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Abstract

Progressive depletion of conventional oil and gas reserves forces scientists to look for new
hydrocarbon sources and improve recovery technologies. One of the most promising objects is
organic-rich shales. However, no technology exists with proven efficiency for hydrocarbon
recovery from such reservoirs. The most advanced methodologies are based on high-temperature
treatment, which promotes the simultaneous conversion of solid organic matter into hydrocarbons
and the production of existing hydrocarbons. High-temperature processing causes alterations in
the mineral matrix and organic matter, nevertheless the knowledge on alterations in shales are
limited, and require in-depth investigation. The goal of the thesis is evaluation and identification
of patterns of void space evolution and organic matter transformation during high-temperature
treatment of organic-rich shales on the example of Bazhenov Formation rocks.

The study is based on a comparison of source rocks before and after thermal treatment,
including in-situ high-pressure air injection using combustion tube technique, pyrolysis in mini-
reactors and pyrolysis cells of Rock Eval and pyro-GC-TOFMS. Two principal shale components,
mineral matrix and organic matter, were studied in four lithotypes of Bazhenov Formation shales
during the treatments. Special attention was given to microstructural transformations of organic
matter. A wide variety of advanced lithological, geochemical, and petrophysical methods allowed
us to investigate mineral composition alterations, organic matter transformations, and
accompanying pore space evolution. Lithological methods included petrology, scanning electron
microscopy, broad ion beam polishing, energy-dispersive X-Ray spectroscopy, X-Ray powder
diffraction, and micro-computer tomography. Geochemical methods were pyrolysis, two-
dimensional gas chromatography with time-of-flight mass spectrometry, and isotope ratio mass
spectrometry. The main petrophysical method was thermal property profiling based on optical
scanning technique.

The results of the study show significant alterations in the composition and microstructure
of shales, which affected the pore space evolution during the treatment. All the components of the
mineral matrix were transformed. A specific combination of mineral components in a rock
(lithotype) leads to particular processes, which can be beneficial or unfavorable for the void space.
Detailed investigation of the organic matter showed that microstructural evolution of organic
matter is closely associated with thermal maturation and its development related to treatment
temperature, duration, and rock fabric. Outcomes of the study imply an increase in the prediction
accuracy of high-temperature based technology simulation and the technologies application
efficiency. The gained knowledge brings us closer to creating advanced technologies for effective

hydrocarbon recovery from organic-rich shales.
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Chapter 1. Introduction

Global growth of energy demand and progressive depletion of conventional hydrocarbon
reservoirs have created a necessity for new oil and gas sources [1-4]. Organic-rich shales (or oil
shales) are considered as one of the richest unconventional reservoir, which contains both liquid
hydrocarbons and solid insoluble organic matter. Insoluble organic matter is represented by
kerogen, which can be transformed into petroleum-like hydrocarbons through heating [2].
Enormous reserves of organic-rich shales, around 35% of the world’s reserves [3], make them
economically reasonable [4]. However, there are numerous challenges regarding the production
and extraction of hydrocarbons from such reservoirs. These challenges are connected with
extremely low porosity and permeability on the one side, and with a presence of a significant
amount of potentially recoverable organic matter — kerogen on the other side. Currently, there are
no technologies exist with proven efficiency in hydrocarbon production from these types of
reservoirs [5]. Nonetheless, the most promising techniques are based on high-temperature
treatment processes. The main advantage of these processes is a simultaneous conversion of solid
organic matter into hydrocarbons and the production of existing hydrocarbons with an effect on
the porosity[6-8]. There is a variety of high-temperature based techniques: high-pressure air
injection, in-situ combustion, electrical heating, thermogas, and many others [9,10].

It is known from the literature that the application of high-temperature based techniques in
shales promotes alterations in the rock texture and structure [11-15]. Several reports showed a
porosity increase as a result of heating, estimated with different modifications of the computed
tomography (CT) technique. Using normal micro-CT [7], in-situ micro-CT and synchrotron based
in-situ micro-CT [12,15,16] the authors demonstrated a porosity increasein organic-rich shales,
which they mainly attributed to fracturing. Fractures are considered as a result of organic matter
transformation with further hydrocarbons expulsion during the experiment. Detailed
morphological transformations in the organic matter during thermal treatment are less studied. The
studies report porosity development with thermal maturation degree increase across natural
maturation level variation, and there is a lack of clear experimental confirmation organic porosity
development during artificial thermal maturation. Even fewer data exist on mineral matrix
behavior and associated porosity formation during high-temperature treatment of shales. Based on
main gaps in knowledge on organic-rich shales components behavior during high-temperature
treatment the thesis was designed, aims and objectives were formulated.

The thesis is devoted to the investigation of pore space evolution and organic matter
microstructural transformation of Bazhenov Formation shales during high-temperature treatment.

Bazhenov Formation (BF) organic-rich shales are considered as main source rock in the West
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Siberian petroleum basin, one of the largest source rock formations in the World, and one of the
most perspective unconventional reservoirs [4,17,18]. The study is based on a series of high-
temperature experiments on four representative BF rock types (lithotypes).

The study is based on a comparison of source rocks before and after thermal treatment,
including in-situ high-pressure air injection using combustion tube technique, pyrolysis in mini-
reactors, and pyrolysis cells of Rock-Eval and pyro-GC-TOFMS. The experiments showed a direct
association of void space formation during high-temperature treatment in shales with both mineral
matrix alterations (composition and structure) and organic matter micromorphological
transformations. Alterations of the mineral matrix were investigated in detail and chemical
reactions behind these alterations were proposed. Due to the fact that organic matter is very
sensitive to thermal treatment, hence focused separate experiments are needed. The experiments
in closed and open systems allowed us to establish key factors controlling organic porosity
development and propose organic porosity classification. As a key result of the study,
comprehensive conceptual schemes of shales alterations and pore space evolution were suggested.
It is shown that alterations in the mineral matrix and organic matter lead to the reduction of thermal
conductivity and isotope composition shifting. On the basis of suggested schemes
recommendations regarding lithotype selection for effective technology application are given.

Results of the study are intended to increase the prediction accuracy of high-temperature
based technology simulations and technologies application efficiency. The recommendations
allow to reasonably choose the most appropriate intervals/lithotypes for technology application.
Consideration of the full range of chemical processes including mineral matrix and thermal
conductivity reduction during the high-temperature treatment modeling will increase the quality
and prediction power of models. Understanding of chemical processes associated with mineral
matrix will facilitate correct equipment material choice for the technology. The most perspective
rock types are recommended for the high-temperature treatment, which should be a basis during
interval selection during technology planning. Ultimately, the gained knowledge brings us closer
to creating an effective technology for effective hydrocarbon recovery technology from organic-
rich shales.

Aims and objectives of the research

The main aim of the thesis is evaluation and patterns recognition of void space evolution
and organic matter transformation during high temperature treatment of Bazhenov Formation
rocks.

To achieve the stated aim following objective has been accomplished:
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Perform a comprehensive literature review of the state of the art: geology of Bazhenov
Formation, existed thermal-based technologies, and data on alterations of mineral matrix and
organic matter.

Establish and choose the most common lithotypes in Bazhenov Formation through the
study of lithological, petrophysical, and geochemical properties of Bazhenov Formation in their
natural states, such as mineral composition, porosity, and OM.

Plan and conduct a high-temperature experiment on Bazhenov Formation rocks aimed at
evaluation of mineral matrix and organic matter.

Study lithological, petrophysical, and geochemical of Bazhenov Formation rock properties
after the high-temperature treatment.

Comparative analysis of the results changes occurred in different lithotypes. Distinguishing
the most promising lithotypes for treatment. Creation of the conceptual scheme of the alterations.

The thesis structure is organized in the following manner.

Chapter 2 gives a background for the study (literature review), including Bazhenov
Formation geology, existing thermal-based technologies, and alteration of mineral matrix and
organic matter.

Chapter 3 is devoted to the study of Bazhenov Formation lithology aimed to establish and
choose the most representative and important lithotypes for the physical experiments.

Chapter 4 describes the main results of laboratory experimental modeling of the mineral
matrix alteration and void space evolution processes during high-temperature treatment in a
combustion tube and investigation of samples before and after the experiment.

Chapter 5 gives a detailed characterization of organic microstructure in its natural
conditions and alterations during thermal treatment.

Chapter 6 is dedicated to the analysis of the results from the point of view of perspectivity
and effectiveness of the high temperature treatment technology. Comprehensive conceptual
schemes of shales alteration are proposed.

Chapter 7 gives summary, conclusions and recommendations of the study.
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Chapter 2. State of the art

2.1. Geological Background
General information

Bazhenov Formation (BF) is a key source rock in the West Siberian sedimentary basin and
one of the principal unconventional reservoirs in the Russian Federation and in the World [18,19].
BF rocks are represented by organic-rich siliceous, carbonate and argillaceous mudstones, which
correspond to Upper Jurassic — Lower Cretaceous sequences [20]. Bazhenov Formation rocks are
often considered as shales due to noticeable fissility along bedding plane and fine grained texture
[20,21]. The BF and the stratigraphic equivalents occupy most of the West Siberian sedimentary
basin and occur on the area of more than one million square kilometers (Figure 2.1.1) at a depth
of 2 500 — 3 000 m with average thickness variations in the range of 20-40 m [18,22]. Deposition
of the sediments took place in the deep marine environment in the anoxic conditions that were
favorable for organic matter accumulation and preservation. Total organic carbon (TOC) in the
rocks lies in a range of 0.1-25% with an average value of 5-10%. The organic matter mostly is
derived from bacterial and plankton material and related to the kerogen Il type. Maturity ranges
from immature to the end of the oil window along the basin [18,23-25]. According to the EIA
report (2015) Bazhenov Formation contains enormous resources — 1.24 billion barrels of oil in-

place, the majority of which are classified as shale oil [4].

Stratigraphy

Bazhenov Formation is VVolgian-early Berriasian aged (latest Jurassic—earliest Cretaceous)
organic-rich shales, deposited in a deep-water marine anoxic condition in the entire area of West
Siberian sedimentary basin [18,22].

On the marginal zones of the West Siberian basin BF is gradually replaced by thicker
nearshore shales depleted in the organic matter and considered as a stratigraphic equivalent of the
BF (Figure 2.1.1) [26].
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Figure 2.1.1. The location of the Bazhenov Formation with stratigraphic equivalents (left) and
generalized stratigraphic column (right) (modified after Panchenko et al., 2016 and Ulmishek,
2003).

1 — boundary of Bazhenov Formation; 2 — boundary of Bazhenov Formation stratigraphical
equivalents.

BF sediments overlay Georgiev horizon (horizon here means formation with stratigraphic
equivalents within the sedimentary basin), which is represented by argillite dominated deposits
such as Georgiev, Abalak, Nurmian, Vasyugan formations (Figure 2.1.1) within different basin
areas [18,28]. The BF mudstones underlay Neocomian clastic edges (clinoforms) of Megion,
Vartov, and Achimov formations, and, in some areas, by argillaceous rocks of Akh, Kulomzin, or

Frolov formations (Figure 2.1.1).
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Tectonic development

Tectonic development of BF is closely associated with the whole West Siberian basin
evolution. The West Siberian basin is a Mesozoic-Tertiary sedimentary strata superposed on the
Triassic rift system. The multi-aged basement of the basin is complex and consists of different
terranes coalesced during the Hercynian stage of oceanic basins enclosure, and collision of the
Siberian and Kazakhstan continents with the Russian craton (Figure 2.1.2A). The basement
includes foldbelts (Ural foldbelt on the western margin of the basin), massifs (Uvat massif, which
Is maybe either continuation of the Kazahstan continent or a separate microcontinent; Mezhov
massif and other smaller ones), portion of the Siberian platform which form the eastern margin of
the basement of the West Siberian basin, and folded region on the east-south Altay-Sayan (Figure
2.1.2A).[29,30]

The principal stage prior to sediment cover deposition is rifting occurred in the basement
during the Early Triassic time. Rifts partially determined the structure of Jurassic-Cretaceous
strata. The largest rift is the Koltogor-Urengoy rift (Figure 2.1.2A), which extends from the south
to the north onshore (1800 km), and northward continuously offshore to the Kara Sea. The
deposition of the sediment cover of the West Siberian basin commenced in the Middle Triassic
time [31]. The deposition occurred gradually from the northern part at the Bajocian time,
expanding southward, reaching the present-day basin boundary. During the Lower and Middle
Jurassic times, clastic continental and marine sediments covered the basement (Tyumen
Formation). In the Callovian period, broad transgression took place in the entire basin area. During
the Callovian-Kimmeridgian time nearshore sandstones and shales were deposited (Vasyugan
Formation, Abalak Formation) [32].

In the Volgian-early Berriasian time, a deep depression developed across the entire basin
area (more than 1 million km?), characterized by deep-water anoxic conditions. The sea depth was
in the range of 300-700 m, according to different authors [33,34]. During this period organic-rich
shales of the Bazhenov Formation were deposited in a deep-water anoxic central basin. Thicker
nearshore, organic matter depleted shales with sandstones were deposited in the marginal zones of
the basin (Figure 2.1.2B) [26].

The Bazhenov deep water basin was gradually filled by Neocomian clastic wedges
(cliniforms) with westward propagation (e.g., Achimov Formation). However, there were small
inherited deep-water zones at the western boundary of the West Siberian basin, where
sedimentation of shales occurred (Frolov, Akh formations) [18].

Further development of the West Siberian basin continued with the shallow marine

sedimentation in the Aptian, Albian, and Cenomanian times. Turonian time is characterized by a
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regional transgression across the entire basin territory. Marine clastic sedimentation lasted until
the end of the middle Eocene. A new stage of basin development started in the late Eocene and
continued to the Tertiary period. The shifting of the depocenter, initially located in the northern
part of the basin through Mesozoic time to the southern part, took place, which resulted in the
Eocene-Pliocene clastic continental sedimentation. This shifting was followed by uplift on the
northern part of the basin in the Oligocene period, erosion continued until the middle Pliocene
time. The uplift was associated with west-east compressional stress, which resulted in a structural
growth of linear arches in Mesozoic sediments [18,35]. The present-day Jurassic-Cretaceous strata
of the West Siberian basin represents a gentle depression, where sedimentary strata superposed on
the Early Triassic rifts and Paleozoic structures. The marginal areas of the basin are monoclonal
structures, that are slightly tilted basinward. The Bazhenov Formation structure (which is the top
part of the Upper Jurassic sequence and regional seismic reflector) is quite gentle, and the surface
slightly dips from the boundaries to the depth of 2.5-3 km in the south and center of the basin, and
up to 4-4.5 km in the deepest northern areas [36]. Jurassic-Cretaceous strata is gently deformed
into monoclines, arches, and depressions (Figure 2.1.2C). The structure of Jurassic strata is mostly

related to the filling of the pre-Jurassic topography.

Lithology (composition)

BF rocks are composed of four principal components: siliceous minerals (quartz or
amorphous silica), carbonate minerals (calcite, dolomite, rarely siderite), clay minerals
(predominantly illite, kaolinite), and organic matter, also sulfides (pyrite) are widely present in the
rocks. These components are occurred in various proportions and commonly form combinations
of two or more. Depending on the structure and texture of the components, different lithotypes
(rock types) may be determined.

Note on the rock classification (lithotype nomenclature)

There are plenty of classification schemes for BF rocks. The most common schemes are
based on the composition (prevailing component). Postnikov et al. [37,38] used classical
Shvanovs’ classification, which suggests using several words (component term) for rock
designating in the order of component increasing. The alternative classification was proposed by
Kontorovich [20], which is quite similar but suggests establishing four groups of lithotypes:
silicates, mudstones, carbonates, and mixtites. There are recent classifications proposed by
Nemova [39] and Gavrilov [40], which are identical to mentioned ones and do not add new ideas.
These classifications do not consider one of the main lithological characteristics of a rock —texture,
which is an essential aspect to separate fine-grained organic-rich rocks from other classes with
similar composition.
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The author of the thesis suggests using classification for fine-grained sedimentary rocks
proposed by Lazar et al. [21], which include both composition and texture of a rock, and may
encompass most of the rock heterogeneity. The classification implies to designate rocks with
>75% of grains with the size of <62.5 um as “mudstone” (Figure 2.1.3A), and use a ternary
diagram (Figure 2.1.3B) based on the principal components for compositional characteristics.

Hereinafter Lazars’ classification is used.

% Sand % Total Clay
100 % (e.g., illite, smectite)

Sandstone
(Ss)

75%
argillaceous

(ar)

muddy Sandstone

(mSs)

50 %

sandy Mudstone
(sMs)

% \
coarse medium fine
Mudstone Mudstone Mudstone
(cMs) (mMs) (fMs)
(Siltstone, Zs) (Mudstone, Ms) (Claystone, Cs)
0%

% coarse Mud 33.3% 66.7 % % fine Mud % Total 50 % % Total
(coarse Silt) (Clay-very fine Silt) Quartz Carbonate
(e.g., calcite, dolomite)

< 50% of total clay,
quartz, or carbonate
components

calcareous
(ca)

siliceous

(si)

Figure 2.1.3. Nomenclature for fine-grained sedimentary rocks: A — texture (grain size), B —
composition [21].

Bazhenov Formation rock composition (lithotypes)

Bazhenov Formation rocks are represented by different varieties of siliceous,
argillaceous, and carbonate mudstones enriched with OM [23]. The most common lithologies
are siliceous mudstones, carbonate mudstones, siliceous-argillaceous-mudstone, and
carbonate-argillaceous mudstone [23,39,41]. All the lithotypes contain more than 1% of
organic matter and may be considered as organic-rich [42,43].

Siliceous mudstones (organic-rich). The lithotype is composed of >50% of silica
(quartz). Depending on the structure and texture may be distinguished different variations, the
most important is radiolarian mudstone, which is often characterized by a porosity value up to
10%, and considered as a reservoir. Different variations with clay minerals, calcite, dolomite
are possible.

Carbonate (calcareous/dolomite) mudstones (organic-rich). The lithotype is composed
of more than 50% of carbonate minerals (calcareous, dolomite, rarely siderite). Different types

may be distinguished depending on the structure, where apporadiolarian (formed due to
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carbonatization of radiolarite) mudstone is often considered as a reservoir. Also, variations with
silica and clay minerals are widespread.

Siliceous-argillaceous-mudstone (organic-rich). One of the most common lithotypes in
the Bazhenov Formation sequence. The composition is dominated by siliceous and clay
minerals. The lithology is often characterized by a maximum amount of organic matter (organic
carbon).

Carbonate-argillaceous mudstone (organic-rich). The less common, nevertheless
widely described lithotype with carbonate (normally calcareous) and clay minerals dominance.
Components may both be mixed in each other, or carbonate component may form well-defined
micro lenses and inclusions.

Argillaceous mudstones (clay minerals >50%) normally do not present in BF rocks.
However, they are major lithology in overlain and underlain shale formations (Frolov and
Abalak formations accordingly). Terrigenous particles (sand, silt) also may be present in BF
rocks; however, they are not regular and do not exceed 1-3%. Another component is pyrite,
which is important from the point of view for void space [44] and deposition environment
analysis. There are no well explained and proven scheme of lithotype distribution in the

Bazhenov Formation, however, local patterns for some areas are well understood [22,27,45].
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2.2. Shale recovery technologies based on high temperature treatment

High heterogeneity, low porosity, and permeability make conventional technologies
inapplicable for organic-rich shales. Only several approaches may be used to recover
hydrocarbons from such types of rocks: hydraulic fracturing and thermal treatment
technologies. Hydraulic fracturing may be quite effective for shale oil and gas extraction, but
it requires significant volumes of water. This procedure can cause water pollution and other
potential ecological hazards. Many formations in the world contain a significant amount of HC
in the form of kerogen, and hydraulic fracturing will be futile in terms of kerogen potential
transformation into HC. Thermal treatment is a technology that can be effective in conversing
kerogen into the gaseous and liquid hydrocarbons with its further extraction [46-48]. Organic-
rich shales (oil shales) may be developed with various techniques based on thermal effect
(high-temperature treatment) [5,46]. The heating of black shales is an approach that will help
to achieve two fundamental goals: extract existing light oil from micro- and nano- pores, and
convert solid OM (kerogen) into liquid hydrocarbons with further production. There is no
technology with proven efficiency for organic-rich shale development, especially for Bazhenov
Formation shales, however, high-temperature techniques are the most promising. In this
section, thermal-based technologies aimed at shales recovery are briefly discussed.

1. «ElectroFrac» technology (ExxonMobil Corporation).

The technology is designed to heat organic-rich shales in the subsurface (in-situ)
conditions using electricity, which is conducted through the special conductive material
(resistive heating element), that fills initially induced fractures. Then the heat goes to the
formation and continuously converts kerogen into liquid-like hydrocarbons, which may be
further produced by conventional way [49]. The conceptual scheme is shown in @Figure
2.2.1A. The temperature range is quite wide and may reach 1200°C [50]. The experimental
pilot project showed promising results — production from such fractures lasting several months
[51,52].

2. Radio Frequency heating technologies

There are a number of techniques based on the radio frequency (microwave) heating of
organic-rich shales, which has advantages over conventional heating, including rapid energy
deposition, selectivity, better control, lower thermal gradients [49]. One of the examples is
Raytheons’ “Radio Frequency / Critical Fluid Technology”, which represents a combination of
radio frequency and critical liquid driving techniques. Radio frequency transmitters are located

in the well within the shale formation interval and heat the shale (Figure 2.2.1B). The heating
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results in micro fracturing, and transformation of organic matter into liquid-like and gaseous
hydrocarbons. Hydrocarbons are extracted and driven by injecting critical carbon dioxide.
Afterward, CO:is separated and may be used again. [53] suggested the technique of microwave
heating of oil shale based on the absorbents injection, that uses separate wells for heating and
production (Figure 2.2.1C).

3. “In-situ Conversion Process” (ICP) technology (Shell Oil Company).

ICP technology implies in-situ electric heaters to convert solid OM into mobile
hydrocarbons. The heaters continuously and slowly heat a shale up to the temperatures of 650-
700°C (Figure 2.2.1D). This leads to the kerogen transformation into hydrocarbons, which may
be produced by conventional methods. According to literature data technology result in 1/3 of
gas and 2/3 of light oil. The main advantage is fewer steps are needed to get liquid hydrocarbons
[49,52,54].

4. “Conduction, Convection and Reflux process” (CCR) technology (American Shale

0il).

AMSO has introduced a process for in-situ oil shale retorting, which involves
conventional proven drilling and completion technologies coupled with a formation heating
strategy. Heat is delivered to a shale formation by two horizontal wells so that heater well is
below the production well (Figure 2.2.1E). Wells are located near the shale bed basement. The
process is based on thermal fracturing, convection, and refluxing, which allow enhancing heat
distribution [49]. Kerogen conversion into the hydrocarbons is followed by light products rise
and reflux, whereas associated gases serve as fuel for the heater [52].

5. “Chevron's Technology for the Recovery and Upgrading of Oil from Shale”

(CRUSH) technology (Chevron).

CRUSH technology is based on the high-temperature carbon dioxide injection into the
formation to convert solid organic matter into liquid hydrocarbons. The technology implies
drilling two vertical wells and inducing horizontal fractures by carbon dioxide injection (Figure
2.2.1F).
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Figure 2.2.1. Schematic representation of high-temperature treatment technologies. A — ElectroFrac» technology [49]; B — “Radio Frequency /
Critical Fluid Technology” technology [53]; C — microwave heating technology [53]; D — “In-situ Conversion Process” technology [55], E —
Conduction, Convection and Reflux process” technology [52]; F — “Chevron's Technology for the Recovery and Upgrading of Oil from Shale”
technology [49].
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After additional pressure is added for active gas circulation within the fractured area, which allows
to rubblize production zone. Additional explosives may help to increase rubblization. The
exhausted carbon dioxide is redirected to the gas generator, reheated, and recycled [49,56]. The
gases are generated through the combustion of remaining OM in depleted zones to process further
intervals. Generated hydrocarbons are produced in conventional vertical wells. [49,56].

6. Thermogas (RITEK Oil Company, Russia)

RITEK proposed “Thermogas” technology for Bazhenov Formation, which is based on air
and water injection into the formation (Figure 2.2.2) [57]. The area of oxidation chemical processes
is controlled by the injection rate and the proportion of air and water. The technology represents a
variation of the high-pressure air injection (HPAI) approach, initially proposed by Sheinman A.B.
and Dubrovay K.K. in the 1930s.

Oil and gas 4
Oil and gas production
t production

Air and water )
injection Oil and gas

production

Heated zone
Fractured non-

Oxidation permeable rock

processes zone |

Miscible
displacement zone

il

Figure 2.2.2. Schematic representation of “Thermogas” technology [58]

The approach implies injection of air into a reservoir with the initiation of the oxidation
process, which displace hydrocarbons to the production wells. The key driving factors of HPAI
are increased mobility ratio, vaporization of oil, steam, and flue gases [59]. The application of the
air injection in shale reservoirs for kerogen in situ conversion into hydrocarbons is described by
[6It is suggested that kerogen conversion may be cost-effective in case of sufficient
permeability of strata, and, to achieve that, fractures in shales should be created. The air initiates
ignition of kerogen and propagation of combustion front, which causes the generation and
displacement of synthetic hydrocarbons. RITEK company has several cases of successful
thermoses applications [58] on the Sredme-Nazymskoe oil field. It was reported that treatment
resulted in reservoir pressure increase, oil production growth, and increasing of hydrocarbon gases
proportion in the product. The latter means that kerogen is the main fuel for oxidation processes.
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Oil and gas companies have already presented a wide variety of thermal-based organic-
rich recovery technologies, and some techniques are still at the early development stage. Despite
a diversity of the techniques, all of them are similar in their basics and suggest thermal exposure
normally in the range of 200-900°C. For now, there is a gap in the literature on their effect
concerning pore space evolution, mineral composition alteration, and rock fabric (structure and

texture).
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2.3. Alterations of mineral matrix and organic matter during thermal treatment

The heating of the shales leads to changes in the structure, mineral composition, and
physical properties [61]. Details of the alterations during heating are poorly known; only rock
structure and OM decomposition process have been analyzed to some extent by several authors
[46-48,61,62]. Understanding these alterations is crucial for @Fffective implementation of the
technology and further oil and gas recovery.

One of the first experiments aimed to investigate shale alterations during heating was
performed by Tisot [63] in 1967. Seven samples from the Green River Fm with different OM
content were collected and heated under controlled conditions up to 815°C in stress-free conditions
(Figure 2.3.1). Physical properties were evaluated before and after heating. The main results are
decomposition of OM continued up to 400°C, porosity and permeability increase with temperature
rise, new fractures along lamination appeared after heating, weight loss is associated with OM

decomposition.

A

L

:
’

Figure 2.3.1. Structural alterations of samples before and after experiment [63].
A - raw samples; B - samples heated to 400°C; C - samples heated to 815°C.

