calibrating a simple-rapid method for determining organic matter maturity
using laser Raman spectroscopy: A case study on UK Carboniferous organicrich

mudstones

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1) and Michael Stephenson (2)

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

Laser Raman spectroscopy is used as a thermal maturity tool, however previous studies have
variable methodologies and results. In this study, a simple-rapid automated Raman maturity
method is calibrated on a suite of Carboniferous organic rich mudstones from the Inch of
Ferryton—1 well in Scotland that has been thermally matured by a quartz dolerite sill, with
vitrinite reflectance (VR) values ranging from 0.5-6.01 %VR,. The calibration curve is then
tested on several other wells in the UK on Carboniferous shales and coals. The G—band full
width half maximum (G-FWHM) is the best Raman parameter to estimate the thermal
maturity of organic matter (OM) in the oil and gas window (0.5-3 %VR) and has a very strong
relationship with VR. The method is applied on washed rock cuttings that allow for rapid
results, without the need for isolating or polishing OM, significantly reducing the preparation

time and costs.

245



Appendices

European Geoscience Union (EGU) Conference, Vienna (Austria), 2018.

Session ERE4.2 — Unconventional Hydrocarbon Resources
10 April 2019. 17:30-19:00 in Hall X4, Poster board X4.266
Vol. 20, EGU2018-1169-3-2

Assessing Kerogen Maturity using laser Raman spectroscopy

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1) and Michael Stephenson (2)

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

Vitrinite reflectance (VR) is considered to be the “gold standard” for assessing the maturity of
petroleum source rocks, but it has long been recognized that it may produce unreliable results
for dispersed organic matter in mudrocks, due to poor sample preparation, misidentification
of primary vitrinite, and due to the suppression and/or retardation effect, caused by macerals
with high hydrogen concentration (e.g. liptinites, amorphous organic matter and hydrogen-
rich vitrinites), different lithologies, and overpressured basins. This project assesses the
application of Raman spectroscopy to determine the maturity of organic-rich mudrocks by
implementing a multidisciplinary approach combining VR, other petrographic thermal
alteration indices, Rock-Eval pyrolysis and sedimentology. The novelty of the Raman method
is that it can be used on all kerogen types and can be applied to pre-Devonian and deep-
buried mudrocks with rare or absent vitrinite; analyses can also be performed on unprepared
rock chips and drill cuttings. Our results show that several Raman parameters have great
promise in determining the maturity of organic matter, and correlate extremely well with VR.
Calibration curves constructed using well-characterised samples of Carboniferous shales from
northern England and the Midland Valley of Scotland (the main targets for shale gas
exploration in the UK), and old Torridonian shales from Scotland, have been successfully
applied to determine the maturity of wells elsewhere in the areas, demonstrating the
applicability of the tool. A fast and easy, automated method for Raman analysis will be
presented that enables the acquisition of large data sets very quickly. Calibration curves are
currently being refined and implemented on a wide range of sample sets of different ages in
different basins. Overall, Raman spectroscopy provides a powerful additional technique in the
geologist’s tool kit to quantify the maturity of organic matter early in a field’s lifecycle in order
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to help determine sweet spots. Analysis can be performed on-site or potentially even
downhole during drilling, offering great potential for the rapid characterization and

development of non-conventional petroleum reservoirs.

247



Appendices

Faculty of Science, Engineering and Computing (SEC) Conference, Kingston University, 2019.

April 3, 2019 at Penrhyn Road, Kingston University

Raman spectroscopy: a novel method in determining the thermal alteration of

organic matter in sedimentary rocks

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1) and Michael Stephenson (2)

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

Oil and gas exploration require geologists to understand the thermal evolution of organic
matter (OM) in sedimentary rocks as it undergoes burial. Once the OM is exposed to
temperatures >60 °C, the OM will begin to undergo thermal decomposition and produce oil
and gas. Oil is primarily produced at lower temperatures (60—120 °C) and gas is primarily
produced at higher temperatures (120-300 °C). At temperatures > 300 °C, the OM becomes
exhausted and cannot produce any more hydrocarbons, leaving behind a carbon rich OM that

will eventually become graphite with increasing pressure and temperature.

Geologists use a method called vitrinite reflectance (VR) to assess the thermal alteration
(maturity) of OM, by recording the reflective properties of vitrinite grains which are particles
derived from woody plants found in sedimentary rocks. However, it has long been recognized
that VR can often produce unreliable results; due to misidentification of primary vitrinite
grains and the suppression and/or retardation of VR values, caused by rocks with high
hydrogen concentration, different lithologies (rock types) and overpressurized basins. VR also

cannot be used where vitrinite grains are absent.