Prats conducted a similar experiment on Green River Oil Shales [62] with the aim to
estimate thermal properties changes during heating. Four sets of samples were collected from
different locations of the Green River Formation with different TOC. Thermal conductivity was

measured with the transient line heat-source (probe) method. Samples were heated in the special
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oven. Prats et al. [62] showed that the thermal conductivity decreases (up to 30%) as the
temperature increases. He concluded that the thermal conductivity of organic-rich shales is
affected by the degree of kerogen conversion into fluid products; the fraction of converted kerogen
is controlled by temperature history.

Decades later similar experiment was performed in Salt Lake City by Tiwari [7].Three
samples from Green River Fm with different TOC were collected for the investigation and split
into three parts. The samples were subjected to pyrolysis at different temperatures: 350 °C, 425
°C, and 500 °C in the N2 atmosphere for 24 hours. After heating the weight of all samples has
fallen according to initial TOC content: higher TOC - larger the weight loss. Moreover, samples
characterized with high TOC content were destroyed after temperature treatment. All samples
were investigated with the micro-CT method. The authors demonstrated that new pores and
fractures are associated with OM veins and lenses. Figure 2.3.2 shows the sample after 425°C
temperature. The sample contained around 20% of TOC, after heating a major part of OM was
decomposed, and a new pore space was formed. The generated void space is patchy and consistent
with the initial OM distribution along laminas. The authors concluded that heating of the samples
with high TOC content leads to generating a new void space, and the distribution of these voids is

strongly controlled by OM distribution.

Figure 2.3.2. Sample structure after heating up 425°C [7].
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An identical experiment was accomplished by Jing Zhao et al. [64] for Daqing and Yan’an
oil shales samples with different TOC content and structure. The samples were heated up to the
temperatures of 100°C, 200°C, 300°C, 400°C, 500°C, 600°C in the pyrolysis reactor. At the
temperature of 200 °C new fractures started to form with the beginning OM destruction (Figure
2.3.3).

Figure 2.3.3. Micro-CT images of the sample during heating. [64]

The main issue of most experiments is repeated cycles of cooling and heating of the
samples: they are cooled to room temperature to make a micro-CT scan, then heating continues.
Kobchenko et al. (2011) [15] and Saif et al. (2016) [14] overcame this problem b@ng time-
resolved X-Ray synchrotron tomography. Kobchenko with coauthors [15,16] performed time-
resolved X-ray synchrotron tomography imaging of the sample during heating (temperature was
increased from 60° to 400°C) of Green River Fm shales. At the temperature of about 350 °C,
fractures along the bedding started to form in conformity with the previous experiments. Authors
argue that new cracks that occurred at 350°C were associated with significant mass loss and release
of light hydrocarbon@nerated by the decomposition of OM. Decomposition of kerogen caused
an internal pressure build-up enough to generate fractures in the sample.

Saif et al. (2016) [14] used 4D X-Ray synchrotron microtomography with simultaneous
heating of immature Green River shale samples in vacuum conditions. They observed a dramatic
increase of porosity at 400°C with a resulting total porosity of 22%, whereas pores were not

resolved at a lower temperature. Further heating led to a porosity increase up to 25%. A bit different
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experiment was performed by Saif et al. (2017) [13] to investigate Green River shale samples
before and after pyrolysis (500°C) with the FIB-SEM method. The researchers found dominance
of nanopores with total porosity of about 5% before heating and prevalence of 1-2 pm pores with
total porosity of 18% after the heating.

Popov et al. [65] using micro-CT demonstrated an increase of porosity from 1% to 32%
resulting from the Bazhenov Formation shales treatment at 450°C in the HPAI experiment in the
combustion tube. At the same time, Bondarenko with colleagues [66] reported increasing porosity
up to 20-30% at temperatures of 460-470°C resulting from HPAI laboratory experiment in
combustion tube, porosity was measured with porosimetry method. In contrast, Mukhametdinova
[67] emphasized that combustion may result in a porosity increase of up to 9%. It is essential to
mention that the authors do not differentiate pores and fractures, as well as they do not specify
components of the rock that became porous.

Often high-temperature treatment techniques include oxidation processes (e.g., high-
pressure air injection [59]). There is a gap in the literature on investigating mineral matrix
alterations during oxidation. The majority of papers are devoted to void space evaluation through
pyrolysis, which represents heating in inert conditions. There are only a few studies concerning
the alteration of a mineral matrix in shales during oxidative processes. Chen et al. (2017) [68]
reported the results of oxidation treatment of Lower Silurian Longmaxi shale samples with H,O»
(15wt%). The authors showed dissolution of carbonates, reduction of inorganic minerals
containing ferrous iron (e.g., pyrite and chlorite), and removing of OM. Wei Chen et al. [69]
demonstrated that heating of shale samples wit air (both low and high-temperature combustion)
resulted in increasing void space due to OM oxidation and rocks decarbonization (decomposition
of CaCO:s3). Sun et al. (2014) [71] observed a decomposition of inorganic minerals such as pyrite
and calcite during oxidation but did not consider associated microstructural changes. The main
issue of the discussed articles is an absence of void space examination and a narrow collection of
samples. However, they may serve as a starting point.

The most sensitive component of oil shale to heating is organic matter. Only few works are
devoted to investigation of microstructure in organic matter during thermal maturation [72—74].
Wu et al. (2015) [74] stated the positive correlation of artificial maturity with organic matter (OM)
porosity using SEM imaging and pyrolysis. Ko et al. (2016) [73] found from heating experiments
formation of nanometer-sized organic pores at gas generation stage. Cavelan et al. (2020) [72]
noted that artificial OM degradation leads to evolution of OM texture from smooth non-porous to
granular porous at gas generation stage. However, the results of these works are under discussion
— the authors imaged random OM inclusions during the treatment [72,73], or the obtained artificial
organic pores significantly differ from the naturally occurred [74].
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Alterations of mineral matrix and organic matter during thermal treatment are superficially
studied. In many recent papers, researchers confirmed that fractures appear in organic-rich shales
during heating. However, the studies are limited by low resolution, neglection of pore formation,
and often do not specify components that became porous. A few articles devoted to the organic
matter structure show that a formation of pore space in OM is possible. There are significant
uncertainties with a void space in a mineral matrix and organic matter, which is formed during
thermal treatment, nevertheless, understanding of these alterations is essential knowledge for

correct interval selection for effective high-temperature treatment implementation.
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2.4. Summary

Bazhenov Formation (BF) is a major source rock in the West Siberian petroleum basin and
one of the principal unconventional reservoirs in the Russian Federation and in the World. BF
rocks correspond to Upper Jurassic — Lower Cretaceous age and are composed of siliceous,
carbonate, and argillaceous mudstones. Total organic carbon varies in a range of 0.1-25% with an
average value of 5-10%. The organic matter is related to the kerogen Il type. Maturity ranges from
immature to the end of the oil window along the basin. Bazhenov Formation reservoir contains
huge resources — 1.24 billion barrels of oil in-place, the majority of which are classified as shale
oil.

Oil companies already propose many technology concepts to recover shale oil from black
shales. The most promising ones are based on high-temperature impact. However, there is no
technology with proven efficiency. The application of these techniques is associated with many
uncertainties concerned void space, mineral matrix, and organic matter.

Most articles dedicated to the thermal treatment of shales focus on the investigation of void
space during pyrolysis neglecting the fundamental reasons behind porosity increase. The studies
are lack of differentiation of formed void space to fractures and pores and often do not specify
components that became porous. A few articles devoted to alterations of a mineral matrix do not
call attention to the microstructural changes during heating. Organic-rich shales are characterized
by variable mineral composition even within one formation (variations of carbonate, siliceous, and
clay minerals). Therefore, it is necessary to investigate the high-temperature effect differentially
for different rock types. There are still many open questions around the alterations in shales during

heating, and a certain need for investigation exis@
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Chapter 3. Lithological characterization of the Bazhenov Formation shales

3.1. Motivation

Lithological studies are the fundamental part of any reservoir or source rock
characterization. Lithology determines a rock type (lithotype) with a particular mineralogy,
texture, fabric, and pore structure. These characteristics are directly related to the physical and
chemical properties of the rock, which, in turn, determine most aspects of upstream processes:
using a particular bit during the drilling; the response of the well logging/petrophysical tool used
to measure formation characteristics; the application of a particular EOR/IOR technique, or
direction of oil and gas exploration and prospecting surveys.

The main goal of the chapter is to perform complex lithological studies of BF mudstones.
Complex characterization allows justifying the selection of particular lithotypes for the
experiments and further detailed OM investigations. Since the literature review showed a wide
variety of Bazhenov Formation shale rock types, it is essential to carefully perform complex
characterization of available samples with further classification. For this purpose, samples were
selected from two wells, located in the different areas of the West Siberian petroleum basin (Figure
3.2.1). One of the wells is located in the high north of the West Petroleum basin near the Arctic

shelf region, where the lithology of the Bazhenov Formation is poorly known.

3.2. Materials and methods

Materials

According to the literature, in the northern West Siberia regions, Bazhenov Formation
shales and stratigraphic equivalents are represented by bituminous argillite-like shales [75],
bituminous and non-bituminous argillites [76,77] with total organic carbon content up to 5-10%
[78,79]. The deposition environment is consistent with the BF within the central part of the basin,
deep-water marine environment with anoxic conditions during the Upper Jurassic transgression
maximum [75,76,80]. The absolute majority of publications related to the Bazhenov Formation of
the West Siberia northern regions deal with the basin level lithology and geochemistry, and ignore
the detailed lithological structure of the formation. Apart from the main aim of the chapter, this
study fills the gap in the lithology of the BF section in the northern part of the West Siberian basin.
Concerning the second well, the area is well studied, and the detailed lithological structure of the
section is given by a number of authors [27,39,81]. The main rock types are siliceous mudstones
and carbonate mudstones with clay content variations. Generally, it is a good representation of a
typical section of BF.
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Figure 3.2.1. Location of the selected wells for the study.

Methods

Optical polarizing microscopy.

Thin 20x20 mm sections with a thickness of 10-20 um were prepared to analyze rock
texture, fabric, and mineral composition. The thin sections were investigated by the optical
polarizing (petrographic) microscope AxioScope 5 (Carl Zeiss). Typically, the thickness of the
specimens should be around 30 um, however, BF mudrocks are significantly enriched with organic
matter, that “hides” textural and mineralogical features, thinning helps to overcome this effect
[82].

Powder X-ray diffraction

The average bulk quantitative mineralogical composition was obtained using an X-Ray
Diffraction powder analysis technique with the Huber G670 instrument (transmission geometry,
linear PSD detector, Co tube Kal1=1.78892 A, 1200 W). The analysis was performed on the
powder probes of 50-100 mg.
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Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a major technique used for an investigation of
rock structure at a micrometer and nanometer scale. We used Thermo Fisher Scientific Quattro
ESEM on small (3-5 mm) rock samples. Samples were coated with gold (up to 20 nm thick) to
discharge the samples during the scanning. Scanning involved secondary electrons (SE) and
backscattered electrons (BSE), magnification x500-x200000, acceleration voltage 10-15 kV, and
working distance 9-11 mm.

Programmed pyrolysis

Geochemical characterization of BF rocks was performed with HAWK Resource
Workstation (Wildcat Technologies, USA) using standard Rock-Eval pyrolysis program technique
[83,84]. For the analysis, a small powder probe was prepared from each sample (~200 mg). Main
pyrolitical parameters were determined, such as S1, S2, S3, temperature Tmax (°C), TOC (wt.%),
hydrogen index (HI, mg HC/g TOC), and oxygen index (Ol, mg CO./g TOC).

Thermal core logging

The thermal core logging technique is based on the optical scanning instrument application
and provides a continuous non-contact measurement of thermal conductivity and volumetric heat
capacity on full-diameter cores, core samples, core plugs, broken cores, and other types of rock
samples. The technique allows obtaining a wide set of thermal properties profiles: principal values
of thermal conductivity tensor parallel (Al) and perpendicular (AL) to bedding with ~1 mm spatial
resolution, volumetric heat capacity (VHC), thermal anisotropy coefficient K defined as Al/ AL,
and thermal heterogeneity factor b (defined by the ratio of difference between the maximum and
minimum values to the mean value of thermal conductivity as b = (Amax — Amin)/ Aavg). The accuracy
and precision of the measured thermal conductivity are +2% and +1.5% respectively [85]. The
technique is recognized, tested, and included in ISRM suggested methods for determining the
thermal properties of rocks [85].

For the comprehensive investigation of TOC distribution over the BF depth, the method
for oil shale total organic carbon profiling from thermal conductivity logging was developed and
patented [86]. The method implies conversion of the thermal conductivity profile into total organic
carbon content profile through several operations, which include recording of thermal conductivity
(parallel to bedding component) profile with adjusted spatial resolution, sampling for pyrolysis
analysis, determination of mineral matrix thermal conductivity, establishing a coupling coefficient
between thermal conductivity and total organic carbon content obtained by pyrolysis, and, finally,
calculation of continuous TOC profile. The method is based on the significant thermal conductivity

difference of mineral matrix (2.5-3.1 W/(m K)) and organic matter (0.2-0.4 W/(m K)) [85]. Since
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the thermal conductivity of mineral matrix varies in a narrow range, thermal conductivity of
organic-rich mudrock is determined by variations of organic matter content.

Isotope Ratio Mass Spectrometry analyses

Sulfur isotope composition and bulk content were determined by isotope ratio mass
spectrometry using an EA-IRMS system, consisting of an isotope ratio mass spectrometer IRMS
Delta V plus (Thermo Fisher Scientific) connected to an Elemental Analyzer Thermo Scientific
Flash 2000 (Thermo Fisher Scientific). The system provides combustion of total sulfur from the
sample in SO gas at 1020°C, with subsequent measurement of isotope composition. The reference
materials used for calibration were: Sulfate NBS 127 834S: +21.3%o, Methionine 834S: +9.3%o, and
4,4-Diaminodiphenyl sulfone 83S: +6.0%.. &3S values are reported relative to Vienna Canyon
Diablo troilite (V-CDT).
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3.3. Results

Well 1. Northern part of West Siberian petroleum basin

The well 1 is located in the northern part of West Siberia, which is one of the most
underexplored areas in the basin. Hence, the very first step of the study is a stratigraphic tie for the
section, despite the initial information of its belonging to BF formation. In accordance with the
regional stratigraphic scheme [28], the section belongs to the upper part of the Golchikha
Formation, which total thickness may reach 950 m. The studied interval is less than 20 m, the
rocks within the interval have certain similarities with the Bazhenov-Abalak complex of the central
part of West Siberia in its composition and textural-structural features. Micropaleontological and
palynological analyses were performed for substantiating the deposits age and refining the
stratigraphic boundaries.

Stratigraphy

The deposits are impoverished of paleobiota, the solitary shells found are characterized by
poor integrity and significant pyritization. Most parts of the finds fall into the lower part of the
section. Notwithstanding, shells of radiolarian and foraminifers (Figure 3.3.1) in conjunction with
palynoforms (spores, pollen, dinocysts, prasinophytes) provided the possibility to determine the
stratigraphic identity of the deposits resolutely enough. In particular, the age of the bottom part of
the section corresponds to the Later Kimmeridgian. It is confirmed by the remains of dinosysts,
which are characteristic paleobiota of Georgiev Formation (Horizon) deposits (Figure 3.3.5). In
the upper part of the section, shells of radiolarians and foraminifers are found (Figure 3.3.1, Figure
3.3.5), which corresponds to the Tithonian Age. In addition, the so-called “prasinophytic
palynofacies” was found, which is characteristic of Bazhenov Formation deposits. The fauna and
phytofossils of the upper part of the section belong to the Berriasian, Early Valanginian ages.
However, in this case, impoverishment of fossils and poor preservation made it impossible to
reliably determine the upper boundary of the Bazhenov Formation (i.e., the Tithonian/Berriasian
boundary), that is why it was marked conditionally (Figure 3.3.5). The age of the deposits and
stratigraphic subdivisions are presented in Figure 3.3.5.

41



Figure 3.3.1. Examples of foraminifera (A, B) and radiolaria (C-F) relicts in thin sections.

(A, B —shells of foraminifera (Recurvoides sp.); C, D — radiolarian fragments cross-sections
(Parvicingula cf.sp. chabakovi and Lithocampe? sp. aff. St. oblongata (Rust)), E — fragment of a
radiolarian nucleus, F — the upper particle is a mollusk shell, the lower particle is a fragment of a

radiolarian nucleus).

Lithology and deposition environment

Two main groups of rock types are identified: siliceous-argillaceous and carbonate
mudstones. Each group is characterized by a certain assemblage of lithotypes that are differentiated
on the basis of rock fabric, structural and textural characteristics, organic matter content, and
mineral composition.

Group of siliceous-argillaceous mudstones. Rocks of this group are relatively uniform in

mineral composition, they are dominantly composed of clay minerals (by XRD data, their average
volume fraction is 42%) and the siliceous component (38% on the average). Also, some feldspars
(up to 10%), pyrite (in a finely dispersed form, in a form of framboids and pseudomorphs over
organic detritus, up to 8%), and in some cases carbonates (up to 3%, dolomite, less frequently
calcite, in most cases carbonates are diagenetic in origin) are present in the rock. The lithotypes of
the group are represented by fine-grained rocks and may be considered as mudstones according to
the classification proposed by Lazar et al. [21]. The group is represented by four lithotypes that
differ in rock fabric and total organic carbon content, which provides insight into the amount of

organic matter (OM) in the rock.
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o Argillaceous-siliceous massive mudstone with bioturbation: rocks are characterized by the
presence of trace fossils, often pyritized. Average TOC content is 2.2% (max. 3.8%, min.
5%) (Figure 3.3.2A).

e Argillaceous-siliceous organic-rich mudstone: rocks without expressed lamination at the
micro- and macro- levels. Average TOC content is 4.8% (max. 7.8%, min. 2.3%) (Figure
3.3.2B).

e Argillaceous-siliceous organic-rich mudstone with microscale planar lamination:
distinctive characteristic is strongly pronounced thin lamination that may be diagnosed
under the microscope only and is caused by the lamina-by-lamina distribution of organic
matter, clay minerals, and siliceous component. Average TOC content is 7.6% (max. 12%,
min. 3%) (Figure 3.3.2C).

e Argillaceous-siliceous laminated mudstone with bioturbation: rocks are characterized by
rhythmic horizontal lamination caused by the presence of darker (enriched in OM) and
light (lean in OM) zones with trace fossils. Average TOC content is 1.9% (max. 4.3%, min.
0.9%) (Figure 3.3.2D).

Figure 3.3.2. Thin-section microphotographs of siliceous-argillaceous mudstones: A -
argillaceous-siliceous massive mudstone with bioturbation, B - argillaceous-siliceous organic-
rich mudstone, C - argillaceous-siliceous organic-rich mudstone with microscale planar
lamination, D - Argillaceous-siliceous laminated mudstone with bioturbation.
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Group of carbonate rocks. Rocks are composed mainly of fine-grained (<20 um) carbonate

minerals: calcite, dolomite and siderite, the content of carbonates are in the range of 70-85%. The
siliceous component is present in an amount of 7-16%, while clay minerals and feldspars play a
minor role in a mineralogical composition (up to 5%), pyrite in various forms is observed (up to
3%). Detected are solitary poorly preserved (destruction, pyritization) relicts of mollusks and
radiolarians shells are detected. TOC content is less than 2%. Three lithotypes are distinguished,
which differ in rock fabric and mineral composition.

e Dolomitic-siliceous fine-grained siderite: rock is composed of crystalline siderite
by 42% and of dolomite by 35%; siliceous fine-crystalline and cryptocrystalline
mass are rated at about 16% (Figure 3.3.3A). Clay minerals and pyrite account for
7%.

e Siliceous fine-grained limestone: rock is represented by two varieties — fine-
crystalline and microcrystalline ones. The main component is calcite — 75%, the
siliceous component is present in the cryptocrystalline form in a lesser amount —
12% (Figure 3.3.3B).

Figure 3.3.3. Thin-section microphotographs of carbonate lithotypes: A - dolomitic-siliceous
fine-grained siderite, B - siliceous fine-grained limestone.

The lower part of the section is the age equivalent of the Georgievskiy Formation and it is
represented by massive argillaceous rocks, often with trace fossils. Two thin interlayers of
siliceous-dolomitic (~20 cm) secondary siderite and fine-crystalline siliceous limestone (~30 cm),
probably, developed over rocks of siliceous-argillaceous composition. TOC content in the rock
mass is rather stable and is within the range of 1.5% to 3.9% with an average value of 2.2%,
organic matter contains kerogen of mixed type II-111 (Figure 3.3.5). Uniform argillite dominated
mineral composition, bioturbation, low amount of detritus and mixed-composition OM indicate
that the deposits were formed in a quiet hydrodynamic environment at some distance from a
provenance area, in the presence of oxygen in the near-bottom water layer, which favored the life

of burrowing organisms and made it not possible for OM to preserve in full measure.
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Based on lithology and TOC content, eight members within BF were distinguished. The
members are different in TOC, texture, and structure. Organic matter corresponds to Il and Il
types (Figure 3.3.5). The main part of the section is composed of argillaceous-siliceous rocks
(Figure 3.3.5) with a relatively stable mineral composition, differing textural features, and TOC
content. The deposits are characterized by laminated, thinly-laminated and microlaminated
textures that are manifested on different scales. TOC content varies within the range of 1-12%
with an average value of 5%. The transition interval of the Georgievskiy Formation into the
Bazhenov Formation is characterized by a gradual increase of TOC and the appearance of thin
lamination in the first member (Figure 3.3.5). This is a result of the formation of conditions
favorable for OM accumulation and burial with a simultaneous increase in bioproductivity. The
first member is composed of argillaceous-siliceous organic-rich mudstone with microscale planar
lamination, which is characterized by highly pronounces microlamination, which is caused by the
lamina-by-lamina distribution of OM in the form of wisps and lenticules that are identifiable under
a microscope only. At the same time, the member is characterized by the highest amount of pyrite,
in individual cases fraction of pyrite reaches 13%. The scanning electron microscope investigation
demonstrated the dominance of framboidal pyrite, which is closely associated with OM: organic
matter envelops pyrite crystals and may fill the space between the crystals (Figure 3.3.3A), which
indicates their conjoint formation. Organic matter contains kerogen of type 1. The dominance of
type 1l kerogen and framboidal pyrite, microlaminated fabric and argillaceous-siliceous
composition are evidential of the developing deep-water anaerobic environments with sulfuric
contamination, that favored OM accumulation and preservation. Members 2 and 3 are similar to
member 1 in many aspects. Member 2 is characterized mainly by a lower OM content (TOC =
3.4+6.7%, average 4.7%). Member 3 is analogous to the first one, is characterized by highly
pronounced microlaminated texture and the highest OM content in the section (TOC = 6.4+11.6%,
average 8.8%), OM contains kerogen of type Il. The formation of rocks took place in deep-water
anaerobic environments, though probably with episodic oxygen income. Member 4 differs from
all the above-described ones by poorly pronounced laminated texture. It is composed of
argillaceous-siliceous massive mudstone with bioturbation. OM is presented in finely dispersed
form; OM content is not very high (TOC = 1.4+7.3%, average 4.3%), kerogen belongs to a mixed
type (Il and I, Figure 3.3.5). Individual fragments of quartz and feldspar silt-sized clasts,
bioturbation marks were observed. These are evidenced in the formation of rocks in relative
vicinity to the provenance area, nonetheless, anaerobic conditions and sulfuric contamination
existed to some extent. Members 5 and 7 are close in their properties to members 1 and 3, organic
carbon content is 4+8.7% with an average of 7.1% and 6.3+9.5% with an average of 7.6%,
respectively. Organic matter is represented with kerogen of mainly type Il. An absence of clastic
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material and increased values of TOC content are evidential of a deep-water anaerobic depositional
environment. Members 6 and 8 are characterized by macroscopic lamination caused by the
rhythmic alternation of dark (enriched with OM) and light-colored (lean in OM) interlayer. The
OM is represented by mixed type kerogen. TOC content is non-uniform and varies within the range
of 0.5+4.3% with an average of 2%. Macroscopic lamination is a result of the changeability of
redox conditions caused by sea level fluctuations, which probably entailed income of oxygen with
breach of anaerobic conditions and sulfuric contamination.

According to Kontorovich et al. [87] in the Volgian time the study area was occupied by a
deep-sea (200-400 m), which resulted in siliceous-argillaceous mudstones with thin-laminated
fabric. However, the section is characterized by significant variations of TOC content, presence of
both macrolaminated and massive mudstones, presence of silty material, and bioturbations, that
altogether being evidential of variability of redox conditions. Zakharov et al. in [77] suggest that
the Bazhenov sea in the Upper Jurassic — Lower Cretaceous time was connected with the Arctic
Basin by a strait located in the territory of the present-day Yamal Peninsula. It is supposed that a
barrier existed on the bottom of the strait, that controlled the ingress of arctic waters enriched with
oxygen into the Bazhenov sea. During periods of low sea level and high position of the barrier,
communication of water masses was hampered, and anoxia was formed in near-bottom waters and
at the sediment-water interface, which favorably affected the organic matter accumulation and
preservation. A sea level rise and lowering of the threshold lead to arctic water inflow enriched
with the oxygen Bazhenov sea, flourishing of life-activity of filter-feeding organisms consuming
organic matter and forming sub-oxidizing depositional environments that encumbered organic
matter accumulation and burial. The investigated well is located close to the paleobarrier, and we
suggest variations in TOC contents, quality of organic matter, presence of laminated and massive
structures, the appearance of silty material, and bioturbations caused by the vertical position of the
paleobarrier, which controlled influx of arctic water masses with oxygen. The members 4, 6, 8
with relatively low TOC content, presence of bioturbation, and silty material were most probably
formed in periods of high sea level (low position of the barrier) and ingress of arctic waters
saturated with oxygen. In these same periods, ingress of humic organic matter took place that was
associated with activation of underwater currents connected with the clastic source area. Currents
brought silty material, aeration of the sediment favored life activity of burrowing organisms. While
the formation of members 1-3, 5, 7 is associated with a lower sea level and a higher position of the
barrier, and, as a consequence, hampered water exchange. During this period, the accumulation of
maximum amounts of marine organic matter took place. Leushina et al. [88] demonstrated
geochemical observations on the same well, that confirm given conclusions, the authors using

specific elemental ratios came to similar conclusions.
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Sulfur isotope composition

Mass spectrometry analysis (IRMS) allowed to evaluate bulk §3S in the samples (Figure
3.3.5). The values of §%SCDT vary from —37.3 to +4.2%o, although most of the sulfur is
isotopically light (i.e., —37.3 < §**SCDT < —18.6%o0). Only within three samples §**SCDT exceeds
—18%o0: —7.8%0 (member 5); —4.4%o0 (member 6); and +4.2%o (member 8). The results are shown
in the [89]. The main host of sulfur in the mudstones is pyrite. The variations of sulfur isotope
composition are caused by the form of pyrite aggregates, which are variously sized framboids and
individual crystals. The specific aggregates of pyrite correspond to a particular redox setting in the
basin. The abundance of small framboids (up to 10 um) suggests that sedimentation occurred in
the anoxia dominated conditions with the presence of hydrogen sulfide above sediment-water
boundary or in the upper layer of sediments with an excess of marine sulfate. These conditions are
also favorable for the organic matter accumulation and preservation. This assumption is in good
correspondence with the SEM observations of OM within framboids. Larger framboids and
individual pyrite crystals (>10 um) are evidence of suboxic accumulation conditions, and
considered as a secondary mineral, formed during diagenesis. These assumptions correspond well
to the observations based on the lithology and TOC content.

Void space

Investigation of mudstones with scanning electronic microscope demonstrated that there
are different morphological types of voids, which are intercrystalline and intracrystalline space in
clay minerals. The size of voids varies from first micrometers up to 10-20 um. The most typical
pores are inter-layer, inter-aggregate slit-pores in the clay minerals (Figure 3.3.4). Horizontal
dominated orientation of clay minerals (microlamination) considerably influences anisotropy of
poroperm properties. Space filled with kerogen also may be considered as potential void space,

resulting from thermal EOR techniques application.

Figure 3.3.4. Void space in siliceous-argillaceous mudstones. A — isometric intercrystalline
pores, B — elongated inter-aggregate voids in clay minerals.
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Figure 3.3.5. Summarized well 1 section column of the studied interval.

(Paleobiota. F — foraminifera:1 - Lenticulina cf. Gerkei Dain, 2- Trochammina ex.gr. kumaensis Levina, 3 -Spiroplectammina cf. vicinalis Dain, 4 - Evolutinella cf.
emeljanzevi (Schleifer), 5 - Lenticulina gigantella Rom., 6 - Trochammina cf. polymera Dubrovskaya, R — radiolaria: 1 -Parvicingula cf. Multipora, 2- Dictyomitra?
cf. sp. ex gr. multicostata Zittel, 3 - Parvicingula ? sp., 4 - Cenosphaera? sp., 5 - Gen. sp. Indet, P — palinomorphs: 1 - Disaccites-Classopollis-
Sciadopityspollenites, 2- Prolixosphaeridium-Valensiella- Cassiculosphaeridia, 3 - Botryococcus spp., 4 - «prasinophyte palynofacie», 5 - Dingodinium spp.-
Cleistosphaeridium spp.-Sentusidinium spp.)
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Well 2. Central part of West Siberian petroleum basin

The second well is located in the central part of the West Siberian petroleum basin.
Bazhenov Formation at the central part is the most studied in many aspects, including stratigraphy,
lithology and geochemistry by a number of authors [20,27,39]. Regional correlation allowed to
distinguish Bazehnov Formation, and there is no essential need for detailed stratigraphic

investigations. The focus is made on the lithological variety of the BF in that part of the basin.
Lithology

The rocks are represented predominantly by mudstones, which differ in composition,
structure and texture. Distinct differences in mineral composition and rock fabric allowed us to
distinguish 6 lithotypes (Figure 3.3.6), which form 4 members in the studied interval (Figure
3.3.7).

¢ Siliceous-argillaceous organic-rich mudstone. The rock is composed predominantly of
fine-grained quartz (50-65 volume %) and clay minerals (20-35 volume %) with an average
TOC content of 12 weight %. The rock is characterized by laminated OM and clay minerals
distribution, which causes thin-laminated rock fabric (Figure 3.3.6A).

e Argillaceous-siliceous mudstone. The mudstone is composed of clay minerals (65-70%)
and quartz (25-30%), an average TOC content is around 3%. The rock is characterized by
indistinct lamination (Figure 3.3.6B). The lithotype is common for the Abalak Formation,
and is not observed in Bazhenov Formation interval.

e Siliceous mudstone (radiolarite). The rock consists of quartz (90-95%) and it is
characterized by radiolarian relicts and a minor amount of clay minerals. Organic matter is
distributed in a patchy manner; the average TOC content is approximately 4.5%. A void
space was observed in the lithotypes, represented by intercrystalline pores, porosity varies
in the range of 2-5% (Figure 3.3.6C).

e Aporadiolarian siliceous crystalline dolomite. The lithotype represents medium-to-fine
grained dolomite dominated radiolarite (crystals 50-100 um in size, 85-90%) with fine-
grained quartz (up to 10-15%). Initial siliceous radiolarian material is considered to be
replaced by dolomite during diagenesis. Quartz represents fine (10-15 um) idiomorphic
crystals, which partially occupy the surface of dolomite crystals. Organic matter has a
patchy distribution, an average TOC content is 3%. The rock is characterized by the
porosity of 3-8% (Figure 3.3.6D).
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e Calcareous mudstone. The mudstone is predominantly composed of fine-grained calcite
(60-95%), with a minor amount of dolomite (up to 20%) and quartz (up to 10%). The rock
is depleted in organic matter and TOC content does not exceed 2-5% (Figure 3.3.6E).

e Argillaceous-calcareous organic-rich mudstone. The lithotype represents a mixture of
calcite and clay minerals. Calcite is presented in the form of distinct laminas and lenses in
the clay minerals matrix, or there is thin interlayering of clay and calcite components. Bulk
mineral composition varies, the major part of the rock is represented by clay minerals (up
to 50-70%), calcite occupies a smaller part of a rock (30-50%). The mudstone is enriched
with organic matter, which is presented in the form of thin laminas, lenses, and inclusions.

An average TOC content is approximately 12% (Figure 3.3.6F).

Based on lithotype order and succession, 4 members were distinguished within BF interval.
The members generally represent repeating cycles of sedimentation. There are two pairs of
members, first and second, third and fourth. The members within a pair are quite similar in terms
of composition, lithotypes succession, and thickness. The basement of the first and second
members is composed of argillaceous-calcareous and calcareous mudstones; which are overlain
by the siliceous and siliceous-argillaceous mudstones. Intervals of siliceous mudstones are
characterized by depleted TOC content and increased porosity. The third and fourth members are
represented by the mixed rocks: interlayering of siliceous-argillaceous and argillaceous-calcareous
mudstones in the lower part, and the dominance of argillaceous-calcareous mudstones in the upper
part.

The formation of the BF rocks is related to the deep marine anoxic environment, which
varied in degree of anoxia, presence of local deep water streams and bioproductivity during
Tithonian and Berriasian time [27,41,77]. These variations resulted in fluctuations of TOC content
and lithotype variability. Radiolarian dominated lithotypes are considered to be formed during the
significant increase of radiolarian bioproductivity. Lenses, inclusions, sometimes the presence of
single radiolarians are the result of water movement activation during sedimentation. In contrast,
most of the carbonates have a secondary (diagenetic) origin, except rare coccolithophorid layers
and mollusk relicts [90]. Carbonatization of radiolarites occurred due to the presence of void space
and the ability of these rocks to filtrate the water solutions. This process resulted in the formation
of apporadiolarian dolomite/limestone. The source of magnesium potentially might be algae, or
clay minerals, which lose their magnesium during diagenesis. The combination of these processes

led to a wide variety of rock types in the Bazhenov Formation shales.
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Figure 3.3.6. Thin section microphotographs of the main lithotypes.
A —siliceous-argillaceous organic-rich mudstone; B — argillaceous-siliceous mudstone; C —

siliceous mudstone (radiolarite); D — aporadiolarian siliceous crystalline dolomite; E —
calcareous mudstone; F — argillaceous-calcareous organic-rich mudstone.
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Void space

Across studied BF interval only two lithotypes are characterized with a systematic porosity,
and both are associated with radiolarian relict enrichment: siliceous mudstone (radiolarite) and
aporadiolarian siliceous crystalline dolomite. Porosity in siliceous mudstone (radiolarite) is in the
range of 2-5%, in aporadiolarian siliceous crystalline dolomite porosity is considerably higher and
in the range of 3-8%, in some local areas may exceed 10%. In both cases, pore space is
concentrated in the intercrystalline space. The size of individual pores is comparable for both rock
types and varies from 0.01 mm to 0.3 mm, however, the major part of pores is approximately 0.05-
0.1 mm in size (Figure 3.3.6C and D).

A different type of porosity is related to organic matter (kerogen). Pores in the organic
matter are not systematic and have the size of nano- and micrometers order (Figure 3.3.8).
However, there are examples in the literature, where organic porosity may cause porosity higher
than 5% and be characterized by the size of first micrometers [91]. Organic porosity is common
for the OM enriched lithotypes, such as argillaceous-calcar and siliceous-argillaceous
organic-rich mudstones. OM pores are often considered as a result of thermal maturation [92], and
it would be a reasonable suggestion that high temperature based EOR techniques will significantly
affect the OM porosity and structure. The occurrence of a such porosity types of in shales is still

the object of debate, and there is a certain need for deeper study. @

10 um S . = - 10 um

Figure 3.3.8. S pores in organic matter.
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3.4. Summary

Complex lithological characterization of the BF interval in two wells has been performed.
The Bazhenov shales in the northern part of the West Siberian petroleum basin are characterized
by relatively stable mineralogical composition, however, certain differences in rock fabric, texture,
structure and TOC content are observed. The major rock type is argillaceous-siliceous mudstone,
which is subdivided into several lithotypes according to mentioned differences in rock fabric,
texture, structure, and TOC content. Carbonate rocks form rare thin layers and are represented by
fine-grained limestone and siderite. In contrast, the Bazhenov Formation shales in the central part
of the West Siberian petroleum basin are variable in mineral composition, they contain siliceous,
carbonate and clay components. Based on the combination of the components and their structural
relationships the following lithotypes have been distinguished: siliceous mudstones, siliceous-
argillaceous organic-rich mudstones, apporadiolarian siliceous dolomite, calcareous mudstone,
argillaceous-siliceous mudstone, and argillaceous-calcareous organic-rich mudstone.

The following lithotypes encompass the main variability of BF lithology in term of
mineralogical composition, porosity, and organic matter content: siliceous mudstone,
aporadiolarian siliceous dolomite, argillaceous-siliceous organic-rich mudstone, and calcareous-

argillaceous organic-rich mudstone.
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Chapter 4. Experimental modeling of the mineral matrix alteration and void space

evolution during high temperature treatment

4.1. Motivation

High-temperature based EOR techniques are promising for effective shale recovery @
two key processes: displacement of existing hydrocarbons and transformation of solid organic
matter into liquid hydrocarbons. These processes are strongly associated with void space evolution
during thermal treatment. VVoid space is an essential proxy for the hydrocarbons filtration during
recovery. However, there are still many questions concerning driving factors for pore space
evolution, mineral matrix alterations, and microstructural OM transformation during the treatment.
Sheding the light on those issues permit reasonably select shale intervals for technology
application, improve computational simulation of high-temperature EOR processes due to
understanding of exact alteration of the mineral matrix and OM, and to predict pore space
evolution during technologies application.

This chapter is devoted to the investigation of the pore space evolution, alterations in the
mineral matrix (structure and phase composition) and accompanying chemical and physical
properties during the high temperature treatment. Prepared sample collection encompasses a wide
variety of Bazhenov Formation lithology. High-temperature treatment experiment was performed
in the laboratory combustion tube, which represents a physical model of the high-pressure injection
process. The temperatures of the treatment are in the range of 109 — 919°C. Alterations of void
space and mineral matrix were examined with set of lithological, geochemical and petrophysical
methods. Obtained results revealed mineral matrix transformations and the evolution of void space

during the high-temperature treatment.

4.2, Samples

Samples were prepared after detailed lithological studies of Bazhenov shales, described in
the previous chapter. Sample collection for the experiment include 4 different lithotypes, which
vary in mineral composition, rock fabric, texture, structure, amount of OM and porosity. These
lithotypes may be considered as a representative collection of the BF. Prepared lithotypes
encompasses the major mineral component variations of the Bazhenov Formation shales:
carbnonate, siliceous and clay components. These lithotypes are siliceous mudstone,
aporadiolarian siliceous dolomites, argillaceous-siliceous organic-rich mudstone, calcareous-
argillaceous organic-rich mudstone. Two of them, siliceous mudstone and aporadiolarian siliceous
dolomites are considered as a reservoir rock types and are characterized by presence of porosity.
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Two others are source rock lithotypes, they contain significant amount of organic matter.
Representative sample (i.e. includes all the inherent heterogeneities) was prepared for each
lithotype with the size of 5x5x10 cm.

4.3. Experiment design

To study pore space evolution and mineral matrix alterations in Bazhenov shales a
laboratory experiment in the combustion tube was performed. The experiment represents a
physical laboratory model of in-situ high-pressure air injection. The combustion tube diameter is
100 mm, the tube consists of 33 zones, each zone is 50 mm in length. Each zone is equipped by
external heaters and thermocouples to record temperature one the wall surface and in the center of
the tube. Heat losses are reduced by the thermal insulation.

To achive the aim of the experiment each lithotype sample was divided into four parts
(subsamples), as a result sixteen subsmples were prepared (4 lithotypes x 4 subsamples). Three
subsamples (out of four) of each lithotype were packed into the three specific zones of the tube,
and one served as a reference, unexposed, sample. In total, 12 subsamples were packed in the tube,
4 served as references. Samples were loaded at different zones of the tube to touch the specific
areas of expected position of the combustion front: behind the combustion front (zone 11, A in the
Figure 4.3.1), ahead of the front (zone 24, C in the Figure 4.3.1), and approximately on the
front/slightly ahead (zone 18, B in the Figure 4.3.1) Table 4.3.1 provides the list of the subsamples
prepared for the experiment. Major space of the tube was filled by disintegrated core of Bazhenov
shales (0.1-1 mm fraction) without additional saturation. The first and the last sections were
loaded by the siliceous sand to prevent small particles ingress into the system of liquid analysis.
The simplified scheme of the combustion tube with the loaded subsamples is shown in the Figure
4.3.1.

Table 4.3.1. List of the samples for the experiment.

Lithotype Sample ID Zone in combustion tube
Siliceous mudstone 10 Reference (not packed)
1C 24
1B 18
1A 11
Aporadiolarian siliceous | 20 Reference (not packed)
dolomites 2C 24
2B 18
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2A 11
Argillaceous-siliceous 30 Reference (not packed)
organic-rich mudstone 3C 24

3B 18

3A 11
Calcareous-argillaceous 40 Reference (not packed)
organic-rich mudstone 4C 24

4B 18

4A 11

Combustion tube, packed with the samples and disintegrated core (porosity ~30%), was

pressurized by nitrc@ up to formation pressure (31MPa) and the temperature was increased up

to 100°C (formation temperature). The system for liquid and gaseous products collection was

connected to the tube outlet, however, since analysis of fluids is beyond of the key aim and

objectives of the study, they are not discussed. Four zones of combustion tube were preheated to

200°C to accelerate the ignition and to start the high-temperature oxidation. The experiment was

performed according to following steps.

1. Injection of helium@ to build up the pressure up to the formation pressure ~31 MPa

with simultaneous temperature increase up to the ~100°C.

2. Heating of the 1-4 zones up to 200°C during helium injection (flux is 40 m3/(m?h)).

3. Injection of air for combustion initialization (flux is 40 m3/(m?-h)). The regime was

close to the adiabatic and controlled by programmed heaters. Each 30 minute fluids and

gases were sampled from the outlet.

4. After the combustion front reached 16" zone, injection of air was terminated, injection

of nitrogen started.

5. After the disappearing of combustion gases nitrogen injection was stopped. Samples

were retrieved and prepared for the studies.

1650 mm

50 mm

12 112

112
314

il

100 mm

1.2 3.4 56 7 8 910 11.12.13 14 15 16 17 18 1920 21 22 23 24 25 26 27 28 29 30 31 3233

Combustion, air injection Termination of combustion, injection of nitrogen

l - sample, number indicates the lithotype

Figure 4.3.1. The scheme of the combustion tube with the packed samples.
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4.4. Methods

Optical polarized microscopy
The method is described in the “Chapter 3. Lithological characterization of the Bazhenov

Formation shales”. From each subsample a thin-section was prepared and studied.

Scanning Electron microscopy

Scanning Electron Microscopy (SEM) is a major method that allows to effectively
investigate porosity at micro- and nanoscale [91,93]. Prepared probes were imaged using a Thermo
Fisher Scientific | Quattro S SEM instrument equipped with secondary electron (SE) detector for
pore investigation (5-10 kV, working distance 9-10 mm) and backscattered electron (BSE)
detector for mineralogical heterogeneity investigation based on phase density contrast. An
integrated EDS instrument (Quantax, Bruker, USA) allowed us to perform semi-quantitative

elemental analysis in one point (point analysis) and across area (mapping).

X-ray powder diffraction

X-ray powder diffraction allows to perform semi-quantitative analysis of mineral
composition. For detailed investigation of mineral matrix alterations during thermal treatment and
uncertainty reduction two X-ray powder diffraction geometries were used: reflection geometry
(Bregg-Brentanto) and transmission geometry (Debye-Scherrer). Reflection geometry was applied
by using Bruker D8 ADVANCE (Germany). The instrument is equipped with energy dispersive
detector LYNXEYE XE, includes two copper X-ray tubes (Kal=1.54051 A, Ka2=1.54433 A, max
power 1600 W). For transmission geometry Huber G670 was used. The diffractometer is equipped
with linear PSD detector, cobalt X-ray tube (Kal=1.78892 A, , max power 1200 W).

Micro-CT imaging

Investigation samples 3D microstructure was carried out with micro-computed tomography
(micro-CT) by GE Phoenix CT System v|tome|xL240. The system is equipped with 180 kV
nanofocus X-ray tubes and a 2048 x 2048 pixel? on 14-bit GE DXR-250 flat panel detector. The
accelerating voltage and the beam current of X-ray tube was 70-200 kV and 140-580 pA,
respectively. The number of projections was 2400. Raw data were acquired by the GE datos|x
software, Reconstruction and further processing of data was made in GE datos|x and PerGeos
software.

For the micro-CT imaging, the cylindrical specimens with 3 mm diameter and 3 mm height
were dry cut using a low-speed diamond drilling bit. The same volume was scanned with the voxel

size of 2.6 um.
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Thermal property profiling (thermal conductivity profiling)

The method is described in the “Chapter 3. Lithological characterization of the Bazhenov
Formation shales”. However, unlike previous chapter, the measurements were performed on
individual samples. All the samples were measured; each sample were measured three times for
uncertainty reduction.

Programmed pyrolysis

The method is described in the “Chapter 3. Lithological characterization of the Bazhenov
Formation shales”.

Isotope Ratio Mass Spectrometry analyses

The method is described in the “Chapter 3. Lithological characterization of the Bazhenov

Formation shales”.
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4.5. Results

The experiment was conducted as it was planned, the experiment duration was
approximately 48 hours. Scheme of the experiment is given in the Figure 4.5.1. The experiment
temperatures were in the range of 109 — 919°C. The packed subsamples were in the planned
intervals/zones. According to Bondarenko [94] four intervals can be distinguished after the
experiment: burned, combustion front, transition interval, and the interval of kerogen pyrolysis
and products displacement. Burned interval is characterized by converted and displaced OM.
Combustion front is an active reaction zone of OM oxidation/burning. Transitional interval is

considered as an interval of kerogen decomposition due to pyrolysis and hydropyrolysis.

1650 mm

50 mm

1]2 1]2 112

1.2:3 4 5.6 7.8 910 1112 13 141516 17 18 19 20121 22:23 24 25 26 2728 2930 31 32 33

100 mm
- =

Combustion Termination of combustion, injection of nitrogen

me °C 321 450 B85S B8O 743 672 836 761 836 772 B4l 8IS 729 Bl 919 895;7]6 490 400 271 189 149 115 107 112 110 115 111 112 109 110 109

Burned interval Co"f‘bu‘i‘i(’" T::;:s';“ Interval of kerogen pyrolysis and products displacement
ron

Figure 4.5.1. Resulting scheme of the experiment, differentiation of the tube into main intervals.
Arrow indicates combustion path.

4.5.1. Photographs of the samples

Photographs obtained by the optical microscope are given in the Figure 4.5.2. The general
trend observed from the photographs is lightening of the samples with temperature increase and
the reddish color of the samples after the combustion front. On the two samples 2B and 4B
boundary of combustion was observed, which indicates the combustion front propagation into
solid samples. Reddish particles and whisps were observed in the samples after the combustion
front propogtion (841°C).
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Location in the combustion tube
C (107°C) B (400°C)

O (reference)

Lithotype

0.5 mm

Figure 4.5.2. Photographs of the subsamples. Dashed line — boundary of the combustion. Arrows
indicate reddish particles.

4.5.2. Polarizing optical microscopy

Microphotographs of thin-sections obtained with polarizing microscopy are shown in the
Figure 4.5.3 and Figure 4.5.4. The general trend for all samples is a decrease in the amount of
organic matter in the samples with increasing temperature. However, accurate evaluation of OM
content is not possible from the thin-section due dispersed structure and mixing with fine-grained
minerals. Decreasing of the OM is expressed in lighting of the samples. It is become noticeable at
the B section; whereas at the C it is not obvious.

The second general trend is formation of reddish component, which has been observed in
reflected light. These components are common for all the lithotypes, however, clay-rich, OM-rich
and pyrite-rich lithotypes are characterized by larger amount of reddish component (lihtotypes 3
and 4).

Despite similarity of changes observed with optical microscopy along the different

lithotypes, there are certain aspect in each specific lithotype.

61


Dr Riazi
Highlight


Lithotype

Location in the combustion tube

O (reference)

0.2 mm

A (841°C)
A

C (107°C) B (400°C)

Figure 4.5.3. Microphotographs of lithotype 1 and lithotype 2 subsamples.
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Lithotype

Location in the combustion tube

A (841°C)
A

O (reference)

C (107°C) B (400°C)

(reflected light)

Figure 4.5.4. Microphotographs of lithotype 3 and lithotype 4 subsamples.
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Lithotype 1. Siliceous mudstone. The lithotype is composed of quartz. There are minor
changes in the subsamples 1B and 1C, predominantly decreased OM content. Subsample 1A is
characterized by the presence of reddish component (Figure 4.5.3). The lithotype is characterized
by relatively high porosity, up to 10-15%. Slight porosity increase was observed (up to 1-2%) in
1A and 1B, caused by transformation and evacuation of OM.

Lithotype 2. Aporadiolarian siliceous dolomites. The lithotype is characterized by the
dominance of both dolomite and quartz. Temperature increasing is accompanied by porosity
increase from 5% to 5-7% due to transformation and displacement of OM. Mineral matrix is
darkening with temperature increase, which indicates appearance of micritic fabric of the grains
(Figure 4.5.3). Also appearance of reddish component was observed in a low amount.

Lithotype 3. Argillaceous-siliceous organic-rich mudstone. The lithotype is composed of
clay minerals and silicones component (quartz) with significant amount of OM (TOC is 11.5%).
Temperature increase lead to the significant lightening of the sample, which is a result of
transformation and displacement of initial high amount of OM during heating. The lithotype is
rich in reddish component after the combustion front propagation (3A).

Lithotype 4. Calcareous-argillaceous organic-rich mudstone. The lithotype is
characterized by a mixed mineral composition of clay, quartz and carbonates (calcite and dolomite)
minerals. Decreasing of OM content was observed with temperature increase. The subsample after
the combustion front propagation (4A) is characterized by the formation of reddish component in
the clay rich laminas, whereas carbonate lenses are free of these reddish component. In the
subsample 4B “micro” combustion front was observed (Figure 4.5.4 section B, Figure 4.5.5).

Figure 4.5.5 demonstrates panoramic microphotograph of the subsample 4B (located close
to the combustion front). The black elongated strip was distinguished across the section with the
width of 3-8 mm. One side of the rock looks normal with OM and without any reddish inclusions.
The other side is light due to OM removal, and characterized by the presence of reddish

component. The black strip is considered as a micro- combustion front.
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Panel A

R
0.5 mm ¢

Figure 4.5.5. Panoramic view of lithotype 4 from the section B (located close to the combustion front). Dashed line — “micro-"" combustion front. Left
side of the sample is not altered. The right part became lighter, it is characterized by single pores, absence of OM and reddish component presence.
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4.5.3. SEM imaging and EDS analysis

SEM analysis of broken surfaces allowed us to investigate the microstructure of
subsamples with simultaneous analysis of chemical composition with integrated EDS instrument.

The results are given bellow according the lithotypes.

Lithotype 1. Siliceous mudstone

The lithotype 1 at its initial state (reference subsample 10) is characterized by the
dominance of idiomorphic quartz crystals, which often form porous structures sometimes
characterized by inherited radiolarian relict structures (Figure 4.5.6A). The size of pores are in the
range of 1-100 um. Organic matter is rare and usually present in the form of inclusions with the
size up to 15 um (Figure 4.5.6B). Pyrite presences in the form of framboids predominantly, formed

by cubic/octahedral crystals in most cases.

Figure 4.5.6. SEM images of Lithotype 1, subsample 10 (referance). A — pore space formed by
idiomorphic quartz crystals, sometimes characterized by inherited radiolarian relict structures. B
— organic matter with inherited structure (dashed line), arrow indicates pyrite framboids with
cubic/octahedral crystals.

The temperatures of 107°C and 400°C did not cause to any significant changes in the
minerals morphology and composition in the lithotype (Figure 4.5.7). The texture and the structure
of all the components were preserved, except OM, which were not observed.

The temperature 841°C lead to changes in iron sulfide (pyrite) morphology and the
composition. Pyrite in its initial state was not observed, only iron oxide (hematite), which occupies
the space initially filled by pyrite framboids. Significant amount of iron oxide (hematite Fe2O3,
Figure 4.5.8A), is the reason of reddish color of samples after the treatment. The morphology of
hematite is variable and represents a dendritic structure within the framboid relicts (Figure 4.5.8A,
Figure 4.5.9). There is minor amount of other newly formed phases, such as elemental iron,
magnesium sulfide, calcium sulfide (Figure 4.5.8 and Figure 4.5.10). The individual size of these
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crystals do not exceed 10 um, however they may form aggregates with the size up to 50 um. The
minor components fill existing pore space and complicate the void space. Furthermore, the minor

components make the matrix behavior less predictable due to their high reactivity (Figure 4.5.9).

Figure 4.5.7. SEM images of Lithotype 1. A — subsample 1C (107°C), B — subsample 1B
(400°C). No alterations observed compared to reference sample.