In this study, we will investigate the application of Raman spectroscopy, which measures the
inelastic scattering of photons from a physical substance, as a tool to quantitatively measure
the maturity OM by comparing the results with VR. The results have also been compared with
Rock-Eval pyrolysis, another commonly used method to estimate the maturity of OM, which
involves the progressive heating of OM from 300 to 550 °C in an inert atmosphere, whilst

measuring the quantities of hydrocarbons generated.
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Calibration curves have been constructed so that the Raman can estimate equivalent VR
values. A portable Raman instrument has also been tested and the results show that a
portable Raman could potentially be used on-site allowing for near real-time analysis, which
could be used to help steer wells in the subsurface to hit sweet spots of high gas production
during shale gas exploration, as well as decreasing the time needed to bring an oil and gas

field into operation.
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European Geoscience Union (EGU) Conference, Vienna (Austria), 2019.
Session ERE3.3 — Unconventional hydrocarbon resources: Advances and new technologies
12 April 2019. 10:45-12:30 in Hall X1, Poster board X1.112

Vol. 21, EGU2019-3141-3141-2

Raman spectroscopy: a novel method for determining the thermal maturity of

organic matter in sedimentary rocks

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1), Michael Stephenson (2) and Christopher Vane (2)

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

Over the last decade, an increasing number of studies have demonstrated the effectiveness
of Raman spectroscopy for estimating the thermal maturity of organic matter (OM) in
sedimentary rocks. A number of Raman parameters display a strong relationship with
maturity proxies commonly used in the oil and gas industry, such as vitrinite reflectance (VR)
and Rock-Eval pyrolysis. The benefits of Raman spectroscopy are that it is a low-cost, fast,
easy and non-destructive tool, that has potential to be deployed using a portable instrument

in the field or at well site.

Nonetheless, there remains no consensus on the best methodology for Raman spectroscopy
analysis, as many authors have developed unique techniques and methodologies for specific
temperature ranges that are convoluted and create unnecessary bias. Henry et al. (2018)
developed a rapid, easy and simple Raman method that does not involve complicated and
biased deconvolution of spectra, and successfully applied this to the characterization of OM

that had been heated to high enough temperatures to generate oil and gas (c. 60—250 °C).

Here, we present a suite of Raman results acquired using a desktop and a portable Raman
instrument, employing Henry et al.’s (2018) method. Results are compared to VR and Rock-
Eval pyrolysis data from the same or adjacent samples. Out of several Raman parameters
tested, the G-band full-width at half-maximum (G-FWHM) is demonstrated to be the best

Raman parameter to determine the thermal maturity of OM in the oil and gas windows, and
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has a strong correlation with VR and Rock-Eval pyrolysis results. Portable Raman results are
more scattered than those generated by the laboratory instrument, but a clear trend is
apparent and further work is being undertaken. Discrepancies in the desktop vs. portable
Raman spectroscopy results may be due to multiple factors, such as the laser spot size (point
vs. bulk analysis) and different instrumental conditions. A reliable portable Raman method
will allow geologists to perform analysis on-site during drilling, offering rapid quantitative
maturity evaluation, an important parameter for identifying “sweet spots” in shale gas/oil

reservoirs.

Henry, D.G., Jarvis, |., Gillmore, G., Stephenson, M., Emmings, J., 2018. Assessing low-maturity
organic matter maturity in shales using Raman spectroscopy: Effects of sample preparation
and operating procedure methodology. International Journal of Coal Geology, 191, 135-151.

doi: 10.1016/j.coal.2018.03.005.
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American Association of Petroleum Geologists (AAPG) Conference, San Antonio, TX. 2019.
Session 350 — Theme 5: Unconventional Reservoir Technology.
21 May 2019, 9:00-12:00 in Exhibit Hall, Poster 96.