Pnt 1 ‘ o ' Point 2

Mass Mass Norm. Atom Mass Mass Norm. Atom
Element At. No. Netto (%] (%] %] Element At. No. Netto (%] (%] (%]
Sxygen 8116358 37.30 37.30 62.83 Iron 26 11771 88.37 88.37 69.00
mmb 2610731 54.13 5413 26.12 Oxygen il avs ST
;"I"c 2g 12 22: g':g i;g ziz Carbon 6 717 3.52 352 12.79
ilicon X ; 2 i
e W T e Silicon 14 628 3.32 332 5.6

Magnesium 12 416 0.81 0.81 0.90 SUmj100.00]  100.001100.00

Sum 100.00 100.00 100.00

Figure 4.5.8. SEM images and EDS point analysis in subsample 1A (after 841°C). A —example
of iron oxide (hematite). B —elementary iron.
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Figure 4.5.9. Newly formed iron oxide (hematite) in subsample 1A (after 841°C). Hematite is
located within the round structures, which initially were occupied by pyrite framboids.

Figure 4.5.10. Results of EDS mapping in subsample 1A (after 841°C). 1 — concentration of Ca
and S in one grain, which indicateation of calcium sulfide, 2 — concentration of Mg and S
in one area — magnesium sulfide. Iiost of the outer space is occupied by hematite (iron oxide).
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Lithotype 2. Aporadiolarian siliceous dolomite

The lithotype 2 is composed of idiomorphic dolomite crystals with a size 30-100 um and
relatively small 1-15 pm quartz grains, which fill the space between the dolomite particles (Figure
4.5.11A). Surface of dolomite crystals is smooth, continuous and solid (Figure 4.5.11B).

SEM and EDS analysis of the subsamples showed that the temperatures of 107°C (Figure
13A, B). After 490°C heterogeneities on the dolomite crystals were observed, which may indicate

beginning of the decomposition (Figure 4.5.12C,D).

Point 1 Point 2

Mass Mass Norm. Atom Mass Mass Norm. Atom
Element At. No. Netto (%] %] %] Element At. No. Netto %] %] %]

Oxygen 8 79346 26.20 62.42 61.83 Oxygen 8 20372 55.64 60.98 66.56
Carbon 624928 9.52 22.69 29.93 Silicon 14 17441 25.55 28.00 17.41
Magnesium 12 27309 3.73 8.90 5.80 Carbon 6 1602 10.06 11.02 16.03
Calcium 20 4760 2.36 5.62 2.22 Gold 79 849 0.00 0.00 0.00
Silicon 14 800 0.16 0.38 0.21 Sum 91.25 100.00 100.00
Gold 79 6391 0.00 0.00 0.00

Sum 41.98 100.00 100.00

Figure 4.5.11. SEM images and EDS analysis results in a two points of subsample 20 (reference
sample). A — small quartz grains fill the space between dolomite crystals. B — smooth surface of
dolomite crystals.
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Figure 4.5.12. SEM images of subsamples 2C (107°C) (A,B) and 2B (490°C) (C,D). A, B — No
alterations observed. C, D — heterogeneities on dolomite crystals after 400°C.

The exposure of 841°C resulted to the significant alterations in the microstructure and
composition of a rock. Initially continuous and smooth dolomite crystals became rough, and
composed of smaller, nanosized crystals. However initial geometry of crystals remained
recognized (Figure 4.5.13, Figure 4.5.14). Despite similar bulk chemical composition particular
proportions of Ca, Mg, O and C has been altered and new element - sulfur was observed, which
indicate new mineral formation (Figure 4.5.13). Quartz still present in the same form. Hematite
(iron oxide) ubiquitously found in the sample (Figure 4.5.13).

The thermal exposure has led to formation of two microstructural patterns (Figure 4.5.14).
In the first case new nanoscale crystals are covered with the “crust”, which is represented by
elongated needle-like minerals (Figure 4.5.14A). In the second case crystals are porous (Figure
4.5.14B), the pores are up to 1 um in size.
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Ch0 MAG: 2471x HV:10kV WD:10.8 mm Px:48 nm

Point 1 Point 3
Mass Mass Norm. Atom Mass Mass Norm. Atom
El t At. No. Nett
emen o. Netto 1%) 1%] (%] Element At. No. Netto %] %] %]
Oxygen 847482 56.73 56.73 68.47 Oxygen 8 25523 49.59 49.59 70.40
Magnesium 12 25405 12.82 12.82 10.18 Iron 26 1895 40.29 40.29 16.38
Eubon o) 1832 292 3.92. 630 (carbon 6 1157 4.29 429 811
::,"'“"‘ ig 1‘1’33; 1:'22 12'2‘; z'gs Sodium 11 1733 3.27 327 323
ilicon ! 3 I o
Sulfur 16 10656  7.39 739 445 Ciieon e KE - M T Lis 240
Calcium 20 265 0.83 0.83 0.47

Sum 100.00 100.00 100.00
. Sum 100.00 100.00 100.00
Point 2

Mass Mass Norm. Atom
Element At. No. Netto %] %] %)

Oxygen 8 21082 53.14 53.14 61.88
Silicon 14 30402 38.93 38.93 25.82
Carbon 6 1167 7.93 7.93 12.30

Sum 100.00 100.00 100.00

Figure 4.5.13. SEM images and EDS analysis results of subsample 2A (841°C). Significant
microstructural and chemical alterations in idiomorphic crystals.
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Figure 4.5.14. Two types of microstructural patterns in subsample 2A (841°C), observed on the
idiomorphic crystals, initially represented by dolomite. A — elongated needle-like nanocrystals, B
— porous clotty microstructure, formed by isometric nanocrystals.

EDS analysis showed prevailing of Ca, Si and O within some grains, which may indicate
presence of wollastonite CaSiO (Figure 4.5.15A). Ca, S and O are often observed together (Figure
4.5.15B) or as a part of aggregate (Figure 4.5.15A), which is signature of anhydrite. In some cases,
only Ca and O are found together (Figure 4.5.15C), that reveals calcium oxide presence. EDS
mapping showed separate location of Mg and Ca in the aggregates (Figure 4.5.15D), that
observation suggests existence of such compounds as CaO, MgO and CaCOs.

EDS mapping allowed to analyze chemical composition of two observed microstructural
patterns (Figure 4.5.16). The “crust” appears to be composed of anhydrite (Ca, S and O in the same
grains) with MgS in some areas. The inner part is represented by the Ca, Mg, C and O. The
prevalence of such elements indicates the presence of compounds such as CaCOs, MgO and CaO.
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ChO0 MAG:3707x HV:10kV WD: 104 mm Px: 32 nm

Element At. No. Netto

[%]

Oxygen 8 114408 54.72
Silicon 14 93111 18.99
Carbon 6 5037 4.53
Calcium 20 24373 12.86
Phosphorus 15 27642 7.01
Sulfur 16 5301 143
Aluminium 13 2291 0.45
Sum 100.00

(%]
54.72
18.99

4.53
12.86
7.01
1.43
0.45

Mass Mass Norm. Atom

(%]

67.29

13.31
7.42
6.32
4.45
0.88
0.33

100.00 100.00

ChO MAG: 1081x HV: 10kV WD: 106 mm Px: 0.11 ym

Mass Mass Norm. Atom
Element At. No. Netto

(%] (%] [%]
Calcium 20 4070 53.79 53.79 38.02
Oxygen 8 641 15.50 15.50 27.44
Sulfur 16 2433 15.71 15.71 13.88
Carbon 6 153 3.56 3.56 8.40
Silicon 14 1332 6.95 6.95 7.01
Magnesium 12 927 4.50 450 5.24

Sum 100.00 100.00 100.00
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Element At. No. Netto

(%]

Oxygen 8 6668 37.25
Calcium 20 9829 39.12
Magnesium 12 5677 8.42
Carbon 6 750 3.95
Sulfur 16 2768 5.46
Silicon 14 1771 2091
Arsenic 33 1155 2.88

Sum 100.00

Mass Mass Norm. Atom

[%]
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39.12
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22.74

8.07
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Ch0 MAG: 4633x HV:10kV WD: 10.7 mm

Figure 4.5.15. Results of EDS analysis and mappinng of subsample 2A. A — domination of Ca,
Si and O in one crystal (wollastonite), B —Ca, S and O in one single crystal (anhydrite), C —
dominance of Ca and O in one point, aggregate with the dominance of CaO, D — EDS mapping
of an aggregate of nanocrystals, Mg and Ca are located separatly and correspond to a different
compounds such as MgO, Ca0, and CaCOz. Q — quartz.
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Figure 4.5.16. Results of EDS Mapping of two types microstructure patterns. Compound with
the dominance of Ca, S and O (anhydrite) envelop nanocrystal aggregate, which characterized by
the presence of Mg, Ca and O with some C.
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Lithotype 3. Argillaceous-siliceous organic-rich mudstone

Lithotype 3 is characterized by thin laminated microstructure, caused by the distribution of
clay minerals and organic matter (Figure 4.5.17). Organic matter is present in the form of wisps,
thin lamellas and inclusions. OM equally fills the space between crystals, often is associated with
pyrite framboids. Pyrite is presented predominantly in the form of framboids with the size 3-
20 um. Pores are rare and not exceed 0.5-1 um in size, have elongated shape and associated with

clay lamellas.

Mass Mass Norm. Atom Mass Mass Norm. Atom

Element At. No. Netto (%] %] %] Element At. No. Netto %] (%] %]
Carbon 6 728 26.06 26.43 54.74 Oxygen 8 56033 38.64 51.98 62.87
Sulfur 16 6423 31.83 32.28 25.04 Silicon 14 54984 20.99 28.23 19.45
Iron 26 377 39.09 39.65 17.66 Carbon 6 2147 3.83 5.15 8.30
Oxygen 8 111 1.62 1.65 2.56 Aluminium 13 21879 6.75 9.08 6.51
Sum 98.60 100.00 100.00 Magnesium 12 2760 0.96 1.29 1.03

Potassium 19 2847 1.44 194 0.96

Iron 26 173 1.62 2.18 0.76

Sodium 11 304 0.11 0.14 0.12

Gold 79 2404 0.00 0.00 0.00

Sum 74.33 100.00 100.00

Figure 4.5.17. SEM images and EDS analysis results of subsample 30 (reference sample). A. 1 —
laminated OM, 2 — quartz grains, EDS analysis shows close association of OM with pyrite
framboids. B. 1 — clay lamellas, 2 — OM inclusion, EDS analysis shows presence of clay
minerals, quartz and organic matter. Organic matter fills the intercrystalline space.

SEM imaging of the subsample 3C (107°C) showed the rock fabric identical to the
reference sample (Figure 4.5.18A), however some fractured OM inclusions were observed (Figure
4.5.18B).
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Figure 4.5.18. Lack of significant changes in the rock fabric in subsample 3C (107°C). A — some
OM inclusions are fractured, B — the rock fabric is identical to its initial state.

Subsample 3B (400°C) is characterized by the reduced amount of OM - part of
intercrystalline space is porous and does not filled by organic matter (Figure 4.5.19A). New pores
do not exceed 3-5 pm in size, however in some cases individual 20-50 um voids were observed,
which initially were filled by OM (Figure 4.5.19B). The most part of remained OM became porous
(Figure 4.5.19C). Part of remained OM is characterized by the fractures (Figure 4.5.19D).

Figure 4.5.19. SEM images of subsample 3B (400°C). A — part of the intercrystalline space is
free of OM. B — new pores, which initially were filled by OM. C — pores in the remained OM. D
—some OM inclusions are characterized by fracturing.
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Significant changes in microstructure and the composition were observed in the subsample
is 3A (841°C). SEM and EDS analysis showed that structures, that resembles pyrite framboids are
consist of hematite (iron oxide) (Figure 4.5.20A, Figure 4.5.21B). Clay minerals generally retained
their chemical composition, however amount of oxygen has been decreased (Figure 4.5.20B). In
some cases, framboidal structures are filled by anhydrite (concentration of Ca, S and O in one
point) (Figure 4.5.20C). Only two cases of BaS mineral were documented (Figure 4.5.20D).

The pyrite was completely decomposed. The space initially occupied by pyrite maybe
recognized by the framboidal structure (which is not framboid anymore) and the presence of iron.
Two common patterns of pyrite decomposition were observed (Figure 4.5.21). The first suggests
preservation of framboid geometry and the destruction of inner structure, which filled by flakes or
dendritic crystals (Figure 4.5.21A,B). The second one assumes complete destruction of initial
structure and formation of large Fe and O aggregates characterized by dendritic porous
microustructure at micro- and nano- scales (Figure 4.5.21C,D). EDS mapping allowed to
document formation of elemental iron, calcium sulfide and confirm the presence of iron oxide and
anhydrite (Figure 4.5.22).
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Ch0 MAG:3707x HV:10kV WD: 10.2mm Px: 32nm Ch0 MAG:2471x HV:10kV WD: 10.3 mm Px: 48 nm

Element At. No. Netto h;l;;s Mas?;]orm. A[t;z;n Element At. No. Netto '\?;{35 Mas;%l:llorm. A[t;;n
Oxygen 822661 28.87 31.04 58.85 Oxygen 8 14412 32.39 58.27 71.08
Iron 26 4529 61.89 66.55 36.15 Silicon 14 9549 13.28 23.89 16.60
Carbon 6 575 1.53 1.65 4.16 Aluminium 13 6604 7.52 13.53) 9.79
Silicon 14 868 0.71 0.77 0.83 Potassium 19 1042 1.72 3.09 1.54
Gold 79 4199 0.00 0.00 0.00 Magnesium 12 510 0.68 1.22. 0.98

Sum 93.01 100.00 100.00 Gold 79 1316 0.00 0.00 0.00

Sum 55.59 100.00 100.00

o 3 4
ChO MAG: 6178x_ HV:10kV WD: 10.2mm Px:19 nm ChO MAG:4633x HV:10kV WD:10.2mm Px: 25 nm
Element At. No. Netto '\?;;S Masi%r:l]orm. A[t;;;n Element At. No. Netto N[l‘;?s Mas;}:l]orm. A[t;]m
Oxygen 8 7541 9.92 41.82 59.10 Sulfur 16 1873 6.51 36.77 42.25
Sulfur 16 13156 8.69 36.63 25.83 Oxygen 8 2509 2.21 12.48 28.73
Calcium 20 6922 4.59 19.34 10.91 Silicon 14 355 1.81 10.21 13.40
Carbon 6/ 259 0.52 221  4.15 Barium 56 4591 6.88 38.84 10.42
Gold 79 3737 0.00 0.00 0.00 Carbon 6 205 0.30 1.70| 5.20
Sum 23.72 100.00 100.00 Sum 17.71 100.00 100.00

Figure 4.5.20. SEM images and EDS analysis results of subsample 3A (841°C). A — inclusions,
which resemble pyrite framboids are composed of iron and oxygen. B — Clay minerals (lamellas)
are characterized by typical chemical composition and the microstructure. C —example of filling

of framboidal structure by the anhydrite. D — crystal of BaS.
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Figure 4.5.21. Two patterns of hematite formation in subsample 3A. A —framboidal structures
still presence in the sample, but there no crystalline microstructure inside the framboids. B —
porous hematite aggregates, pores are at micro- and nano- scales, inclusions are characterized by
dendritic microustructure.
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Figure 4.5.22. Results of EDS Mapping for subsample 3A. Three compounds may be identified
on the maps: 1 — elemental iron, 2 — combination of iron and oxygen, 3 — combination of Ca and
S, 4 — combination of Ca, S and O.
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Lithotype 4. Calcareous-argillaceous organic-rich mudstone

Lithotype 4 represents a mixed siliceous, carbonate and clay mudstone. Calcite is observed
in the form of individual crystals equally distributed in the rock and in the form of lenses (see thin-
section optical microscopy chapter).

The lithotype at the initial state composed of a quartz, clay minerals, feldspar and calcite
minerals with thin laminated structure, which caused by clay minerals and organic matter
distribution (Figure 4.5.23A). Clay minerals, organic matter and pyrite framboids are in a close
association (Figure 4.5.23C). Pyrite presents in the form of framboids and individual crystals
(Figure 4.5.23B, D). All the crystals in the framboids are idiomorphic. OM is arranged as a wisps

and inclusions with the size up to 10 um.

Point 1 Point 1

Mass Mass Norm. Atom Mass Mass Norm. Atom

Element At. No. Netto %] %] %] Element At. No. Netto % %] (%]

Oxygen 8 11550 33.56 51.53 63.43 Sulfur 16 15330 35.90 34.39 35.58
Silicon 14 10685 17.73 27.23 19.10 Carbon 6 603 12.26 11.74 32.42
Aluminium 13 6022 7.98 12.26 8.95 Iron 26 1092 56.25 53.87 32.00
Carbon 6/ 276 2.16 3.32| 5.44 Sum 104.40 100.00 100.00
Magnesium 12 648 0.96 148 1.20
Potassium 19 642 1.34 2.06 1.04
Iron 26 29 1.24 190 0.67

Sum 65.12 100.00 100.00

Figure 4.5.23. SEM images and EDS analysis results of subsample 40 (reference sample). A —
interlayering of OM (black/dark grey color) and clay minerals. B — Pyrite in two forms: pyritised
fossil forms a single crystal (1), framboids (2). C — close association of clay minerals, organic
matter and pyrite. 1 — elongated pores between clay lamellas, 2 — pyrite crystals embedded into
organic matter. D — idiomorphic pyrite framboid forming crystals.
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Subsample 4C (107°C) is characterized by sparodic porous/fractured OM, however rock
fabric did not demonstrate any significant changes. The rock fabric was preserved, but some of

OM inclusions became porous (Figure 4.5.24).

Figure 4.5.24. Formation of voids in the OM in subsample 4C (107°C), SEM images. A —
fractures in OM. B — pores in OM.

The subsample 4B turned out to be special due to presence of sharp boundary of combusted
area (Figure 4.5.25). In the one optical microscope image two parts were observed: light (lack of
organic matter) and dark (organic matter presence) (Figure 4.5.25). The boundary between two
parts may be considered as a micro- combustion front. For detailed investigation these two parts

were studied in SEM separately, the results are presented below.

DA

- ey (dark part)

. Y .', R .
dicro-" front

N (}

500 um

Figure 4.5.25. Two parts in a one field of view in optical microscope image. A — “dark part” is
located before the combustion, dark color is due to organic matter. B — “light part” is located
after the combustion front.

82



A. Dark part (before micro- combustion front)

The “dark” color is caused by the presence of OM (Figure 4.5.25, Figure 4.5.28). However,
the amount of OM has been reduced in comparison with the reference sample, and pores are found
in the intercrystalline space (Figure 4.5.28B). With the reduction of OM, calcite was partly
dissd and cavities were formed (Figure 4.5.26A) with intracrystalline nanopores (Figure
4.5.26B). Pyrite framboids retained their shape and geometry, however individual crystal habit has
been altered and represents an irregular forms (Figure 4.5.26C) with reduced sulfur content (Figure
4.5.27A), which indicate formation of troilite (FeS). Single crystals of anhydrate were found
(Figure 4.5.27B). The organic matter residuals form bubble like structures, which form additional
porosity (Figure 4.5.28B).

4

’ 3
g ¥ d P sz’

Figure 4.5.26. Microstructural alterations in subsample 4B (400°C). A — dashed line show traces
of calcite dissolution, arrows indicate form of nanopores in calcite. B — pyrite framboids
retained their geometry, however individual crystals habit is altered, which is closer shown in the
(C) panel.
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Point 1

Element At. No. Netto

[%]

Carbon 6 8998 24.60
Sulfur 16 41796 24.63
Iron 26 4824 39.94
Oxygen 8 4910 6.36
Calcium 20 901 1.21
Silicon 14 1134 0.69
Sum 97.44

Mass Mass Norm. Atom

(%] (%]
25.25 51.42
25.28 19.28
40.99 17.95
6.53 9.98
124 076
071 0.62
100.00 100.00

Point 2

Mass Mass Norm. Atom

Element At. No. Netto (%]

Oxygen 8 10891 44.67
Calcium 20 7714 25.67
Sulfur 16 12692 19.98
Carbon 6 1023 5.95
Silicon 14 658 1.02

Sum 97.28

[%] [%]
45.92 60.87
26.39 13.97
20.54 13.58
6.11 10.79
1.04 0.79
100.00 100.00

Figure 4.5.27. Alterations of chemical composition in subsample 4B (400°C). A — pyrite (FeSz)

starts to loss sulfur and transform to FeS. B — crystal of anhydrite CaSOa.

Figure 4.5.28. Organic matter (dark grey) and pore space in subsample 4B (400°C). A — sporadic
distribution of OM in the sample in form of wisps and inclusions. B — pores are present in the

B. Light part (after micro- combustion front)

The root cause of the light color is absence of organic matter at this part (Figure 4.5.25,
Figure 4.5.29A,B). Transformation and burning of OM lead to the formation of void space in the
volume, initially occupied by OM (Figure 4.5.29A,B). Destruction of grain contacts with the
formation of CaO occurred in the subsample (Figure 4.5.29B). The framboids still have their

habitual configuration, however chemistry is changes towards decreasing of sulfur (Figure

intrercrystalline space and in the OM.
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4.5.29A) and its complete elimination with the formation of elementary iron and its gradual
transformation to iron oxide with irregular shape crystals (Figure 4.5.29C).

Point 1 Point 2

Mass Mass Norm. Atom Mass Mass Norm. Atom

Element At. No. Netto 1% %] 1%] Element At. No. Netto 1% 1%] 1%
Iron 26 7608 33.07 65.33 48.19 Oxygen 826344 32.14 58.05 71.44
Sulfur 16 42949 13.95 27.56 35.40 Calcium 20 10338 13.96 25.22 1239
Oxygen 8 5217 2.98 5.88 15.14 Carbon 6 1815 2.91 526 8.63
Calcium 20 536 0.63 124 127 Silicon 14 6573 3.16 5.70  4.00
Sum 50.63 100.00 100.00 Sulfur 16 9057 3.19 5.77 3.54

Sum 55.36 100.00 100.00

Point 3

Mass Mass Norm. At
Element At. No. Netto S il o

[%] [%] [%]
Iron 26 4720 39.58 94.94 84.31
Oxygen 8 2471 2.11 5.06 15.69

Sum 41.69 100.00 100.00

Figure 4.5.29. Microstructural and chemical alteration in the light part of subsample 5B. SEM
images and EDS analysis results. A — decreasing of sulfur content in pyrite aggregates,
transformation into FeS, B — destructed grain contacts, ration of Ca, C and O shows presence not
only calcite, but also CaO. C — iron partly transformed to hematite (iron oxide).

The subsample 4A (841°C) is characterized by significant alteration in the phase
composition and microstructure. Clay minerals (illite) is almost absent. Feldspar is presented in
the form porous aggregates (Figure 4.5.31A), which is not common for the BF rocks. Calcite still
present, however traces dissolution and decomposition are widespread (Figure 4.5.31B). The
significant volume of the rock (30-40%) is presented Ca, Si and O dominant phase (Figure 4.5.31C,
D (point 5)), which ratios are in a good correspondence with wollastonite mineral (CaSiO).
Anhydrite (Figure 4.5.31D) occupies about 10-20% of the rock volume. Similarly, to other
samples, hematite (iron oxide) was widely documented in the subsample (Figure 4.5.31E).
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The microstructure of the rock is significantly altered (Figure 4.5.30). There are elongated
voids appeared, the shape is inherited from clay minerals (Figure 4.5.30A). The size of these pores
may reach 10 um in length and 3 um in width. The space between calcite crystals is filled by
wollastonite phase, however pore space formed due to dissolution and decomposition still widely
present (Figure 4.5.30B). No any framboidal structures were preserved in the rock (Figure
4.5.30C), iron and oxide (hematite) forms irregular shaped inclusions, often with porous structure.
Anhydrite presented in the form needle-like tabular minerals, which fills the pore space and make
it more complex (Figure 4.5.30D). Anhydrite is formed sporadically in the rock. However, in some
cases it surrounds the hematite crystals, which confirm that the sulfur is came from the pyrite
mineral (Figure 4.5.32, Figure 4.5.33).

Figure 4.5.30. SEM images of subsample 4A (841°C). A — elongated voids, the shape of which is
inherited from clay minerals. B — The space between calcite crystals is filled by new mineral
wollastonite phase, however pore space formed due to dissolution and decomposition still widely
present. C — No any framboidal structures were preserved in the rock (Figure 32C), iron and
oxide (hematite) forms solid, irregularly shaped inclusions. D — Anhydrite presented in the form
needle-like tabular minerals, which fills the pore space and make it more complex.
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Point 2

[
e
ChO MAG: 3089x HV: 10KV WD:9.6mm Px: 38 nm ChO MAG:3089x HV:10kV WD:9.6mm Px: 38 nm
Point 1 Point 2
Mass Mass Norm. Atom y Mass Mass Norm. Atom
El it At. No. Nett
lement o. Netto %) 1%) %) Element At. No. Netto (%] (%] 1%
Oxygen 862570 54.04 54.04 67.27 Oxygen 8 22239 28.01 28.01 46.69
Silicon 14 58644 28.54 28.54 20.23 Calcium 20 107630 68.52 68.52 45.59
Aluminium 13 25227 11.30 11.30 8.34 Carbon 6 6467 3.47 347 7171
Sodium 11 4534 232 232 201 Sum 100.00 100.00 100.00
Potassium 19 3232 311 3.11 158
Magnesium 12 1635 0.69 0.69 0.57

Sum 100.00 100.00 100.00

Point 4
)

3 pm

Ch0 MAG:3089x HV:10kV WD: 9.6 mm Px: 38 nm

ChO0 MAG:7722x HV:10kV WD: 8.6 mm Px: 15 nm

Point 3 Point 4 Point 5
Element At. No. Netto T;?s Mas:;:lorm. A[t;;" Element At. No. Netto h;l;;s Mas;;l]orm. A[t;;" Element At. No. Netto “:;; Mas;":;"m' A[';;"
Oxygen 817406 29.07 29.07 47.33 Oxygen 879548 44.19 4419 59.48 Oxygen 8 82639 3861 38.61 55.09
Calcium 2043514 46.29 46.29 30.09 Calcium 20 62474 28.18 28.18 15.14 Calcium 20 102660 35.82 35.82 20.40
Silicon 14 45640 19.14 19.14 17.75 Sulfur 16 68065 14.96 14.96 10.05 Silicon 14 82385 11.40 1140 9.27
Sulfur 16 7053 3.79 3.79 3.08 Carbon 6 6972 5.16 5.16 9.25 Carbon 6 5027 2.57 2.57 4.89
Magnesium 12 2214 087 0.87 0.93 Silicon 1423971 4.26 426 3.27 Sulfur 16 35575 6.17 6.17 4.40
Aluminium 13 2061 0.84 0.84 0.82 Magnesium 12 14803 2.46 246 2.18 Fluorine 9 7590 3.24 3.24 389
Sum 100.00 100.00 100.00 Aluminium 13 4513 0.79 0.79 0.63 Magnesium 12 16790 2.19 219 2.06
Sum 100.00 100.00 100.00 Sum 100.00 100.00 100.00

Point 6

Mass Mass Norm. Atom

Element At. No. Netto %] 1%] 1%]

Oxygen 8 27471 37.70 37.70 67.12
Iron 26 3999 59.88 59.88 30.54
Silicon 14 982 1.00 1.00 1.02
Magnesium 12 632 0.69 0.69 0.81
Calcium 20 330 0.73 0.73 0.52

Sum 100.00 100.00 100.00

ChO MAG:7722x HV:10kV WD:9.7mm Px:15nm

Figure 4.5.31. SEM images and EDS analysis results of subsample 4A (841°C). A — porous
feldspar particle. B — Calcite. C — Ca, Si and O mineral phase (wollastonite). D — anhydrite
(point 4) and wollastonite (point 5). E — hematite inclusion.
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Figure 4.5.32. Results of EDS Mapping for subsample 4A (841°C). Hematite Fe>Os grain (1) is
surrounded by anhydrite CaSO4 crystals (2).
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Figure 4.5.33. Results of EDS Mapping for subsample 4A (841°C). Hematite Fe>O3 inclusion.
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4.5.4. X-ray powder diffraction

Lithotype 1. Siliceous mudstone

X-Ray powder diffraction analysis results are shown in the Figure 4.5.34 and Table 4.5.1.
Mineral composition of the reference sample is represented by the quartz, pyrite and small amount
of dolomite (Figure 4.5.34, Table 4.5.1). The influence of 107°C on the sample (1C) did not cause
any changes in the phase composition. XRD patterns of the 10 and 1C samples show that the
samples are almost identical. The sample 1B (400°C) is characterized by the appearance of iron
sulfide (FeS). At the highest temperature 841°C (1A) appearance of hematite and traces of
anhydrite were detected, no more pyrite, iron sulfide and dolomite are in the sample. Quartz did

not show any changes through the experiment.

~1A (841°C)

1B (400°C)

' L1€ (107°C)

~10 (ref.)

Figure 4.5.34. XRD spectra of lithotype 1 subsamples (reflection geometry, Bruker D8
ADVANCE).
Q — quartz, P — pyrite, D — dolomite, iS — iron sulfide (FeS), H —hematite (Fe20z), A — anhydrite.

Table 4.5.1. Results of quantitative XRD analysis of lithotype 1 subsamples.

Sample | Quartz, % Pyrite, % | Dolomite,% | FeS*, % | Hematite*, | Anhydrite*, %
%

10 95.2 1.9 2.9 - - -

1C 95.6 2.3 2.1 - - -

1B 95.8 - 3.1 1.1 - -

1A 96.7 - - - 2.3 <1

* newly formed minerals
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Lithotype 2. Aporadiolarian siliceous dolomite

X-Ray powder diffraction analysis results are shown in the Figure 4.5.35 and Table 4.5.2.
Mineral composition of the reference sample is represented predominantly by dolomite, quartz,
calcite and small amount of pyrite (Figure 4.5.35, Table 4.5.2). Mineral composition stays
relatively stable after the impact at temperature of 107°C and 490°C and are identical to the
reference sample, only the pyrite has disappeared. After the 841°C the phase composition was
significantly altered. No dolomite and pyrite were detected. At least three new mineral phase
observed: periclase (MgO), anhydrite (CaSOa), hematite (Fe20O3), some traces of CaO were found.
Two peaks left not associated with particular mineral phase (due to crystal structure complexity
and a very small amount), one of the possible candidate is wollastonite (CaSiO3), however
observed peaks not almost coincide with the database spectra. XRD experiment in transmission
geometry has confirmed presence of all phases, and the peaks, which may match to wollastonite
(Figure 4.5.36).

-2A (841°C)

“\._--2B (400°C)

CP ca/f [ <
Mo AGAS QCP D p [/. D,P, D C

SN _Lac (107°€)

~20 (ref.)

Figure 4.5.35. XRD spectra of lithotype 2 subsamples (reflection geometry, Bruker D8
ADVANCE).
Q — quartz, P — pyrite, D — dolomite, C — calcite, H — hematite (Fe2O3), A — anhydrite, M —
periclase (MgO), CO — calcium oxide (CaO), * — unidentified phase (wollastonite?).
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Table 4.5.2. Results of quantitative XRD analysis of lithotype 2 subsamples.

Sample | Dolomite, | Calcite,% | Quartz, | Pyrite,% | Anhydrite*, |Fe,Os*, | MgO¥*, | CaO*,%
% % % % %
20 78.2 8.9 11.2 1.7 - - - -
2C 79.3 8.5 10.6 1.6 - - - -
2B 78.3 9.1 12.6 - - - - -
2A - 52.7 23.8 - 6.2 1.7 15.1 <0.5
* newly formed minerals
Q) C
Q A
M
CA
T
H
-2A (841°C)
Q D| D
D
Q
c C
D
C
P
P D

Figure 4.5.36. XRD spectra of subsamples of lithotype 2 (transmission geometry, Huber G670).

Q — quartz, P — pyrite, D — dolomite, C — calcite, H — hematite (Fe2O3), A — anhydrite, M —
periclase (MgO), CO — calcium oxide (Ca0O), * — unidentified phase (wollastonite?).
Lithotype 3. Argillaceous-siliceous organic-rich mudstone
Initial composition is represented by quartz, illite, albite and pyrite (Table 4.5.3). XRD
patterns of subsamples 30, 3C and 3B (Figure 4.5.37) shows their general identity in term of
composition, except of presence of iron sulfide in the 3B. 3A is characterized by disappearance of
pyrite and iron sulfide, and the detection of hematite (iron oxide 111, Fe203) and new phases, which
cannot be cannot be reliably recognized.
To clarify new phases and confirmed already observed in reflected geometry, XRD
experiment in transmission mode was performed (Figure 4.5.38). The formation of hematite was
confirmed, and the new phase is mullite with a high degree of peak matching in the area of low

angles. And one phase stays unrecognized due complex structure and small amounts.
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3A (841°C)

3B (400°C)

-3C (107°C)

’ Q

: iL,Al
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AL Al Q Q Q
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Figure 4.5.37. XRD spectra of lithotype 3 subsamples (reflection geometry, Bruker D8
ADVANCE).
Q —quartz, il —illite, P — pyrite, Al —albite, iS — iron sulfide (FeS), H — hematite (Fe203), * —
unidentified phase.

-30 (ref.)

BEssgsEy

¥882
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'3A (841°C)

$388

Q,il
n il il
: Al il Al p il
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i':i‘gufe 4.5.38. XRD spectra of lithotype 3 subsamples (transmission geometry, Huber G670).
Q — quartz, il —illite, P — pyrite, Al — albite, iS — iron sulfide (FeS), H — hematite (Fe203), ° —
mullite, * - unidentified phase.
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Table 4.5.3. Results of quantitative XRD analysis of lithotype 3 subsamples.

Sample | Quartz, | lllite,% | Albite, | Pyrite,% | FeS*,% | Fe.Os*, | Mullite*,%
% % %

30 65.2 214 8.5 4.9 - - -

3C 66.7 19.9 8.2 5.2 - - -

3B 69.5 20.1 5.2 4.2 <1 - -

3A 63.2 9.7 6.4 - - 4.3 16.4

* newly formed minerals

Lithotype 4. Calcareous-argillaceous organic-rich mudstone

Mineral composition of subsamples 40 and 4C is almost identical and represented by
quartz, calcite, illite, albite and pyrite (Figure 4.5.39). The subsample 4B is characterized by
similar mineral composition, however appearance of iron sulfide is detected (Table 4.5.4).
Variations of quantative values of mineral composition is caused by heterogeneity of samples and
not related to the theramal treatment. And the sample 4A is characterized by presence of hematite
and anhydrite wtih disappearance of pyrite. New peaks have been detected; however identification
of phase is not possible on that XRD spectra obtained on reflected geometry.

XRD experiment with transmission geometry allowed to detect more peaks and identify
newly formed minerals (Figure 4.5.40). These minerals are wollastonite (CaSiOs), gehlenite
(Ca2AI(AISIO7)) and mullite (Als+2xSi2-2xO10x). All the other phases are consistent with the
reflected geometry.

4B (400°C)

QK Q)
P

il,Al P P

I P
Q c:P pC Q |
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M\ LVl AW Gil
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Figure 4.5.39. XRD spectra of lithotype 4 subsamples (reflection geometry, Bruker D8
ADVANCE).
Q — quartz, il —illite, P — pyrite, Al — albite, iS — iron sulfide (FeS), H — hematite (Fe203), * —
peaks which cannot be related to single particular phase.
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5.00
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Figure 4.5.40. XRD spectra of lithotype 4 subsamples of (transmission geometry, Huber G670).

Q —quartz, il —illite, P — pyrite, Al — albite, iS — iron sulfide (FeS), H — hematite (Fe203), W —
wollastonite, (M) — mullite, (G) — gehlenite.

Table 4.5.4. Results of quantitative XRD analysis of lithotype 4 subsamples.

S s | & S
o - - r= o X
s | |2 |=|a |2 |2 |, |E|§ [T |2

S8 |z |2 |E]£12 |8 |5 |E |5 |2 |3
$18 |E |8 |2 |2|% |8 |& |£ |52|3 |©
40 | 378 | 221 | 324 | 40| 43 - - - - - - -
AC | 292 | 293 | 357| 21| 33 - - - - - - -
4B | 386 | 21.1 | 323| 23| 25 - - 15 - - - -
AA | 344 | 27 46 | 50| - | 235 tr. - 7.1 126 | 9.1 <1
* newly formed minerals
tr.- traces
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4.5.5. Micro-CT imaging

Micro-CT scanning was performed for the reference subsamples (“O” series) and the
subsamples after the highest temperature impact (“A” series, 841<C). Micro-CT allowed to
evaluate rock fabric and porosity alterations after the experiment within the 3D volume with the
3 um resolution. Results of porosity estimation are showed in the Figure 4.5.41. Micro-CT slices
and void space visualization are presented in the Figure 4.5.42 and Figure 4.5.43.

Lithotype 1 (siliceous mudstone) is characterized by lack of alterations in pore space
(Figure 4.5.41) and rock fabric (Figure 4.5.42) after the experiment. However, slight decrease of
closed pore space with increasing of open pore space was detected. Although the lithotype is
depleted in OM, that might be result of OM transformation and displacement during the
experime

Micro-CT of lithotype 2 (aporadiolarian siliceous dolomite) showed slight increase in open
porosity from 0.57% to 1.10% with no changes in closed porosity (Figure 4.5.41). Rock fabric has
not been altered (Figure 4.5.42).

Lithotype 3 (argillaceous-siliceous organic-rich mudstone) is characterized by significant
increase of porosity from 0.26% to 4.53% (Figure 4.5.41), open and closed porosity are in an equal
proportions (2.56% and 1.97%). Micro-CT slices show that fractures and rare individual pores
have been formed after the experiment (Figure 4.5.42), which are characterized by the parallel to
layering orientation (Figure 4.5.43).

Lithotype 4 (calcareous-argillaceous organic-rich mudstone). Increasing of porosity from
0.24% to 3.40% has been observed after the experiment. Individual pores and fractures are equally
distributed over the sample (Figure 4.5.42) with parallel to lamination orientation predominantly
(Figure 4.5.43).

20 10 10 10
15 8 8 8

6 6 6
10

4 4 — 4

256

5

2 - — 175 = 2 2 — %

1-89 —-7
0.25 017
0 , e N 0 s .
10 (ref) 1A (841°C) 20 (ref)  2A(841°C) 30 (ref)  3A(841°C) 40 (ref)  4A (84TC)

[ 1] -closed porosity [l - open porosity

Figure 4.5.41. Porosity calculated from micro-CT.
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Fi -@ 4.5.42. Micro-CT slices of scanned samples. Dashed lines show fractures, arrows
indicated individual pores.
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re 4.5.43. Void space visualization.
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4.5.6. Thermal properties profiling

Thermal conductivity and heat capacity were obtained for each subsample, results are
shown in Figure 4.5.44 and Figure 4.5.45.

Figure 1 illustrates thermal conductivity changing in particular lithotypes with temperature
growth. Two patterns of thermal conductivity during thermal treatment are distinguished.

The first one assumes stable thermal conductivity after temperature impact — two series of
lithotype 1 samples. Thermal conductivity is fluctuating around 3 W/(m*K), fluctuations do not
exceed 0.17 W/(m*K) (=5%) (Figure 4.5.44A, B), which are in line lithological heterogeneities
within one lithotype (slight variations in OM distribution, porosity etc.). Stable behavior of thermal
conductivity during the treatment may be explained by several factors. The lithotype 1 is
characterized by relatively high initial porosity 5-8%, quartz domination in mineral composition
and relatively small amount of OM (TOC=3.3 %). All these properties remain stable during the
treatment: no increase of porosity due to small amount of OM, no alteration of quartz @ it
stability up to thousand calcium degrees. Since thermal conductivity determined by porosity and
organic matter, which do not experience too n@/ changes — no changes in thermal conductivity.

The other pattern assumes up to 60% thermal conductivity reduction during the treatment.
Lithotypes 2-4 fall under this pattern. Thermal conductivity is decreasing from the values of 1.4-
2.2 W/(m*K) to 0.7-1.3 W/(m*K), or 30-60 % reduction (Figure 4.5.44A, B). Such dramatic
thermal caused by number of factors for different lithotypes. For the lithotypes 3 and 4 these
reduction is related to its initial state: relatively high content of OM (TOC is in the range of 11-
13%) and lack of pore space. Thermal treatment caused progressive transformation and
displacement of OM and formation of pore space filled by air. Since the thermal conductivity of
air is magnitudes lower then OM - this factor contributed to the total decline of thermal
conductivity. For the lithotype 2 other factor played a crucial role — progressive decomposition of
dolomite crystals during the treatment. Decomposition of large dolomite crystals into nano- and
micro- crystals lead to increase of porosity inside the crystals, which in turn caused reduction of
thermal conductivity. Finally, the common factor for all the lithotypes is destruction of grain
contacts due to different values of thermal expansion coefficient of minerals.

Similar differentiation of lithotypes on groups are made on the basis of thermal heat
capacity changing during the treatment (Figure 4.5.45). Lithotypes 1 is characterized relatively
stable heat capacity on all stages (1.5-1.8 mJ/(m3*K)), except 107°C stage, which is characterized
by 13-23 % increase. All the other lithotypes are characterized by progressive thermal heat

capacity decrease up to 40%.
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4.5.7. Programmed pyrolysis

Rock-Eval pyrolysis was performed for all subsamples to characterize organic matter.
Results are demonstrated in Figure 4.5.46.

Results show decreasing of TOC, S1, S2 and increasing of T@( during the temperature
impact (Figure 4.5.46). According initial TOC content (Figure 4.5.46A) lithotypes may be
organized into two groups. The first group is organic-rich mudstones with high TOC content,
11.5 % (lithotype 3) and 13.1 % (lithotype 4). The second group is organic lean radiolarites with
the TOC content 3.3 % (lithotype 1) and 2.8 % (lithotype 2). In the same manner these two groups
may be differentiated according S2 value (hydrocarbons generated through thermal cracking of
nonvolatile organic matter, potential of HC producing) (Figure 4.5.46C). Organic-rich lithotypes
3 and 4 are characterized by high S2 values (lithotype 3 - 40.8 mg HC/(g rock) and lithotype 4 -
48.53 mg HC/(g rock)), whereas radiolarites are characterized by low S2 (lithotype 1 - 8.8 mg
HC/(g rock) and lithotype 2 - 8.1 mg HC/(g rock)).

The temperature of 107°C did not affect the TOC content significantly. Most of the changes
in TOC content and S2 value are rather associated with lithological heterogeneity than with
temperature impact (Figure 4.5.46A, C). Further exposure to the temperature of 400°C leads to the
noticeable TOC content decreasing (20-40 % reduction) and decline of S2 value (80-95 %
reduciton) for all four lithotypes. These changes show that the most of the kerogen potential has
been realized. At the temperature of 841°C TOC content and S2 value are almost zero due to
combustion process.

S1 parameter (free hydrocarbons in the sample) (Figure 4.5.46B) is a very variable even
within one lithotype. These variations are connected with unequal distribution of mobile fluid.
Growth of the value at 107°C is associated with mobile fluid inflow in the sample during nitrogen
purge. Drop of the value on a higher temperatures reveal removing of the fluids during the
experiments.

Tmax parameter (Figure 4.5.46D) show no changes at 107°C, which mean no changes in
maturity of OM. Increase of Tmax at the 400°C indicate maturation of OM accompanied with HC

generation. At the 800°C OM disappears, and evaluation of Tmax is not possible.
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4.5.8. Isotope Ratio Mass Spectrometry

Isotope Ratio Mass Spectrometry analysis was performed for the initial (reference)
subsamples and the subsamples exposed to the maximum temperature impact (841°C) for lithotype
land lithotype 4 (10, 1A, 40, 4A). Results are given in Figure 4.5.47.

Similar effects were observed for both lithotypes. Carbon content has been reduced from
2.75 % to0 0.22 % for lithotype 1 and from 8.82 % to 0.20 % for the lithotype 4 (reduction ~95%).
This reduction is a result of OM conversion to hydrocarbons at initial stages of HPAI and further
burning during combustion. Carbon isotope composition was shifted towards heavier C in both
cases. For the lithotype 1 shifting is 1.4 @DB, in the case of lithotype 4 shifting is more
significant and is 3.9 %o pDB. After the combustion only residual carbon (coke) is presence in the
sample, which is isotopically heavier than initial @lg Depletion of organic matter with $3C most
probably is a result of kinetic effects of isotope fractionation in reactions of cracking and
combustion.

Sulfur content has been also reduced for both lithotypes. The decreasing is =0.5 %o for both
lithotypes (which is 30% for lithotype 1 and 10% for lithotype 4). The isotope composition is
shifted towards heavier sulfur, for lithotype 1 shifting is 5.9%e, for lithotype 4 the shifting is 2.4 %o.
Sulfur content is decreasing during the combustion due to SO outgassing. The most possible
reason for 34S depletion is a kinetics effect of isotopic fractionation in pyrite decomposition

reactions with formation of anhydrite.
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Figure 4.5.47. C and S content and isotope composition. A — lithotype 1. B — lithotype 4.
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4.6.@mary

Alterations of four Bazhenov Formation lithotypes (which encompass the major lithology
variations of the Bazhenov Formation shales), have been investigated during in-situ the high-
pressure air injection experiment in the laboratory combustion tube with the temperature range of
109-919°C. Subsamples of each lithotype have been packed into specific areas of the combustion
tube: behind the combustion front, ahead of the front, and approximately on the front/slightly
ahead. The samples have been investigated with the set of lithological, geochemical, and
petrophysical methods aimed to reveal alterations in void space, mineral matrix, and organic
matter.

1. Polarizing optical microscopy
Optical microscopy allowed us to observe mineral matrix microstructural alterations and

OM content decreasing during the experiment. The most altered samples are behind the
combustion tube (section A, 841°C): organic matter disappeared completely, samples are
characterized by reddish color, rock forming individual dolomite crystals have been destructed
into smaller ones with remained initial crystal outline. The samples on the front/slightly ahead the
front (400°C) are characterized by a slight decrease of OM content. No alterations are observed
ahead of the front (107°C).

In the sample, located near the expected front position/slightly ahead of the front (400°C),
a combustion front was directly observed on a micro-level. The width of the microfront is 3-8 mm.
The area behind the front is characterized by light color, which indicates the absence of OM. The
area on the other side of the front is characterized by the presence of OM. The front itself represents
the darkest part, which indicates the increased concentration of OM.

2. SEM, EDS and XRD.

SEM allowed us to investigate microstructure and pore space, EDS and XRD revealed
chemical and mineralogical alterations in the samples. Microstructure and composition are
interrelated aspects of the rock and are considered together.

e Samples, located ahead the front (107°C), are characterized by the beginning of the
formation of pore space in organic matter, which are spongy pores and fractures. Mineral
matrix/rock fabric did not experience any significant changes; only rare fractures were
observed.

e Closer to the front (400°C) more alterations are documented. OM is almost porous, part of
OM is transformed and displaced with the formation of void space. Major components of
the mineral matrix remain intact, however, clay minerals experience shrinkage resulting in

elongated voids between clay lamellas and small fractures due to dehydration. Pyrite has
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started to transform into FeS with concomitant microstructural alterations, expressed into
losing the idiomorphic habit of individual pyrite crystals. Traces of calcite dissolution are
observed.

The most altered samples are behind the front (841°C). Organic matter is not observed,
part of it is transformed and replaced (generative part) and burned (coke, non-generative
part), which results in the formation of pore space throughout the sample. Mineral matrix
alterations are closely associated with its initial composition (lithotype), however, there are
common alterations for all the lithotypes. The common alteration is a complete
transformation of pyrite and FeS into hematite (Fe2O3) which is confirmed by EDS and
XRD. The formation of hematite is associated with pyrite framboid structures destruction
and the appearance of porous dendritic structures (pores up to 5 um), which increase the
porosity.

o Quartz-dominated lithotype (siliceous mudstone) is proved to be the most stable in
terms of mineral matrix alteration. No significant changes are observed except for
the hematite formation.

o Dolomite-dominated lithotype (aporadiolarian siliceous dolomites) has been
completely altered at this stage. Dolomite has decomposed into smaller nanosized
(200-1000 nm) crystals of MgO, and CaCOg, in some cases with anhydrite (CaSOa)
and wollastonite (CaSiOz). The primary texture of dolomite texture is preserved.
This decomposition is accompanied by the formation of two microstructural
patterns: rough elongated needle-like crystals and porous clotty microstructure,
which directly influence pore space. A rough surface composed of elongated
needle-like crystals increases specific area, and a porous clotty microstructure of
aggregates is a part of a newly formed void space.

o Quartz and clay dominated lithotype (argillaceous-siliceous organic-rich
mudstone). The main changes are associated with illite. The initial microstructure
of illite has been preserved, however, lamellas are significantly shrunken and some
new aggregates are observed (XRD shows the formation of mullite). This shrinkage
and partial transformation of illite have an increasing effect on the void space.

o Calcite, clay, and quartz mixed lithotype (calcareous-argillaceous organic-rich
mudstone) is the most altered lithotype. The first and the most important conclusion
is that no almost no initial microstructure is preserved. Calcite experienced
dissolution and partial destruction with the formation of new void space (up to 3-
5 um intercrystalline pores). Only rare illite relicts are found. Feldspar crystals

became porous (0.5-4 um intracrystalline pores). Quartz crystals preserve their
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structures and no alterations are observed. A number of new minerals are
documented. The first one is anhydrite, which is presented in the form of needle-
like tabular minerals, which fill the pore space and make it more complex.
Anhydrite is often formed after the hematite (Fe2Os), which indicates their
connection. The second new mineral, that is present throughout the sample, is
wollastonite (CaSiOz), which forms porous aggregates (up to 3 um intercrystalline
pores). XRD shows a possible presence of mullite (Als[O(Si,Al)Os]4) and gehlenite
(Ca2AlI(AISIO7)). In some cases, CaO crystals are observed. Other minor
compounds are CaS, MgS, BasS, Fe (elementary iron).

A detailed study of the micro- combustion front shows that before the front porous OM
presence, the pyrite transformation into FeS begins. After the front no OM, pyrite continues to
transform to FeS with the formation Fe,Oz. Single CaO and anhydrite crystals observed.

The transmission XRD geometry shows much more precise results (peaks) compared to
the Brag-Brentano geometry for shales. For a detailed analysis of mineral matrix alterations during
thermal experiments, the transmission XRD is much more preferable.

3. Micro-CT

Micro-CT shows that the pore space after combustion front propagation is increased
significantly (from initially zero up to 4-5% after the treatment) in the lithotypes characterized by
initial high OM content. Whereas porosity of lithotypes with an initial relatively high porosity and
low OM is not changed. Considering that the resolution of the micro-CT is limited to 3 um, this is
a rough estimation, which should be refined in future studies by BIB-SEM.

4. Rock-Eval pyrolysis

Rock-Eval pyrolysis shows a progressive depleting (transformation) of OM during the
thermal impact. Behind the combustion front (841°C) no OM is detected. Within the area near the
combustion front (400°C) TOC is decreased by 2.5-3% in all lithotypes (20-40 % reduction), S2
decline is 80-95 % for all four lithotypes. And on the samples ahead of the front, no significant
changes are observed.

5. Isotope Ratio Mass Spectrometry

After the combustion experiment, the carbon content reduction was 95%, the sulfur content
reduction was 10-30%. Isotope composition of sulfur and carbon has been shifted towards heavier
i1sotopes in both lithotypes (carbon: =5% shifting for lithotype 1, and =12% shifting for lithotype
4; sulfur: =~18% for lithotype 1 and ~8% for lithotype 4). After the combustion only, residual
carbon (coke) is present in the sample, which is isotopically heavier than carbon in the initial
organic matter. The depletion of organic matter with 13C most probably is a result of kinetic effects

of isotope fractionation in reactions of cracking and combustion. The decrease in the sulfur content
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is observed during the combustion due to SO outgassing. The most possible reason for the S
depletion is a kinetics effect of isotopic fractionation in pyrite decomposition reactions with
formation of anhydrite.
6. Thermal property profiling

Two patterns of thermal conductivity behavior during the experiment have been
distinguished. The first pattern assumes stable thermal conductivity throughout the HPAI
experiment. Thermal conductivity is fluctuating around 3 W/(m*K), fluctuations do not exceed
0.17 W/(m*K) (=5%), which are in line with lithological heterogeneities within one lithotype. A
stable behavior of thermal conductivity is a result of low initial OM content (TOC=3.3 %) and
quartz dominated composition (quartz ~95%). The second pattern assumes thermal conductivity
reduction up to 60% during the treatment. Thermal conductivity decreases from the values of 1.4-
2.2 W/(m*K) to 0.7-1.3 W/(m*K), which is a 30-60 % reduction. Such a dramatic reduction of
thermal conductivity is caused by several factors: a relatively high content of OM (TOC is in the
range of 11-13%), which is replaced by gas during the experiment; a lack of pore space at the
initial stages; presence of clay and carbonate minerals, which are sensitive to high temperatures
(dissolution, decomposition, etc.), and the destruction of grain contacts due to different values of
thermal expansion coefficient of rock forming minerals. Similar patterns are observed in the
thermal heat capacity behavior during the treatment. OM lean and quartz dominated lithotype is
characterized by relatively stable heat capacity during the experiment (1.5-1.8 mJ/(m**K)), except
the sample located ahead of the front (107°C), which is characterized by 13-23 % increase. All the

other lithotypes are characterized by progressive thermal heat capacity decrease up to 40%.