Poster presentation presented by Prof. lan Jarvis

A comparison of kerogen maturity analysis in shales using laser Raman

spectroscopy, vitrinite reflectance and Rock-Eval pyrolysis

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1), Michael Stephenson (2) and Christopher Vane (2)

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

Laser Raman spectroscopy (LRS) has proven to be a rapid and cheap, non-destructive
technique to determine the maturity of kerogen®8%2, Here, LRS results are compared with
maturity estimates based on vitrinite reflectance (VR) and Rock-Eval pyrolysis. All three
methods have advantages and limitations, and having multiple techniques that can be called
on to perform maturity analysis, enables geologists to optimize their analysis based on the
composition and age of the sample, maturity grade, equipment availability, and time and
money constraints. Independent cross checking of results will also reduce risk. We have
applied the three maturity methods to study 86 washed rock cuttings from two potential
Carboniferous shale gas plays in the UK3%, in the Midland Valley of Scotland (MVS) and
southern Pennine Basin, age equivalents of the US Barnett and Fayetteville shales. LRS
analysis was performed on hand-picked coal and shale cuttings. VR data were compiled from
previous studies, together with in-house VR analysis to validate previous results and to obtain
values for samples where VR data were unavailable. Rock-Eval pyrolysis was performed on

splits of the same samples.

Our results show that the G-band full-width at half-maximum (G-FWHM) is the best LRS
parameter to determine the maturity of kerogen and has a strong correlation with VR values
of 0.6 - 5 %VR,. Correlation with Rock-Eval Tmayx is also strong up to 2 %VR, for both G-FWHM

and VR, but this breaks down at higher maturities, with an inconsistent decrease in Rock-Eval
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Tmax Values. Samples from the MVS and Pennine Basin generate similar results, despite
originating from different basins with contrasting geological histories. The depositional
environments and organic matter types differ in the two areas: the MVS has lacustrine Type
I/11l source rocks, and the Pennine Basin marine Type II/1ll source rocks. The MVS has been
affected by intrusion of the Midland Valley Sill, creating thick thermal aureoles and rapid
heating; the Pennine Basin has also been affected by igneous intrusions, but on a much
smaller scale. Further experiments with a portable LRS are underway to test the ability to
perform maturity analysis on-site during drilling, offering rapid characterization and

development of shale gas/oil reservoirs.

1. Henry, D.G. et al. 2018. Int. J. Coal Geol. 83, 415-422.
Schito, A., Corrado, S. 2018. Geol. Soc. Spec. Pub. 484.
Andrews, 1.J. 2013. BGS DECC.

> W

Monaghan, A.A. 2014. BGS DECC.
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The International Conference on Energy and Sustainable Futures (ICESF), Nottingham, 2019.
9-11 September 2019

Accepted Poster Presentation

Raman spectroscopy: an alternative method for determining the thermal
alteration (maturity) of organic matter in sedimentary rocks for

shale gas exploration

Delano Henry (1), lan Jarvis (1), Gavin Gilmore (1), Michael Stephenson (2) and Christopher Vane (2)

(1) Department of Geography and Geology, Kingston University London, Kingston upon Thames KT1 2EE, UK
(d.henry@kingston.ac.uk), (2) British Geological Society, Keyworth, Nottingham, NG12 5GG, UK

Oil and gas exploration require geologists to understand the thermal evolution of organic
matter (OM) in sedimentary rocks as it undergoes burial. Once the OM is exposed to
temperatures >60 °C, the OM will begin to undergo thermal decomposition and produce oil
and gas. Qil is primarily produced at lower temperatures (60—-120°C) and gas is primarily
produced at higher temperatures (120-300°C). At temperatures >300°C, the OM becomes
exhausted and cannot produce any more hydrocarbons, leaving behind a carbon-rich OM that

will eventually become graphite with increasing pressure and temperature.

Geologists need to quantify the thermal alteration (maturity) of OM to determine the type
and quantities of hydrocarbons produced. The most commonly used method to track the
maturity of OM is vitrinite reflectance (VR), which records the reflective properties of vitrinite
particles that are derived from woody plants and are found in sedimentary rocks. However,
VR can often produce unreliable results, due to misidentification of primary vitrinite particles
and the suppression and/or retardation of VR values (caused by rocks with high hydrogen
concentration, different lithologies (rock types) and/or overpressurized basins). VR also

cannot be used in deposits where vitrinite particles are absent.

In this study, we investigate the application of Raman spectroscopy (a non-destructive
analytical technique that measures the inelastic scattering of photons from a physical

substance) as a tool to determine the maturity of OM. Several Raman parameters vs. VR
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calibration curves have been constructed, with R? values ranging from 0.63 to 0.96. These
demonstrate that Raman can reliably estimate equivalent VR values. A portable Raman
instrument has been tested and results show that this could potentially be used on-site,
allowing for near real-time analysis. Data could be used to help steer wells in the subsurface
to hit ‘sweet spots’ of high gas production during shale gas exploration, as well as decreasing

the time needed to bring an oil and gas field into operation.
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