To summarize, HPAI leads to the increase of porosity due to OM transformation and
replacement, minerals matrix transformation (dolomite decomposition, calcite dissolution and
partial decomposition, pyrite decomposition and clay (illite) transformations). All these processes
are accompanied by the formation of new minerals such as anhydrite, hematite, periclase,
wollastonite, CaO, and minor components MgsS, CaS, MgS), and grain contacts destruction. These
alterations are expressed in isotope composition, it was shown on the example of C and S. The
formation of new void space due to displacement of OM leads to a significant drop in thermal

conductivity.
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Chapter 5. Detailed characterization of kerogen microstructural transformation during

thermal maturation

5.1. Motivation

HPAI laboratory experiment (see Chapter 4. Experimental modeling of the mineral matrix
alteration and void space evolution during high temperature treatment) showed very high
sensitivity of organic matter (kerogen) microstructure to thermal exposure: formation of pores,
fractures and partial or complete disappearance. Detailed step-by-step investigation of OM in
combustion tube is not possibel due to number of reasons @ big scale - several meter scale of
the lab equipment, economical feasibility, the impact of heterogeneous combustion front
propagation, number of factors which potentially might influence the porosity). Detailed, focused
and small scale (millimeters, first centimeters) study of OM microstructure is needed. Organic
matter porosity (kerogen porosity) is one of the most important pore type in oil shales [91,93,95].
Most of the researches show that organic pores can significantly contribute to the total porosity of
shales, and in some cases it might exceed 40% within individual particles [91,93,96,97]. However,
there are numerous gaps in understanding the evolution, controlling factors and origins of organic
pores and their associated networks [98]. Organic pores are mainly sub-micrometer size voids
hosted in the OM [44,91,93,95,99]. Usually OM pores are characterized by isolated irregular shape
and bubble-like structure, these pores can be interconnected in the 3D volume and form an
effective network [91,95-97,100]. It is commonly suggested that OM porosity is controlled by
thermal maturation and OM type [91,93,99,101-103]. A number of authors states that increasing
thermal maturity leads to increasing organic porosity [91,93,97,104]. This assumption is
predominantly based on qualitative comparisons between shales in natural thermal maturity
gradient samples. In contrast to the maturity-controlled porosity theory, Léhr et al. (2015a) found
that OM-hosted pores also may be present in immature (pre-oil window) shales. In that case OM
pores are not purely a product of thermal maturation but are controlled by OM type [101]. The
study focuses on investigating the organic matter microstructure evolution during thermal
maturation in different conditions: at a variety of natural maturation stages; during isothermal
treatment in open system at temperature series and under the pressure with variable duration in a

closed system.
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5.2. Materials

To analyze organic porosity 12 samples from 10 wells located in the central and northern
parts of the West Siberian petroleum basin within the Bazhenov Formation organic-rich shales
interval were prepared (Figure 5.2.1). The collected samples represent the maturity level from
immature to the end of the oil window. To focus the study on the effect of thermal maturity and
avoid the influence of other factors (e.g., mineral composition, OM type variations) we have
collected siliceous mudstone samples from the upper part of the Bazhenov Formation, which is
characterized by relatively stable mineral composition and identical kerogen type Il organic matter

[24,27].
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Figure 5.2.1. The location of the Bazhenov Formation organic-rich shales and investigated wells
(left). Generalized lithostratigraphic column (right) (modified after Panchenko et al., 2016 and
Ulmishek, 2003).

1 — boundary of Bazhenov Formation stratigraphical equivalents; 2 — boundary of Bazhenov
Formation; 3 — location of the studied wells; 4 — argillaceous mudstone; 5 — siliceous-
argillaceous mudstone; 6 — calcareous mudstone; 7 — siliceous radiolarite; 8 — organic-rich
argillaceous-siliceous mudstone; 9 — organic-rich siliceous mudstone; 10 — organic-rich mixed
mudstone; 11 — organic-rich pyritized argillaceous-siliceous mudstone.
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5.3. Methods

Broad-ion-beam Scanning Electron microscopy
Broad-ion-beam cross-sectioning

Small probes with the surface approximately of 5x5 mm were prepared from all the
subsamples. Probes were pre-polished using silicon paper (P2400). Then probes were polished by
Broad-ion-beam (BIB) polisher (Leica RES102). The BIB produced a flat surface about 20-
25 mm? area perpendicular to the bedding with a topography variations of £5 nm, which is suitable
for SEM investigation of pore space in shales.

SEM imaging

Scanning Electron Microscopy (SEM) is a major method that allows to effectively
investigate porosity at micro- and nanoscale in organic matter [91,93]. Loucks et al. (2009) showed
that for accurate evaluation of organic porosity samples should be polished not only mechanically,
but also with a broad ion beam technique, otherwise overestimation of porosity may take place
due to topography variations.

Prepared probes were imaged using a Thermo Fisher Scientific | Quattro S SEM instrument
equipped with secondary electron (SE) detector for pore investigation (5-10 kV, working distance
9-10 mm) and backscattered electron (BSE) detector for mineralogical heterogeneity investigation
based on phase density contrast. Large areas, representative for void space analysis, were acquired
by using mosaic scanning approach and stitching together (Image Composite Editor, Microsoft)
hundreds of single images (in the range of 500-800 images for each sample) scanned with 10%
area overlap. The BSE and SE mosaic images were used for pore space analysis. For quantitative
analysis of organic porosity we segmented organic pores with the neural network pixel based tool
“ilastic” [105] in the ImageJ software [106].

The scanned area is approximately of 1000 p x 1000 p with a pixel size of 25 nm on each
sample. For quantitative analysis of organic porosity we segmented organic pores with the neural

network pixel based tool “ilastic” [105] in the ImageJ software [106].

Programmed pyrolysis
The method is described in the “Chapter 3. Lithological characterization of the Bazhenov

Formation shales”.

GCxGC TOFMS
To analyze products of kerogen pyrolysis GCxGC-TOFMS/FID Pegasus 4D (LECO, USA)

was used. For the analysis rock sample was powdered, places into a glass vial covered by quartz
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wool. To clear the sample from the existing hydrocarbons thermal extraction at the temperature of

350°C was performed. Pyrolysis was carried out at the temperature of 500°C.

X-Ray powder diffraction analysis
The method is described in the “Chapter 3. Lithological characterization of the Bazhenov

Formation shales”. Reflection geometry was applied by using Bruker D8 ADVANCE (Germany).

5.4. Results
5.4.1. Characterization of the samples

Organic matter was characterized with programmed pyrolysis (Table 5.4.1). Results show
that TOC varies in the range of 5-21 wt.%. According to Tmax and HI, studied samples are in a
wide range of thermal maturation: from immature to the end of the oil window. Kerogen
corresponds to type Il. HI/Tmax diagram in Figure 5.4.1 demonstrates that samples span the main
maturity interval for Bazhenov Formation [25,43]. Such diversity of thermal maturation allowed

to observe the evolution of OM porosity in the natural state during thermal maturation.

Table 5.4.1. Results of Rock-Eval pyrolysis.

Sample SL, S2, mg/g 53, mg TOC, H1, mg Tmax, | Maturity
ID mg/g rock CO2/g wt.% HC/g Ol °C level
rock rock ' TOC
BF #1 7.85 12453 102 | 17.79| 700 5 | 418 | immature
BE #2 4.8 75.08 105 | 1087 | 699 9 | 421 | immature
BF #3 3.78 75.33 0.74 11.03 683 6 | 43¢ | beginning of
oil window
beginning of
BF #4 3.65 66.72 1.35 9.84 678 13 | 434 | Degmning o
BE#5-1 | 9.24 79.45 036 |15.89| 500 2 | 43g | Middleofoil
window
middle of oil
BE#5-2 | 4.44 45.83 0.52 9.71 472 5 | 444 | MOCEOS
BF #6 6.02 118.33 075 | 21.13| 560 4 | 43g | middieofoil
window
BF #7 4.56 25.60 0.72 7.67 334 9 | 447 | middieofoil
window
BE#8-1 | 231 2571 0.37 9.53 269 3 | 441 | endofoil
window
BE#8-2 | 2.77 10.69 0.30 4.60 232 6 | 453 | endofoil
window
BF #9 0.39 9.64 0.38 6.65 145 5 | 443 | endofoil
window
BF #10 458 34.75 0.28 0.28 423 2 | 43g | beginning of
oil window
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Figure 5.4.1. HI/Tmax diagram showing type and maturity for the selected samples.

X-Ray diffraction analysis showed that the selected samples are quite similar in mineral
composition. All the samples are quartz dominated mudstones with variable clay, feldspar, calcite,
dolomite, and pyrite content (Figure 5.4.2). Only two samples demonstrate a noticeably higher

amount of clay minerals, but in general, they do not differ significantly in SEM images.
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Figure 5.4.2. Mineral (inorganic) composition for the selected samples.
5.4.2. Organic porosity occurrence across natural maturity level variations

Evaluation of organic porosity was made on the basis of all prepared samples with SEM
and BIB-SEM technique described above. Characterization of the samples is made by XRD and
Programmed pyrolysis.

SEM investigation showed that organic porosity tends to increase with increasing thermal
maturity degree for studied samples. The general observed trend is shown in Figure 5.4.3. For most
of the samples, higher thermal maturation is associated with developed OM porosity. Immature
samples are solid, and normally, no pores are observed. A few exceptions are possible (Figure
5.4.4). At the oil window, a significant number of the OM inclusions are porous. It seems that
these pores are isolated and do not form effective pore space at this maturation stage. Pore size
significantly varies even within one inclusion from 0.1 pm and up to 1 pm (Figure 5.4.3B, E, H).
The shape is almost round and characterized by a bubble-like structure (Figure 5B). At the end of
the oil window, OM is much more porous, almost all inclusions are characterized by both round
bubble-like/spongy and elongated (crack-like) pores (Figure 5.4.3C, F, J). From a 2D view, it
seems that pores are expected to form an effective pore network. Pore size varies greatly, starting
from 0.1 um and up to 3 um and in some exceptional cases up to 8 um due to several pores

amalgamation (Figure 5.4.3J).
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Figure 5.4.3. Increasing of organic porosity with thermal maturation level increase. (Samples: A
- BF#1,B-BF #7,C-BF #9, D - BF #4, E - BF #6, F - BF #8-1, G - BF #3, H - BF #5-1, J
— BF #9)

5.4.2.1. Organic porosity in immature samples

Although the general trend is that increasing thermal maturity leads to increasing organic
porosity, there are few exceptions observed. The exceptions are rare for the prepared sample
collection and lie apart from the thermal maturation influence, and we attribute their occurrence
to the sedimentation processes.

Some immature samples are characterized by single pores in OM (Figure 5.4.4). These
pores generally are rare and do not form effective pore space. Their formation is related to
sedimentation and early diagenetic processes. The pore size is very small and rarely exceeds 0,5-

1 pm, in some exceptional cases the size may reach 5 um (Figure 5.4.4A).
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Figure 5.4.4. Porosity in OM in immature OM. A (BF #4), B (BF #6) — inherited porosity from
cells initial structure, C (BF #1) — porosity due to mechanical coiling, D (BF #6) — inherited
pores and convoluted pores in one OM particle.

5.4.2.2. Structure and texture of organic matter

High maturity level does not always equal the abundance of organic porosity in case of
studied samples. The samples with different distributions and shapes of organic matter are
characterized by different organic porosity (Figure 5.4.5). The samples with a patchy distribution
of OM in form of inclusions are porous in most cases, whereas the samples with elongated
lenticular OM show lack of organic porosity or are characterized by insignificant amount of voids.
Two BF samples from one well are demonstrated in Figure 5.4.5. The samples are characterized
by the same thermal maturation level and identical mineral composition, but the OM distribution
pattern/shape varies significantly. BF#8-1 sample has patchy OM in the form of inclusions (Figure
5.4.5A and B), most OM particles have pores from nanometers to few microns. OM in BF#8-2
sample (Figure 5.4.5C and 7) is represented by elongated lenticular shapes. In that case, the
majority of OM lacks of pores and has a solid flat structure, although single voids at contact with

the mineral matrix are observed (Figure 5.4.5D).
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Figure 5.4.5. Organic porosity in the same well in the samples with different OM distribution. A,
B — patchy distribution of OM in the sample BF #8-1, C, D — laminated distribution of OM in the
sample BF #8-2.

5.4.2.3. Organic porosity classification

Organic pores were divided into several categories based on their shape, appearance, and
the genesis. Organic pores categorization proposed by Ko et al. (2016) served as a prototype for
the classification used in this study. We suggest distinguishing two organic porosity categories by
analogy with the classical reservoir geology approach in sandstones and carbonate rocks [107]:
primary organic porosity and secondary organic porosity. Primary porosity — porosity formed
during the initial deposition of organic matter, secondary porosity — porosity formed due to thermal
maturation. These divisions may be further categorized into several subcategories according to the
shape and genesis, as it is described below and shown in Figure 5.4.6.

Primary porosity includes two categories: inherited organic pores and convoluted organic
pores.

Inherited organic pores. Inherited organic pores (Figure 5.4.6A) are pores, which existed
in the original organic material (cellular structure in spores, algae, leaf, wood etc.) during
sedimentation. These pores are considered as inherited and not associated with thermal maturation
or mechanical compaction [73]. Inherited pores are quite common for the Bazhenov Formation
immature samples, but only for the cases of patchy distributed OM. Pores of this type are
characterized by regular shapes associated with detritus internal features (Figure 5.4.6A and Figure
5.4.4A,B).
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Convoluted organic pores. Convoluted organic pores (Figure 8B) are the pores, which were
formed due to the deformation of the organic matter particles during sedimentation or/and burial
such as folding, twisting or coiling. This type of porosity is related to the OM deformation and not
connected with the maturation. The size and shape of the pores are quite variable due to ductile
behavior of OM and its relationships with the mineral matrix. These pores were observed in
immature BF samples.

Secondary porosity includes two categories spongy organic pores and shrinkage organic
pores.

Shrinkage organic pores. Shrinkage organic pores (Figure 5.4.6C) represent a discontinuity
with a fracture-like elongated shape, which occur within solid OM (Figure 5.4.6C-1) or between
OM and mineral grains (Figure 5.4.6C-2). Discontinuities within OM inclusions often penetrate
whole inclusion and form dendritic shapes, length is usually restricted by OM inclusion size, and
these discontinuities do not have any continuity in the mineral matrix. Our results show that these
types of voids are common for the BF samples at the mature (end of oil window) level.

Spongy organic pores. Spongy organic pores (Figure 5.4.6D) are considered as a result of
the thermal maturation process. These pores are normally at a micro- and nanometer scale, have
rounded, subrounded or subangular shapes. This type is common for most of the mature samples
(end of the oil window). However, we observed less abundant micro- and nanopores in the samples
in the oil window (Figure 5.4.7A). These pores usually developed equally in most OM within the
end oil window samples. We consider this type as a major type of secondary organic porosity in
BF.

Mixed organic pores. There is possible a presence of a combination of several types of
pores in matured samples. Mixed type of OM pores takes place in case of the presence of pores
with different origins, for example, shrinkage OM pores and spongy organic matter pores (Figure
5.4.6E). Usually, such combinations are found in the high maturity level samples (end of oil
window).

Other OM pores. We have observed pores associated with the OM located between pyrite
framboid forming crystals in the few cases of immature samples. It is quite complicated to refer
them to any established category due to their insignificance in terms of size and abundance (Figure
5.4.7). The size of such pores is less than 100 nm and they do not contribute to the effective pore

space.
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(A) Inherited organic pores (B) Convoluted organic pores

Primary organic pores

(C) Shrinkage organic pores

(1) Within OM

(2) Between OM and MM

—>

(D) Spongy organic pores

Secondary organic pores

Figure 5.4.6. Organic porosity classification for the Bazhenov Formation shales. (A) Primary
organic pores inherited from the original structure of OM. (B) Spongy organic pores. (C)
Shrinkage organic pores: (1) pores within organic matter, (2) pores between organic matter and
mineral matrix (MM). (D) Convoluted organic pores in folded OM. (E) Mixed organic pores, in
that case combination of shrinkage pores and spongy organic porosity. (Samples: A — BF#4, B —
BF#2, C(1) - BF#8-1, C(2) — BF#7, D — BF#9, E — BF#8-1)

However, they may influence pore forming processes during thermal EOR on shales. Their
formation may be related directly to the processes occurring in the framboids during burial. Their
shape and abundance do have nothing in common with inherited pores or ductile behavior of OM.

Potentially genesis may be related to bria activity.
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Figure 5.4.7. A — spongy organic pores in BF#7 oil window sample. Pores a less abundant and
size is smaller. B — pores in OM hosted in framboids between pyrite crystals in the sample BF#3.

5.4.2.4. Size and abundance of organic pores

Porosity was determined as “area of organic pores”/”analyzed area”. For the pore size
analysis, the equivalent circular diameter (ECD) was calculated, this parameter represents a
diameter of a circle with the same area as that of the pore. After, mean and median equivalent
diameters were determined. To reveal the role of the pores with a specific size in the organic
porosity, relative porosity was calculated, which represents a relation of the area occupied by pores
with a specific size to the total pores area. The results are shown in Table 5.4.2 and Figure 5.4.8.

Overall observation is that the limited pores were developed outside the organic matter,
almost all pores are concentrated within the organic matter. The highest porosity value was found
in the highly matured BF#9 sample - 3.5% with the strong dominance of spongy organic porosity
(Figure 5.4.9A). The mixed porosity type was observed in the BF#8-1 sample (Figure 5.4.9B) with
the 1.3 % value. Almost zero porosity value corresponds to the immature BF#1 sample. In that
case the SEM images show solid OM without any void space with single occasional nanoscale
pores. The quantitative analysis of porosity demonstrates that the mature samples are characterized
by higher porosity. Only immature OM in the BF#4 sample showed relatively high porosity
(1.1%), which is explained by the abundance of primary organic porosity in this sample (Figure
5.4.9C).

Organic pores vary in size and shape significantly due to the amalgamation of several
pores. The observed maximum pore size is approximately 3 um, the minimum is around 5-10 nm,
even though smaller pores may be unrecognized due to resolution limitations. The majority of the
pores are in the range of 100-300 nm and rarely approach 1.2 micron size (Figure 5.4.8 A,B). In
some cases, the highly matured OM samples contain few organic grains with no porosity and for
now it is unclear whether the lack of voids is related to different OM compositions or the local

compaction. The median equivalent diameter for organic porosity is typically less than mean sizes,
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which is common for all samples (Table 5.4.2). The mean equivalent diameter varies from 86 nm
to 223 nm, while the median size ranges from 75 nm to 162 nm. The average equivalent diameter
for investigated samples is 145 nm, the average median is 101 nm. In general, highly matured OM
is associated with a larger pore size and greater porosity. The highest values were observed in the
highly matured samples BF#9 and BF#8-1. Examples of equivalent diameter distribution patterns
for highly matured (end of oil window) sample BF#9 and moderately matured (middle of oil
window) sample BF#7 are shown in the Figure 10. In case of oil window pores with the ECD less
than 100 nm dominate, whereas pores with 300-400 nm ECD are present a high portion of pores.

The density of organic pores may be extremely high (Figure 11D). Organic grains may be
up to 60 pum in length and contain thousands of single pores, for example, one of the largest
observed OM inclusion contains approximately 3200 pores of various sizes (Figure 11D).
However, according to our observations, the average organic porosity does not relate to the organic
grain size.

Two samples, BF#8-1 and BF#8-2, are cored from the same well, and characterized by the
identical OM maturation degree. BF#8-2 with the lenticular, parallel to bedding OM wisps, is
characterized by two times lower porosity value and 30-40% smaller equivalent diameter
compared to BF#8-1. Organic matter distribution patterns (patchy/lenticular) play a significant

role in organic porosity development.

Table 5.4.2. Porosity values and equivalent circular diameters calculated from SEM images

Equivalent circular diameter, oM
Porosity, % nm Maturity o
i distribution
Mean Median
BF#1 <0.1 - - immature lenticular
BF#6 0.3 130 89 immature lenticular
beginning of | )
BF#4 1.1 132 85 o inclusions
oil window
BF#7 0.9 86 75 oil window lenticular
end of oil
BF#8-1 1.3 181 112 ) inclusions
window
BF#8- end of oil )
0.6 114 80 ) lenticular
2 window
end of oil
BF#9 35 223 162 ) inclusions
window
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Figure 5.4.8. Histograms of equivalent circular diameter measured on =106um area. A - highly
matured sample BF#9. B — moderately matured sample BF#7.

Figure 5.4.9. Different types organic pores. A — spongy pores in BF#9 sample. Organic matter is
porous, which is considered as a result of thermal maturation. B — mixed type of porosity
(spongy and shrinkage) in BF#8-1 sample. C — primary pores in immature BF#4 sample.

Inherited pores have regular shape and unusually large size, pores are developed only within
specific features. D — mixed type of pores (primary and spongy) in BF#9 sample. This huge
organic grain is larger than 60 um contain more than 3200 single organic pores.
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5.4.3. Artificial thermal maturation experiment in an open system

To evaluate the thermal maturation effect on organic porosity evolution, an artificial
thermal maturation experiment in an open system was performed. For the experiment, an immature
sample BF#1 was prepared (initial characteristics of the sample are given in section “samples
characterization™) (3x5 mm cylinder with basement perpendicular to the bedding plane) to observe
the organic matter texture alterations from the beginning of thermal maturation. One of the cylinder
basements was both mechanically, and broad ion beam polished for correct organic porosity
visualization.

Thermal treatment was performed using the HAWK Resource Workstation chamber in
argon gas flow at the atmospheric pressure. The workflow of the experiment is shown in the Figure
5.4.10. The experiment included ten isothermal treatment episodes with a 0.5-hour duration each
at a constant temperature in the range of 350-450°C with 10°C step. A flat surface (the cylinder
base) was scanned with SEM (Maps software) at the initial stage. Then, each act of the treatment

was followed by an ultra-high resolution SEM (MAPS software) scanning of the same surface.

")-»6'7» . ->.§'7
ey \rel o/

—

Cylinder T,=350°C AT =10°C T,,=450°C
3x5 mm t=0.5h t=0.5h t=0.5h

Figure 5.4.10. The workflow of the artificial thermal maturation experiment

At each stage of the experiment kerogen conversion degree was analyzed. For this purpose,
powder from the same immature sample was prepared and treated using the same workflow
(Figure 2). Rock-Eval analysis was carried out after following treatment episode: 350°C, 370°C,
390°C, 410°C and 450°C. Using a ratio of pyrolysis products from cracking of organic matter (S2
Rock-Eval parameter) at a specific temperature to initial pyrolysis products from OM cracking

value we calculated kerogen conversion degree.

5.4.3.1. Initial structure of the organic matter

At the initial stage the sample is characterized by non-porous organic matter with only
single voids in the initial state (Figure 5.4.11). Organic matter is distributed in a laminated manner
(Figure 5.4.11). A few convoluted organic pores were found (Figure 5.4.11-2). Neither spongy

nor shrinkage pores were identified.
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Figure 5.4.11. Initial structure of organic matter in the sample BF#1. Organic matter is solid
without maturation associated porosity (1,3). Only a few convoluted pores were observed (2).

5.4.3.2. Evolution of organic matter porosity during artificial thermal maturation

SEM observations after each stage of the thermal treatment allowed to detect the formation
of two pore types in OM. The first one is spongy porosity. Figure 5.4.12 demonstrates the evolution
of OM within the particular area through the whole experiment. At the temperatures from 350°C
to 390°C no pore occurrences were observed. At the temperature of 400°C, the first recognizable
pores started to form within the 0.1-0.5 um size range. The temperature 410°C is characterized by
increasing existing pores up to 1-2 um and the new pores formation. At 420-430°C, the
amalgamation of existing pores is the dominant process, accompanied by the minor formation of
new pores. And the temperatures of 440-450°C result in a minor progress in all mentioned
processes. The other two examples of spongy porosity development are demonstrated in Figured
14 A and B. These examples show slight variations in the first pore appearance in OM inclusions
— porosity, in some cases, starts to form at 410°C with significant further development at 420°C.
Overall development of spongy porosity is continuous through the OM conversion. The
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development of OM spongy porosity take place in most of OM inclusions at the temperature range
400-450°C, whereas pore development is the most active at 410-420°C.

The second type is the shrinkage organic porosity (Figure 5.4.13 C, D). The development
of porosity starts at 350-370°C — elongated voids with a length of up to 20-25um and a width up
to 2-3 um. The further treatment gradually leads to the increase of voids’ width. At the
temperatures of 350-400°C voids become more open, and the width is up to 2-3 um. At 410°C,
increasing voids occur due to the further shrinkage of OM and the width achieves 5-8 um. Further
treating has a minor effect on the size and occurrence of the voids. At 450°C, the formation of the
internal shrinkage porosity is possible (Figure 5.4.13C - 450°C). Shrinkage voids are characterized
by the elongated shape and usually occur on the mineral matrix and OM contact. The size is related

to the OM particles and, in most cases, does not exceed 25um in length and 8um in width.
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Figure 5.4.12. Evolution of pore space within specific area during artificial maturation of organic
matter. Untill 400°C no changes in the micro structure of OM occur — at 390°C, OM has the
same solid, not porous structure. The first significant changes occurred at the 400°C first pores
were observed. Further maturation lead to the new pore formation untill 430°C, after pores
become larger and more connected. The most extensive pore space formation occured at 420°C.
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Figure 5.4.13. Evolution of the two different organic pore types during the artificial maturation experiment. A and B — spongy organic porosity
development, C, D — shrinkage organic porosity development. Although the pores are quite similar to those in the subsurface there are significant
differences in size and pore density. Spongy pores start to form during 410°C, whereas shrinkage pores start to develop at 410°C.
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5.4.3.3. Quantitative organic pore characteristics

The results of quantitative porosity analysis of 1000x1000 pm?, based on the gigapixel
SEM images segmentation, are given in Table 5.4.3. The general trend is the increase of porosity
with the treatment temperature growth. The first porosity increase was detected at the temperature
350°C — from 0.2% to 0.8%. The further treatment in the temperature range of 350-390°C resulted
in a slight porosity increase from 0.8% to 1.3%. According to visual observations, the increase
associates with the formation of shrinkage pores (Figure 5.4.13 C and D). Further temperature
increase from 390°C to 400°C led to the porosity jump from 1.3% to 2.3%. The jump is directly
related to the formation of spongy pores (Figure 5.4.13 A and B) and the progression of shrinkage
porosity. The treatment at 410-450°C resulted in a slight increased porosity value up to 2.8-2.9%.
The median of equivalent diameters is less than mean values, which is common for all cases (table
4). The mean equivalent diameter varies from 86 nm to 223 nm, while the median ranges from 85
nm to 128 nm. The results of the OM conversion degree are shown in Table 5.4.3. The OM
conversion degree increases as the experiment progresses. The active formation of spongy porosity
started at temperatures 400-410°C which in term of OM conversion is between 82-92%. The
further conversion of OM had a minor impact on spongy porosity. The shrinkage porosity
development started immediately after the experiment started— at 350°C, which is 21% of the
conversion degree. After 92%, shrinkage porosity development was minor and consisted of size
development.

The equivalent circular pore diameter analysis showed that the most abundant pores with
equal 100-300 nm. At lower temperatures (350-390°C), the relative fraction of pores with an
equivalent pore diameter of more than 200 um dominates in comparison with the higher treatment
temperatures (400-450°C). This effect is clearly shown in Figure 5.4.14 — at the 380°C pores with
ECD >300 nm play a significant role, whereas at the 430°C we can see pure domination of pores
with <200 nm size. The described effect is caused by the formation of the shrinkage pores at the
treatment temperatures 350-390°C and further active formation of nanoscale spongy pores at the
treatment temperatures 400-450°C. It should be mentioned that the fraction of 100-150 um ECD
Is quite similar throughout the whole experiment, which may be a result of the segmentation

artifacts and resolution limitations.
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Table 5.4.3. Porosity values and equivalent circular diameters calculated from SEM images

) Equivalent circular ]
Treatment Porosity, . Conversion, OM
diameter, nm o
temperature, °C % i % distribution
Mean Median
initial 0.2 - - 0
350 0.8 121 103 21
360 1.1 135 109 -
370 1.2 190 125 44
380 1.4 197 128 -
390 1.3 158 105 82 )
lenticular
400 2.3 165 109 -
410 2.6 142 106 92
420 2.9 123 85 -
430 2.8 138 98 97
440 2.8 156 112 -
450 2.9 160 111 99
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Figure 5.4.14. Histograms of equivalent circular diameter of ~106pum area. A - 380°C. B —
430°C.

Figure 5.4.15 shows the evolution of porosity value and conversion degree over the
temperature. Porosity progressively rises with temperature and conversion growth. The conversion
degree (Figure 5.4.15, red line) is in a good correspondence with porosity change (Figure 5.4.15,

blue bars), which indicates the direct relation of porosity evolution and kerogen transformation.
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Figure 5.4.15. Porosity increasing with temperature and conversion growth.

5.4.4. Kerogen thermal decomposition products

Kerogen pyrolysis products were analyzed for BF #10 sample. Analysis was performed
with GCxGC TOFMS with the sequential investigation of kerogen microstructure by SEM
technique.

Results of kerogen decomposition analysis are given in Table 5.4.4. On the basis of flame
ionization detector (FID) data obtained during pyro-GC analysis composition of products were
calculated: gas and low-boiling liquids (C1-C7), aliphatic (alkanes, cycloalkanes, unsaturates), and
aromatic components (mono-, di-, tricyclic). Kerogen may be considered as oil-prone type, it

produced less than 10% of gas and oil with aliphatic/aromatic ratio higher than 30/70.

Table 5.4.4. Kerogen pyrolysis products calculated in % of total FID response.

Gas and | Aliphatic Compounds, % Aromatic Compounds, % Aliphatic/

Light HCs, Unsaturates, Mono- Di- Tri- Aromatic
Alkanes ) ) ) .

% Cycloalkanes | Aromatics Aromatics Aromatics Ratio

11 10 30 16 13 20 45/55

Sample microstructure study showed voids formation during temperature increase. At the
initial state organic matter is characterized by smooth and solid structure (Figure 5.4.16). After the
thermal extraction at the temperature of 350°C the different (up to first nanometers) scales bubble-
like structures were documented (Figure 5.4.17). After the impact of 500°C kerogen has granular
structure (Figure 5.4.18A) or represents a porous “membrane” (Figure 5.4.18B). The observed

amount of organic natter has been significantly decreased.
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Figure 5.4.16. Non-porous, smooth microstructure of the organic matter in the sample BF #10 in
the initial state.

Figure 5.4.17. Bubble-like structure of organic matter in the sample BF#10 after the temperature
of 350°C. A — 10-70 nm bubbles on the surface of OM. B — bubbles up to 200 nm.

Figure 5.4.18. Porous kerogen after the temperature impact (500°C). A — example of granular
microstructure. B — example of porous “membrane” of kerogen.
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5.4.5. Artificial thermal maturation experiment in a closed system

For comprehensive assessment of thermal maturation impact on organic porosity evolution
in a conditions close to reservoir, an artificial thermal maturation experiment in a closed system
was performed. Organic matter microstructure transformations were studied by a series of
experiments in a closed system in a CO, atmosphere at constant temperature of 350°C at the
pressure of 31 MPa, the sample were exposed to three duration times 8, 30 and 72 hours.

For the experiment BF#7 subsample was disintegrated into 1-3 mm particles (no
extraction). Thermal treatment was performed in the sealed 30 ml reactors (tubes) loaded in the
oven (SNOL-1300) for the heating and temperature maintenance. Temperature was controlled by
thermocouples (AEROPAK). The experiment consisted of three parts. The first step was CO-
injection upto 31 MPa. The reactor was loaded into preheated oven. The reactor was kept in the
oven furnace for the duration of the experiment. After the time has elapsed, the reactor is removed
from the furnace, cooled, depressurized and opened.

Characterization of organic matter before and after the experiment was performed with the

Rock-Eval technique. Organic matter porosity was studied with SEM method.

5.4.5.1. Oranic matter transformation and porosity evolution during the experiment

Results of Rock-Eval programmed pyrolysis are given in Table 5.4.5. Figure 5.4.19
illustrates of organic matter transformation over experiment duration. S2 parameter (amount of
hydrocarbons generated during pyrolysis, or remaining hydrocarbon generating potential)
gradually decreases on 38%, 71% and then 77%, whereas SO and S1 (amount of HC already
presented in the sample) are increased by 1% and 13% at 8 hours, 176% and 74% at 30 hours, after
the 72 hours small reduction on 30-40% was detected. Observed increasing is associated with
kerogen transformation into hydrocarbons, further slight decreasing might be the result of

secondary cracking with simultaneous generation of new hydrocarbons (Figure 5.4.19).

Table 5.4.5. Rock-Eval pyrolysis results

Sample S0, mg/g S1, mg/g | S2, mg/g 53, mg TOC, HI, mg Trmax,
rock CO2/g HClg ol |
ID rock rock wt.% C
rock TOC
before 1.39 2.63 20.42 0.91 6.94 294 13 | 453
8 hours 1.41 2.99 12.69 0.78 6.17 206 13 | 455
30 hours 3.84 4.58 591 0.63 5.98 99 11 | 463
72 hours 3.21 3.71 4.63 0.57 5.7 81 10 | 467
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Figure 5.4.19. Rock-Eval pyrolysis parameters (absolute and relative values) evolution with
time.

SEM study showed continuous development of organic porosity over the time within
individual OM particles (Figure 5.4.20). Samples at the initial state are characterized by non-
porous, flat, solid organic matter (Figure 5.4.20, before), however some single porous inclusions
might be found. After 8 hours experiment significant number of OM particles are characterized by
the presence of bubble-like structures and single pores in OM (Figure 5.4.20, 8 hours). After 30
hours episode most of the OM particles are porous (Figure 5.4.20, 30 hours). Pores are may be
attributed to the spongy porosity according proposed classification. Pores are 0.1-1 um in size.
After t 72 hours experiment almost all OM particles are porous (Figure 5.4.20, 72 hours). Pores
are 0.05-2 um in size and tightly concentrated in a single OM inclusion. Spongy porosity is the
dominant type, however single shrinkage pores were documented (Figure 5.4.21).

Since the polishing of the such small samples is not possible with the rigorous calculation
of organic porosity on SEM images over whole sample area, amount of OM particles were
calculated with the differentiation on porous and non-porous. Results are given in the Table 5.4.6.

Results clearly show increasing of number of porous organic particles.

Table 5.4.6. Results of OM particles counting.

Number of OM particles
Before 8 hours | 30 hours | 72 hours
Total 27 31 26 39
Porous 9 14 17 34

Percentage  of 33 45 65 87
porous, %
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Figure 5.4.20. SEM images of samples after a specific experiment duration.
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Figure 5.4.21. Shrinkage pores in the kerogen after the 72 hours thermal impact.
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5.5. Summary

The study revealed on the influence of thermal maturation processes on the microstructure
of organic matter (kerogen) both natural occurring porosity and resulting from artificial thermal
maturation. Naturally occurring organic porosity is mainly controlled by thermal maturity;
however, there are voids resulting from primary processes associated with sedimentation
processes. Classification of organic pores based on the genesis has been proposed. It was shown
that OM porosity is also defined by the rock fabric and OM structure. The artificial maturation
experiment allowed us to observe the development of organic pores within individual organic
inclusions in open and closed systems. In both cases, the formed organic pores are similar to those,
occurred naturally. The key outcomes of the study are given below.

Organic porosity occurrence across natural maturity level variations

1. Kerogen porosity in the Bazhenov Formation shales is closely related to the thermal
maturation degree. Thermal maturation is a key aspect of organic pore development.

2. The first single pores start to form within the middle of the oil window. At the end of the
oil window, the majority of organic particles are porous and form an effective pore space
network.

3. There are certain types of organic pores in immature Bazhenov Formation rocks, which
are the result of primary processes such as sedimentation. However, these pores are quite
rare and do not tend to form an effective pore space.

4. Classification of organic pores has been proposed. Organic pores in the Bazhenov
Formation are classified according to the genesis into primary (sedimentation related) and
secondary (thermal maturation related) pores. A further division implies structural
features. Primary pores are represented by inherited and convoluted pores. Secondary
pores are spongy, shrinkage, and mixed pores.

5. Rock fabric plays a vital role in organic pore development and preservation. It is shown
that shales characterized by an interlayering of mineral components and organic matter
lenticulars do not tend to preserve organic porosity. The reason is load-bearing organic
matter without grain support affected compaction during burial. Whereas shales with
organic inclusions (lenses, patchy distribution), non-load-bearing with grain support,

have a good chance to preserve both primary and secondary porosity.

Artificial thermal maturation experiments
1. Artificial thermal maturation controlled experiments clearly confirmed the crucial factor

of thermal maturation for organic porosity development. Thermal treatment of organic-
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rich shales to the temperatures when kerogen transforms to hydrocarbons leads to the
formation and further development of organic porosity.

. The formation of organic porosity during artificial thermal maturation, apart from its
fundamental significance, is a significant beneficial positive factor for the implementation
of thermal enhanced oil recovery technologies in shales.

. The experiment in the open system showed, that first pores appeared at the temperature of
350°C (conversion of OM>21%), which represents shrinkage pores, the second significant
rise was detected at the 400°C (conversion of OM>82%), which occurred at the expense
of spongy pores. Further temperature increase and the OM conversion lead to the pores
amalgamation and pore size increase.

. The experiment in the closed system at a constant temperature of 350°C at the pressure of
31 MPa shows the formation of bubble-like structures on the surface of OM and single
OM pores after 8 hours. After the 30 hours experiment more than half of the OM inclusion
were porous (65%), and after 72 hours most of the OM were porous (87%). Rock-Eval
pyrolysis shows a decrease of S2 parameter during the experiment (realization of
generation potential) up to 77%, and an increase of SO and S1 parameters (hydrocarbons
presented in the samples) up to 176%. However, a slight decrease was detected after the
72 hours, which might be result of secondary cracking and simultaneous formation of

hydrocarbons.
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Chapter 6. Analysis of the results from the point of view of perspectivity and

effectiveness of the high temperature treatment technology

The chapter is devoted to the complex analysis of the experimental results of the high-
temperature treatment experiments on Bazhenov Formation shales and the fundamental reasons
behind the documented alterations. The mineral matrix has undergone significant changes, which
vary considerably within different lithotypes and depend on the initial mineral composition, as
well as the organic matter, which also has been changed during the treatment. These changes have
influenced the reservoir properties. Based on the analysis, the most suitable lithotypes were
suggested for the high temperature-based technology application.

6.1. Mineral matrix alterations during the high-temperature treatment

Siliceous minerals

No changes in the siliceous (quartz) component during the experiments were observed,
only minor grain contacts destructions. However, it is essential to take into account transformation
of a-quartz to B -quartz at the temperature of 573°C, and conversion of B-quartz to B-tridymite at
870°C (Figure 6.1.1). The transformations are accompanied by gradual density reduction:
2.65g/cm® (B-quartz), 2.53 g/cm® (o-quartz) and 2.25g/cm® (B-tridymite) [108]. The
transformation temperatures can be shifted to higher values at elevated pressures (Figure 6.1.1).

The transformations are reversible; however mechanical properties can alter significantly [109].
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Figure 6.1.1. Phase diagram of SiO [108]
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Carbonate minerals.

Carbonates in the studied shales are presented by calcite and dolomite. The lithotypes
behind the combustion front (841°C) rich in carbonates are characterized by numerous alterations
after the experiment (see “Chapter 4. Experimental modeling of the mineral matrix alteration and
void space evolution during high temperature treatment”): the destruction of dolomite with the
formation of magnesium oxide (MgO), calcite (CaCOs), calcium oxide (CaO) and a number of
new minerals (anhydrite, wollastonite, gehlenite).

Decomposition of dolomite occurs according following reaction [110]:

CaMg(COs) — CaCOs + MgO + CO

Since both CaCOz and CaO were observed in one sample, CaO and MgO are results of two

simultaneous processes [110,111]:
CaMg(CO3z) — CaO + MgO + CO2
CaCOz — CaO + CO2

The MgO is characterized by needle-like crystals, which form a rough surface. Newly
formed CaCOs is characterized by intercrystalline void space and nano-sized crystals. The
resulting pore-space effect is the increase in specific surface area and porosity. CaO served as a

trigger for further mineral matrix transformation and participated in a variety of reactions.

The formation of wollastonite and anhydrite is a result of joint presence and interaction

with other minerals and are considered below.

Clay minerals

First alterations in clay minerals (illite) were observed at the temperature of 400°C (right
ahead of the combustion front) in all clay containing lithotypes: elongated voids and fractures were
observed. After the combustion front propagation (841°C) there is a clear differentiation of
alterations in two clay-containing lithotypes (argillaceous-siliceous organic-rich mudstone and
calcareous-argillaceous organic-rich mudstone). In the case of argillaceous-siliceous organic-rich
mudstone (illite rich) only further development took place for elongated voids between lamellas
and the formation of fractures. The reason behind this process is the water removal. At the 400°C

physically bounded water removal occured. And at the 841°C dihydroxylations by condensation
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of hydroxyl groups into water molecules took place [112]. The process is described as follows
[113]:

KAI3Si3010(OH)2; — KAl3Siz011 + H20

Calcareous-argillaceous organic-rich mudstone is characterized by several mineral matrix
transformations, resulting in new minerals. The transformations are related to the decomposition
of carbonates and the formation of CaO. CaO is combined with anhydrous illite and forms
gehlenite (Ca2Al2SiO7) with the CO; release, K20 (alkalis), and amorphous silica (SiO2) [112]. At
the same time the amorphous silica is combined with the CaO and forms wollastonite (CaSiOz)
[114]:

KAI3Si3011 + CaCO3 — CaxAl,SiO7 + SiO, + KoO + CO»
CaCOs3 + SiO2 — CaSiO3 + CO»

Wollastonite occupied the major volume of the rock replacing illite, whereas gehlenite
plays a minor role — only traces were found on the XRD patterns. Amorphous silica can be formed
omitting the stage of the gehlenite formation and can be directly combined with the calcium oxide.
Wollastonite forms a pore space with a pore size of up to 3 um, and a crystal size of 0.5-4.5 pum.
The formation of wollastonite occurred after the combustion front propagation with a maximum
temperature of 841°C at 31 MPa. According to the literature, the formation of wollastonite occurs

in between 800°C and 900°C at the ambient pressure.

XRD patterns showed the presence of mullite in the sample after the 841°C. The formation
of mullite is associated with the transformation of illite minerals. Available data on the mullite
formation is limited. The [112] shows that no mullite was found after the series of high-
temperature experiments (600 — 1000°C), Grim [113] reports 600-700°C destruction of illite
lattice, formation of spinel at 850°C, amorphous silica, and the formation of mullite at 1100°C.
No spinel was observed in our experiments, however, traces of mullite were found. No significant

effect on pore space was observed. The following process is suggested:
Al,Si,07 — SizAl4012 + SiO2

It should be mentioned that the identification of mullite is very complicated due to its

complex pattern and multi-component composition of samples.
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Pyrite

First alterations of pyrite microstructure were observed at the 400°C accompanied by sulfur
reduction. The combustion front propagation (841°C) leads to the formation of hematite (Fe203)
and the complete microstructure change with additional pore space formation. It is important to
emphasize that atmosphere ahead of the front is close to the inert, whereas the front propagation
represents a high temperature oxidation process. The pyrite is very sensitive to the temperature
and oxygen presence. The microstructural alterations, after the temperature of 400°C, impact the

result of pyrite decomposition into pyrrhotite and sulfur in an inert environment [115]:
FeS, — FeSx +S»
This process of decomposition continues until elemental iron formation:
FeS — Fe +S»

Oxidation at the temperature of 841°C induced much more complicated processes and
products. XRD and EDS showed a presence of hematite (Fe2Os3) after the experiment. Two
processes occur simultaneously, oxidation of pyrite, which has been left, and the oxidation of
pyrrhotite. Hematite (Fe2Oz) and SOz are the main products of these two processes. Literature data
suggest that both processes involve the formation of iron sulfates [115], however, it was not
confirmed in the current experiment. Considering only the key reactions and products, the

transformation of pyrite are generalized and described by the following reactions [115]:
FeS, + Oz — Fez(S04)3 + SO
FeS,+0, — FeSO4 + SO2
Fey(S04)3 — Fez03 + SOz
FeSO4 — Fez03 + SO3 + SO
SOz + 02 — SOs

The experiment involves successive thermal decomposition of pyrite into pyrrhotite and its

further oxidation:
FeS, — FeSx+ S,

SZ + 02—) SOz
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Oxidation of pyrrhotite:

FeSx + O2 — Fe203 + SO2
FeSx + 02 — Fea(SO4)s + SO»
FeSx + O2 — FeSO4 + SO2
FeSO4 — Fe203 +S03 + SO
Fe2S04 3 — Fe203 + SO3

SO2 + 02 — SO3

The transformation of pyrite with the presence of carbonates results in the formation of
anhydrite (CaS0Oa), and minor products such as MgS, CaS, BaS. Anhydrite has the greatest impact
on pore space and mineral matrix (see Chapter 4. Experimental modeling of the mineral matrix
alteration and void space evolution during high temperature treatment). Anhydrite makes pore
space more complex due to numerous small crystals on the one hand and serves as a buffer for
sulfur on the other hand, which could have a damaging effect on both generated hydrocarbons and
the equipment. There are three possible pathways of the anhydrite formation.

The first process involves H2O, which is a result of clay dehydration, described above, and
CaO, which is a product of calcite decomposition:

SO3+H20— H2S04

CaO + H2SO4 — CaS04 + H20

The second process implies the presence of Sz, formed after pyrite decomposition. This
process is considered insignificant due to oxidation of S; into SO..

Ca0O + S2 — CaS + SO2

CaS+0; — CaSOq4

The third process is the shortest way of formation of anhydrite and can be considered as
major:

CaO + SOz — CaSOg4
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Feldspar

Porous aggregates of feldspar (solid solutions between K-feldspar (KAISizOg) and albite
(NaAlSiz0g)) were observed in the samples after the impact of 841°C (after the combustion front
propagation). It should be noted that no significant changes were observed in chemical
composition, however, a significant alteration of the microstructure took place. The observation
can be explained by possible melting of the feldspar during the experiment with consolidation after
the temperature was dropped. The melting suggestion is supported by literature data [116].
However, there are studies which show more complex processes in feldspar at high temperatures
and pressures. The sodium feldspar is transformed into an assemblage of jadeite and quartz at high

pressure and temperature (700°C, 3 kbar) as follows [117]:
NaAlSizOs — NaAlSi2Og + SiO2

And the transformation of K-feldspar in the temperature range of 400-800°C and pressure
of 10-30 kbar transforms into a hexagonal phase KAISizOg H2O by the following chemical reaction
[118]:

KAISi30sg + H,O — KAISi30s H20
However, in dry conditions K-feldspar is stable at 1000 and 60 kbar [118].

These alterations lead to the formation of porous structures in feldspar aggregates, which

are beneficial for the reservoir properties of a rock.

6.2. Organic matter transformation during thermal maturation

6.2.1. Organic porosity occurrence across natural maturity level variations

Secondary organic porosity origin and occurrence

The analysis of the Bazhenov Formation organic matter microstructure at different stages
of thermal maturation showed a direct relation of the OM porosity abundance to the thermal
maturation level. The earliest pores in OM have been detected at maturity around the middle of
the oil window, but at this level pores are not developed enough and perhaps do not form an
effective pore space. At the end of oil window, we suggest that OM porosity can form connected
porosity. The latter suggestion is based on the research performed by Vasiliev et. al [97] with the
FIB-SEM technique on Bazhenov Formation samples. They analyzed a small rock volume
(3.1x2.6x6.1 um?®) of a Bazhenov Formation sample with a nanometer resolution and showed that

the porosity of matured Bazhenov Formation samples could reach 6.1 % with 0.2-2 um pore size
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and 75% pore connectivity. In the current study from the qualitative analysis of 1000 um X
1000 um area in seven samples, we showed that porosity can reach 3.5% in matured samples with
maximum 4 um individual pore size.

The obtained trends in this study are supported by a number of works devoted to the OM
porosity in the organic-rich shale formations. Loucks et al. (2009) [93] based on SEM investigation
of organic matter in mudstones of the Mississippian Barnett shales concluded that the abundance
of OM pores and size increase is related to thermal maturity. Modica and Lapierre (2012) [103]
suggested a direct tie of organic porosity development to kerogen transformation in Mowry Shales
in the Powder River Basin. Similar conclusions are given by Wu et al. (2015) [74], Kuila et al.
(2014) [119] and Ko et al. (2016) [73]. Nevertheless, the actual impact of the thermal maturity on
organic porosity is poorly understood, its impact is complex and can both form and destroy the
pores Katz and Arango (2018) [98], Mastalerz et al. (2013) [120], Reed et al. (2014) [121], and
should be investigated carefully for each formation individually.

It had been commonly observed that the formation of organic pores starts at the gas
generation stage or at more advanced levels of maturation [122]. Regarding BF organic matter
porosity Balushkina et al. (2014) assumed that OM pores in BF may start to form at the beginning
of the gas window. However, in this study, we argue that first OM pores start to form significantly
earlier — at the middle of the oil window (Figure 5). This observation is in good correspondence
with the reports, which suggest that organic porosity may develop within the stage of the oil
generation, for instance, Fishman et al. (2013) [123] demonstrated that organic porosity might
develop in the middle of the oil window in the Eagle Ford Formation, which was later confirmed
by Pommer and Milliken (2015) [124]. Reed (2017) also suggested that OM porosity starts to
develop at the early oil window. Jennings and Antia (2013) [126] documented the beginning of
OM porosity development at the onset of the oil window and went to a maximum at the gas
window. These observations are in line with Loucks et al. (2009) [91] who showed an increase of
OM porosity at the middle of the oil window. However, the question of the first OM pores
development is quite wider and encompasses not only thermal maturation, but also sedimentation,
diagenesis, preservation during burial and rock fabric related issues. Some researchers reported an
organic porosity increase during the oil window and then its disappearance at more advanced levels
of maturation [92,95].

In the discussion of organic pores, it is necessary to mention that organic pores are often
considered as a result of the exsolution of hydrocarbons during secondary cracking (maturation)
of OM. Loucks et al. (2009) proposed that pores are formed as a result of kerogen transformation
into gases and liquids with coalescence into bubbles. A similar point of view is held by Dahl et al.

(2012) [127], who noted that kerogen conversion to oil and gas with hydrocarbons migration leads
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to open voids formation. Keel (2015) [128] suggested that increasing thermal maturity results in
aromaticity, which leads in turn to a restructuring of OM with the formation of “aromatic islands”
surrounded by space created by the release of volatiles. Fishman et al. (2012) [129] in contrast
stated that organic porosity is not connected with hydrocarbon generation. In the current study, we
do not have a direct conformation of mentioned theories, however, the experimental results on the
artificial maturation showed the formation of spongy pores with progressive thermal maturation,
which we suggest is a result of hydrocarbon formation.

It was found that the specific shape of pores is often observed in the matured samples.
According to the classification developed, these pores are spongy and shrinkage por@,\sometimes,
they were observed together. Similar spongy shape pores were observed by Loucks et al. (2009)
in matured Barnett shales, by Chalmers et al. (2012) in Barnett, Haynesville, and Doig units, by
Curtis et al. (2012a) in Woodford Shale and others [44,73,99,124,131]. Generally, all the authors
agree that these pores are the result of the thermal maturation process as well as hydrocarbons
exsolution [132,133]. Shrinkage pores are much less described in the literature. Ko et al. (2016)
suggested that these pores are heating experimental artifacts appeared after temperature drop and
may not be present in the subsurface. Nonetheless, Wood et al. (2015) support the idea that these
pores may be caused by the devolatilization of bitumen, Klaver et al. (2016) in turn suggested that
crack like pores in OM may be a result of hydraulic fracturing of OM due to volume changes due
to hydrocarbon generation. We found shrinkage pores across several samples in two variations:
within OM itself and at the OM-MM boundary. Shrinkage voids within OM are typical for matured
OM (late oil window), whereas shrinkage voids at the OM-MM boundary were found at oil
window samples.

Although thermal maturity is an incredibly important factor for OM porosity appearance,
it is not only the factor controlling OM porosity development in shales [98]. OM pores also were
described by a number of authors in immature samples [124,135-138]. In some other cases, OM
pores were not present in the mature samples. The authors of such reports consider thermal
maturation as a minor factor [99,102], or as a factor that leads to individual pore size decreasing
[74] or organic porosity decline [139].

Primary organic porosity in immature rocks

Apart from the thermal maturation induced organic porosity, we have observed OM pores
in immature samples. We have identified two primary pore types. The first ones are inherited
pores, which are considered to be inherited from the original deposited organic matter (cellular
structure in spores, algae, leaf, etc.). The second ones are convoluted OM pores, the formation of

these pores is related to the deformation of the organic matter particles during sedimentation or/and
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burial such as folding, twisting, or coiling. These pores are considered as not connected with the
maturation process and described in Boquillas Formation [73] and Mediterranean sapropels [136].

Despite some reports suggesting organic porosity is an exclusive product of thermal
maturation and is nearly absent in immature shales [119], there is well-documented evidence of
organic porosity in the originally deposited and immature organic matter [124,135-138]. Pommer
and Milliken (2015) reported the appearance in the immature Mediterranean sapropels both
preserved primary inherited algal OM cell porosity and pores formed after algal OM deformation.
Mastalerz et al. (2013) showed the appearance of inherited pores in alginates reaching 1 um in
size. Lohr et al. (2015b) demonstrated the presence of organic pores in immature Monterey shales.
They suggested that OM is inherently porous - voids between the cells of colonial algae and
membranes of individual cells. Although OM porosity in immature mudstones is not common,
there is enough evidence to state that voids may be inherited from the original deposited organic
matter. It should be mentioned that in most cases low matured OM in shales are not porous [135]
or porosity is too low to form effective pore space. However, it was shown in the current study
through the quantitative analysis of SEM images that primary pores may exceed 1% with the size
of individual pores up to 1-2 um and mean equivalent diameter 132 nm, which is comparable to
samples at oil window maturation level.

Rock fabric, mineral composition, and compaction

Another factor that we suggest significantly affects OM porosity is a rock fabric. We found
at the same level of thermal maturation that OM may be either porous or not porous depending on
the organic matter distribution pattern in the rock. Two principal cases are possible: a) rock is grain
supported and OM is non-load-bearing or b) there are no rigid grain supports and OM is a load-
bearing component. In the first case, grain support protects the OM from continuous compaction
during the thermal maturation process, so organic pores have a good chance to be preserved. In
the second case, organic matter is not supported, which results in compaction during maturation
and OM pores are not formed or immediately closed as they appeared. The effect is confirmed by
the data on the OM distribution pattern given in Table 2, particularly the organic porosity of the
samples characterized by the OM in the form of inclusions systematically higher. A similar idea
was proposed by Curtis et al. (2012a), who tried to explain porosity development and lack of pores
in a single field of view in Woodford Shale by the absence/presence of grain support.

A number of studies [98,131,138] consider OM porosity development and preservation as
a function of the mineral composition, which in turn determines the compaction process.
According to the research presented by inan et al. (2018) clay enriched mineral matrix tends to be
affected by compaction and hydrocarbon expulsion with no formation of OM porosity, whereas
silica-rich mudstones are considered as stable rocks with good OM preservation abilities. In the
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current study, samples are characterized with similar mineral composition, although two samples
slightly differ from others by relatively high (=20 wt.%) amount of clay minerals. Two samples
from one well, demonstrated in Figure 7, have almost identical mineral compositions, but OM
porosity differs significantly. We completely agree that mineral composition may play a
significant role as it was proposed by inan et al. (2018), especially regarding the compaction
process, however, our study shows that the critical role is played by exactly rock fabric or, in other
words, by the presence/absence of grain support and finally load on organic matter.

6.2.2. Organic porosity formation during artificial thermal maturation

There is a number of authors that state that thermal maturation is one of the most important
factors [74,91,103,119], as well there are researchers who suggest that thermal maturation plays a
minor role [99,102]. The results of the artificial thermal maturation experiment allow observing
the evolution of organic porosity within specific OM particles during thermal maturation, which
confirms the idea that thermal maturation is one of the key factors controlling organic porosity
development in shales.

Two types of pores were detected, shrinkage and spongy pores. We suggest that the
formation of shrinkage pores is associated with the elimination of hydrocarbons (extractable
organic matter) from the rock, and the formation of spongy pores is related to the transformation
of kerogen into hydrocarbons.

Analysis of the porosity during the experiment showed that there are two sparks in porosity
value. We suggest that the first spark is associated with the formation of shrinkage pores.
Normally, shrinkage organic pores are larger than any other type and form in the range of 350-
370°C. The second spark is detected at 400°C, which is associated with the formation of spongy
pores, nanometer scale, they are significantly smaller than shrinkage pores. Figure 15
demonstrates, that at 380°C most of the porosity is represented with pores characterized by 400-
600 nm. And at a higher temperature, 430°C, a major part of porosity is composed of pores with
equivalent cicular diameter (ECD) of approximately 200 nm.

The comparison of organic pores in the artificially matured samples and samples with
varying maturity from the subsurface show both similarities and differences. The observed spongy
and shrinkage pores are quite similar in terms of shape and size in both cases. The porosity range
of the treated sample consists of the values of untreated samples. The matured untreated subsurface
sample BF#9 is characterized by a higher value of mean and median equivalent diameter in
comparison with the treated sample. That can be a result of the primary pore presence in the rock

with the grain support and completely different pressure conditions.
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The results of this experiment directly show that spongy and shrinkage organic pores
develop as a result of the thermal maturation of organic matter. Moreover, additional organic
matter hosted pore space could be created in the organic-rich shales with the use of elevated
temperatures artificially.

Significance of OM porosity

There are two aspects of the significance of the organic porosity in the Bazhenov
Formation. The first one is the presence of unconventional reservoirs in organic-rich shales. It
implies that generated hydrocarbons might stay in the formed pores without migration, and in that
case, the source rock will be a reservoir for oil and gas. The second aspect is related to EOR
application in shales, particularly the possibility of artificial reservoir creation filled by generated
hydrocarbons. These processes are associated with converting solid kerogen into liquid
hydrocarbons through thermal methods, described by Sun et al. (2015) and Kokorev et al. (2014)
[58], which convert solid OM into liquid hydrocarbons, and there is a crucial aspect of pore space
development during thermal treatment. An exact understanding of pore formation processes allows
us to control them and direct them in the right direction, as well as choose suitable intervals for

thermal EOR technologies.

6.3. Mineral matrix related pore space evolution and organic matter transformation during high-

temperature treatment

A detailed analysis of alterations in shales during high-temperature experiments showed
the direct influence of mineral matrix alterations and organic matter microstructural
transformations on void space. The evolution of pore space varies in different lithotypes. However,
there are common sequences of main components transformation: transformations start with an
organic matter porosity formation, and, after the complete transformation of organic matter,
alterations of mineral matrix take place.

Initial stages of thermal impact on shales lead to the formation of pore space in organic
matter (inert atmosphere). The development of organic matter porosity is a result of kerogen
conversion into hydrocarbons. Most of the organic matter transformations occur approximately up
to 450°C. Different duration experiments in a closed system showed the great impact of exposure
time on the organic matter microstructure: evolution of organic porosity continuous at a constant
temperature with the organic matter transformation. The conversion of kerogen into hydrocarbons
continues until the generative part is depleted. Further replacement of the non-generative part of
kerogen (coke) can take place during oxidation. The burning of coke leads to a complete
replacement of organic matter. All the space occupied by OM may be considered as pore space.

These processes are described by the following formula.
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Vinitial om+Vom porosityzvresidual oM+ Vom porosity 1=Vmm porosity

Initial state Thermal impact in inert
conditions
where: = Vinitia om — Volume of organic matter in a shale before the treatment

= Vowm porosity — Volume of pore space in organic matter. Vowm porosity IS close to
0 for non-matured shales, however exceptions are possible due to presence
of primary porosity.

" Vresidual om — residual volume of organic matter after the thermal impact at
inert conditions (Vresidual oM< Vinitial om).

*  Vowm porosity 1 — Volume of pore space in organic matter after the thermal
impact at inert conditions (VVom porosity 1> VoM porosity)

*  VmMm porosity — VOlume of pore space formed instead of oxidized organic
matter.

The volume of organic porosity may be considered as a function of temperature, time, and
probably pressure — these aspects of future studies.

At temperatures above 400-450°C, alterations of mineral matrix begin. The absolute
majority of alterations are accompanied by changes in a void space. The conceptual scheme in
Figure 6.3.1 encompasses all the main alterations in shales, Table 6.3.1 provides a short description
of key processes that influence pore space. All the alterations are classified by the influence on the
porosity into favorable, not favorable, and those processes that can play dual role depending on
the mineral’s composition of a rock. There are numerous lithotypes distinguished in the BF by
many researchers [20], only the main characteristics of the mineral composition are determined,
which will serve as a basis for the reasonable lithotype selection for the high-temperature treatment
(Figure 6.3.1). The lithotypes enriched by pyrite with low carbonate composition should be
avoided for high-temperature treatment because pyrite is a source of sulfur, which contaminates
hydrocarbons and has a damaging effect on the equipment. The lithotypes with low OM content
and absence of initial porosity are also not suitable for the technology implication. Dolomite-rich
shales should be carefully analyzed before participation in the high-temperature treatment due to
the dolomite decomposition and decreasing of void space, especially in the case of pyrite presence
and low porosity. The lithotypes are favorable for the high-temperature treatment and
characterized by high OM content (TOC>5%), with small amount or absence of pyrite (in case of
high pyrite content, presence carbonates are needed, which will serve as a buffer for sulfur). Mixed
illite and calcite lithotypes will have the largest increase in porosity due to the transformation of
illite and quartz into wollastonite. Whereas illite rich, or quartz rich lithotypes are characterized
by the formation of elongated voids or microfractures. Quartz dominated (radiolarites) shale

lithotypes with initial high porosity (up to 15%) should be used as a local conventional reservoir
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for hydrocarbon accumulation during thermal technologies application due to its rock fabric
stability.

Four lithotypes in the study are divided into 2 groups according to porosity, organic matter
content, and rock fabric. The first group includes lithotypes 1 and 2, which are characterized by
relatively high initial porosity (up to 15%) and low content of OM (TOC<3%). The second group
is represented by lithotypes 3 and 4. The lithotypes are characterized by low initial porosity (<1%)
and high organic matter content (TOC>10%). Two groups differ in the pore space evolution
process (Figure 6.3.2) by the relative rock component contribution to porosity. There is a common
pathway of void space formation during thermal impact. The first stages of the thermal impact
(300-450°C) involve organic matter (generative part of kerogen) transformation into hydrocarbons
with the organic porosity development. Non-generative part of kerogen is removed (“burnt”) in
case of oxidative atmosphere. The oxidation leads to the formation of porosity in the space initially
occupied by organic matter (or coke (non-generative part of kerogen) if the oxidation follows inert
impact). Further temperature increase results in sequential mineral matrix transformations, which
are generally associated with porosity increase. Group 1 is characterized by a slight increase of
porosity due to the transformation of both organic matter and mineral matrix. Group 2 shows
porosity increase mainly due to the organic matter transformation at the initial stages, and mineral
matrix related porosity development at temperatures above 400-450°C. The conceptual schemes
of porosity evolution for the two groups are shown in Figure 6.3.2. Mineral matrix transformations
can be critical for many aspects of high-temperature treatment application in the case of particular
mineral composition (Figure 6.3.1, Table 6.3.1).

All the documented alterations significantly influence the physical properties of shales. It
is shown that thermal conductivity was reduced up to 70%, which is crucial for the thermal based
EOR methods planning and application. Ignoring such a great reduction of thermal conductivity
might lead to dramatic errors in modeling of EOR modeling, especially concerned with high
temperatures, such as high-pressure air injection, in-situ combustion, and others. On the other
hand, changes in thermal properties may be used as an express method for alteration degree
assessment.

Alterations of the mineral matrix also resulted in the isotope composition of some chemical
elements, it was shown in the example of sulfur. This effect might be used for robust monitoring

of high-temperature based technologies.
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Table 6.3.1. Short description of alterations accompanied with pore space during high-
temperature treatment demonstrated in Figure 6.3.1.

Component/Process

Effect

Illite transformations

Void space increase due to the formation of
elongated pores and microfractures. Illite turns into
wollastonite in the presence of carbonates.

Quiartz transformations

Destruction of grain contacts does not lead to
significant alterations in pore space. However, the
mechanical properties of rock may be influenced
by the transformations (weakening the rock which
is good for further fracturing).

Dolomite decomposition

The process leads to the formation of MgO, which
increases the complexity of void space filling
existing pore space and increasing specific surface
area. Not favorable.

Calcite decomposition

Calcite decomposes into CO; and CaO, CaO helps
to retain the sulfur formed from pyrite in the rock
preventing its combining with HC and equipment.
However, calcite decomposition leads to the
increase of pore space complexity and the
formation of a number of new minerals with Ca.

Pyrite decomposition

Process results in the formation of different sulfur
compounds (SO., SOs, S2), which has a very
negative effect on hydrocarbons quality and the
equipment.

Feldspar transformations

No significant chemical alterations. Melting and
other transformation resulted in additional pore
space. Positive effect on pore space.

New minerals formation

Anhydrite

Anhydrite is a result of calcite and pyrite
decomposition products interaction, and, at the
same time it is a result of sulfur retention.
Retention of sulfur prevents contamination of
hydrocarbons and damaging of equipment.
However, anhydrite  significantly increase
complexity of the pore space.

Wollastonite

Wollastonite aggregates form very porous
chemically stable media. It is the result of illite and
calcite decomposition. Positive effect on porosity.
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MgsS, CaS, BaS

Fill existing pore space, negative effect on pore
space.

Transformations of organic matter

Development of organic porosity during thermal
impact. Pyrolysis of kerogen leads to the formation
of pore space in kerogen. Oxidation results in a
replacement of the organic matter (including the
non-generative part of kerogen) and the formation
of pore space.
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Figure 6.3.1. Conceptual scheme of alterations in shales during high-temperature treatment. Description is given in Table 6.3.1.
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Figure 6.3.2. Conceptual schemes of pore space evolution in two groups of lithotypes during high-temperature treatment. Group 1 is characterized by
only slight increase of porosity due to both OM and MM transformations, group 2 is characterized by increasing of porosity due to OM transformations
and further MM transformations. The degree and the volume of porosity in MM depends on the mineral composition.
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@. Summary

Mineral matrix alterations during the high-temperature treatment

High-temperature treatment exposed mineral matrix to the significant chemical and
mineralogical alterations accompanied by microstructural transformations. The changes have
affected every component of the BF shales. Fundamental processes behind observed alterations
have been analyzed and summarized in the conceptual schemes of shale alterations.

Siliceous component (Quartz). Reversible transformations of a-quartz to p -quartz (573°C),
B-tridymite (870°C). The process is accompanied by gradual density reduction.

Carbonate minerals (calcite, dolomite). Decomposition of calcite and dolomite occurs at
the temperatures of ~570°C and ~700°C respectively with the formation of CaO and MgO. CaO
serves as a material for the formation of new minerals (anhydrite, wollastonite, and other minor
compounds such as CaS).

Clay minerals (illite). The thermal treatment leads to dehydration (until 320°C) with the
following dihydroxylation and with the formation of elongated voids and microfractures.
Approximately after 840°C destruction of lattice starts with the formation of additional pore space
and new minerals (wollastonite, mullite).

Pyrite. The high-temperature impact causes pyrite decomposition accompanied by
significant microstructural alterations. Inert atmosphere involves removing sulfur from pyrite
(FeS2) with the formation of S, (gas) and pyrrhotite (FeSx). Oxidation provokes a series of complex
processes. Which results in the formation of hematite (Fe2Os3) and a series of sulfur compounds
(SO2, SO3, and Sy). Sulfur can have serious negative effects on hydrocarbon quality and
equipment. However, CaO retains sulfur with by the anhydrite (CaSO4) precipitation.

Feldspar. Feldspar (solid solutions between K-feldspar (KAISi308) and albite
(NaAlSi308)) has porous microstructure after the experiment. It suggested that the porous
structure is caused by the formation of hexagonal phase KAISi308 H20, sodium feldspar
transformation into an assemblage of jadeite and quartz and melting.

Organic matter transformation during thermal maturation

Organic porosity in the Bazhenov Formation shales is closely related to the thermal
maturation level. Thermal maturation is a crucial factor behind secondary organic pore
development. The first single pores start to form in the middle of the oil window. At the end of the
oil window, the majority of organic particles are porous and form an effective pore space network.
There are certain types of organic pores in immature Bazhenov Formation rocks, which are the
result of primary processes such as sedimentation. However, these pores are quite rare and do not

tend to form an effective pore space. Rock fabric plays a vital role in organic pore development
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and preservation. We suggest that mudrocks with an interlayering of mineral components and
elongated particles/lenticulars of organic matter do not tend to preserve organic porosity. The
reason is load-bearing organic matter without grain support affected compaction during burial.
Whereas mudrocks with organic inclusions (lenses, patchy distribution), non-load-bearing with
grain support, have a good chance to preserve both primary and secondary porosity.

The artificial thermal maturation experiment confirmed that maturity is the crucial factor
for organic porosity development. Thermal treatment of organic-rich shales to the temperatures
when kerogen transforms to hydrocarbons may lead to the formation or further development of
organic porosity. The development of organic porosity continues until the kerogen generative part
is depleted. Further replacement of the non-generative part of kerogen (coke) may take place
during oxidation. The burning of coke leads to a complete replacement of organic matter. All the
space occupied by OM may be considered as pore space. The volume of organic porosity may be
considered as a function of temperature, time, and probably pressure — these aspects of future
studies.

Pore space evolution and organic matter transformation during high-temperature treatment

Conceptual schemes of the shale alteration and pore space evolution were proposed. The
schemes encompass all the chemical and accompanied microstructural alterations for key shale
components. The evolution of pore space varies in different lithotypes depending on mineral
composition, organic matter content, and initial porosity. However, there is a common evolution
pathway for all lithotypes: transformation starts with an organic matter porosity formation and
development; after the organic matter is almost converted, alterations of mineral matrix take place.

Lithotypes, which are not suitable for high-temperature treatment: shales enriched by pyrite
and low carbonates composition should be avoided for high-temperature treatment (pyrite is a
source of sulfur, which contaminates hydrocarbons and has a damaging effect on equipment). The
lithotypes with low OM content and absence of initial porosity also should be avoided. Dolomite-
rich mudstones should be carefully analyzed before technology implication: dolomite
decomposition leads to the void space decreasing, especially in pyrite presence and low porosity.
The lithotypes, which are favorable for the high-temperature treatment: high OM content
(TOC>5%), absence, or a small amount of pyrite (in case of high pyrite content, presence
carbonates are needed, which will serve as a buffer for sulfur). Mixed illite and calcite lithotypes
have the largest increase of porosity after the treatment due to illite and silica transformation into
wollastonite. Mono-mineralogical illite or quartz dominated lithotypes are relatively stable and
might be recommended for the technology implication. Quartz dominated lithotypes with initial
high porosity (>5%) can be used as a conventional local reservoir for hydrocarbon accumulation

due to its rock fabric stability.
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Chapter 7. Summary, conclusions and recommendations

In the thesis systematic study of Bazhenov Formation shales void space evolution and
organic matter microstructural transformation during high-temperature treatment have been
performed. The study is based on a series of laboratory high-temperature experiments and complex
analysis with a set of advanced lithological, geochemical, and petrophysical methods. The first
step was a reasonable selection of lithotypes for the experiments. The four encompassing major
mineral component variations of the Bazhenov Formation shales were selected on the basis of
detailed lithological studies (siliceous mudstone, aporadiolarian siliceous dolomite, argillaceous-
siliceous organic-rich mudstone, and calcareous-argillaceous organic-rich mudstone). During
investigations, a new approach of kerogen thermal properties determination on rock cuttings, based
on thermal property profiling technique, was developed and patented. The approach made possible
continuous TOC determination in shales on the core. The central experiment of the study is an in-
situ high-pressure air injection laboratory experiment in a combustion tube. The experiment
allowed us to analyze the alterations of shales at different temperatures behind, ahead, and
approximately at the combustion front (temperature range was 107-841°C). All the samples were
studied by a complex of lithological, geochemical, and petrophysical methods. As a result of the
experiment numerous alterations related to the mineral matrix and organic matter were revealed.
Micro-combustion front was observed in the subsample, packed in the area near the combustion
front. Organic matter is very sensitive to thermal exposure, its microstructural transformations
were investigated in a series of narrowly focused experiments, which include treatment in open
and closed systems. The experiments showed the crucial role of thermal maturity in organic
porosity evolution, allowed us to classify organic pores according to genesis and structural
features, and revealed essential factors for organic pore space evolution and preservation. Finally,
all the alterations and processes during high-temperature treatment in organic-rich shales were
summarized and analyzed, which allowed us to construct a comprehensive conceptual scheme of
shale components alterations and pore space evolution for different lithotypes. The major increase
in pore space (up to 4% total porosity) was observed in lithotypes with high OM content
(TOC>5%), the lithotypes, with low OM (TOC<5%) content, were characterized by a minor
increase in porosity. The changes in the mineral matrix caused changes in physical and chemical
properties. The thermal conductivity reduction (up to 70%) has been observed in lithotypes with
high initial OM content (TOC>5%) which is crucial for EOR modeling and planning. A shift to a
heavier isotope composition (C and S) after the treatment has been detected, which makes the
isotope analysis approach is a promising tool for monitoring high temperature EOR application.

The key conclusions of the study are given below.
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1.

Mineral matrix of Bazhenov Formation shales significantly alters during high-

temperature treatment. Each component of the mineral matrix undergoes chemical and physical

changes. The key alterations for the main components are given below.

2.

Siliceous component (Quartz). Reversible transformations of a-quartz to B -quartz
(573°C), B-tridymite (870°C). The process is accompanied by gradual density reduction.
Carbonate minerals (calcite, dolomite). Complete decomposition of dolomite into MgO
and calcite with further partial decomposition into CaO (~570°C and ~700°C
respectively). The formation of CaO led to the precipitation of new minerals (anhydrite,
wollastonite and other minor compounds such as CaS).

Clay minerals (illite). Dehydration (until 320°C) with the following dihydroxylation
with the formation of voids and microfractures. Destruction of lattice (after 840°C) starts
with the formation of additional pore space and new minerals (wollastonite, mullite).
Pyrite. Decomposition of pyrite (from ~400°C). Inert atmosphere: removing sulfur from
pyrite (FeS) with the formation of S, (gas) and pyrrhotite (FeSx). Oxidative atmosphere:
a series of complex processes, which resulted in the formation of hematite (Fe>Oz) and
sulfur compounds (SO, SO3, and S»). The sulfur can have had a serious negative effect
on hydrocarbon quality and equipment. However, CaO retained sulfur with by the
anhydrite (CaSQgs) precipitation.

Feldspar. Formation of porous structure. The porous structure was caused by three
interconnected processes: formation of hexagonal phase KAISi308 H20, sodium
feldspar transformation into an assemblage of jadeite, and quartz, and melting.

Alterations of mineral matrix reflected into isotope ratio of specific chemical

elements. The effect was shown with the sulfur and carbon example: isotope composition of sulfur

and carbon had been shifted towards heavier isotopes (carbon: =5-12% sulfur: ~8-18%). The

established effect makes this method a promising tool for monitoring high temperature EOR

applications.

3.

Microstructure of solid organic matter (kerogen) of Bazhenov Formation shales

continuously transforms during high-temperature treatment. The transformation starts with the

formation of bubble-like structures, which further evolve into organic pores. The key conclusions

regarding organic matter are given below.

Kerogen porosity in the Bazhenov Formation shales is closely related to the thermal
maturation degree. Thermal maturation is a key aspect of organic pore development.
The role of thermal maturation is confirmed by the observation of the samples across

natural maturation levels variations and by artificial thermal maturation experiments.

158



e Organic pores are preceded by nano-bubble microstructure formation. The first single
pores start to form within the middle of the oil window. At the end of the oil window,
the majority of organic particles are porous and form an effective pore space network.

e Organic pores in Bazhenov Formation shales differ in their geometry, shape, abundance,
and relationship with the organic matter, which reflect their genesis. The proposed
classification of organic pores allows us to effectively distinguish the genesis of the
organic porosity and its perspectivity in terms of shale reservoir properties. Organic
pores in Bazhenov Formation are classified according to the genesis into primary
(sedimentation related) and secondary (thermal maturation related) pores. Further
division implies structural features. Primary pores are represented by inherited and
convoluted pores. Secondary pores are spongy, shrinkage, and mixed pores.

e Rock fabric plays a vital role in organic pore development and preservation. It is shown
that sr@ are characterized by interlayering of mineral components and organic matter
lenticulars do not tend to preserve organic porosity.

e High-temperature treatment leads to the porosity formation in kerogen. Inert atmosphere
treatment produces porosity until the generative part of kerogen is converted. The
further oxidation leads to the burning of kerogen non-generative parts and the formation
of pore space, which is equal to the initial OM volume.

e Treatment time (duration) plays an important role in organic porosity development.
Increasing a treatment duration at a specific temperature (>350) leads to the

development of organic porosity.

4. Pore space of Bazhenov Formation shales continuously evolves during high-
temperature treatment, which is caused by mineral matrix alterations and organic matter
transformations. The pore space evolution differs in the different lithotypes.

e The @ution of pore space varies within different lithotypes depending on mineral
composition, organic matter content, and initial porosity. However, there are common
evolution pathways for all lithotypes: transformation starts with an organic matter
transformation (organic porosity development) with minor mineral matrix engagement
(<350-450°C). After the organic matter is almost converted (>350-450°C), alterations
of mineral the matrix take place.

e The highest porosity increase (up to 4% total porosity) after the combustion front
propagation (841°C) is in the high initial organic matter content (TOC>5%) lithotypes.

¢ The lithotypes with relatively low organic-matter content (TOC<5%) are characterized

by minor porosity increase (<1%) after combustion front propagation (841°C).
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The quantitative data was obtained with the micro-CT method, which is limited in spatial
resolution by 2 um. The results should be considered as a minimum increase of porosity because
SEM showed an abundance of pores with the size <2 um in all samples. SEM showed, that the
largest pores are formed after the organic matter replacement, whereas pores resulting from the
mineral matrix transformation are small (<2 um).)

e Organic matter transformation (conversion ~99%) in the inert atmosphere leads to the
porosity increase, which is equal to the value of the generative part of kerogen. Whereas,
porosity increase after the oxidation (removing non-generative part of kerogen) is equal
to the initial organic matter volume.

5. One more significant result of the study is connected to the thermal conductivity

after the combustion front propagation. g)l thermal conductivity reduction was 70% in the

lithotypes with high organic matter content. No thermal conductivity reduction was observed for
the lithotypes lean in organic matter. Thermal conductivity decrease is crucial for the preparation
and application of EOR techniques in shales. Ignoring such a great thermal conductivity reduction
can lead to dramatic errors in EOR modeling, especially related to heat mass transfer simulations,

such as high-pressure air injection, in-situ combustion, and others.

mmendations

jgrecommendations for the technology implications have been developed for different
lithotypes. The lithotypes features, which are favorable for the high-temperature treatment: high
OM content (TOC>5%), absence, or a small amount of pyrite (in case of high pyrite content,
carbonates presence is needed, which will serve as a buffer for sulfur). Mixed illite and calcite
lithotypes have the largest porosity increase after the treatment due to illite and silica
transformation into wollastonite. Dolomite-rich mudstones should be carefully analyzed before
technology implication: dolomite decomposition leads to the void space decreasing, especially in
pyrite presence and low porosity. Lithotypes, which are not suitable for high-temperature
treatment: shales enriched by pyrite and low carbonates composition should be avoided for high-
temperature treatment (pyrite is a source of sulfur, which contaminates hydrocarbons and has a
damaging effect on equipment), or lower temperatures should be used (<400°C) excluding pyrite
decomposition. The lithotypes with low OM content and absence of initial porosity also should be
avoided. Mono-mineralogical illite or quartz dominated lithotypes are relatively stable and might
be recommended for the technology implication. Quartz dominated lithotypes with initial high
porosity (>5%) can be used as a conventional local reservoir for hydrocarbon accumulation due to
its rock fabric stability.

The outcomes of the study imply an increase in the prediction power of high-temperature

based technology modeling and technologies application efficiency due to providing the whole
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complex shale alterations (pore space evolution, chemical reactions, thermal conductivity
changing). The recommendations allow us to reasonably choose the most appropriate
intervals/lithotypes for technology application. We believe that the obtained knowledge brings us
closer to creating an effective technology for effective hydrocarbon recovery technology from

organic-rich shales.
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