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Abstract

Methane is a significant part of the global carbon cycle. The distribution of
methane above and below the Earth’s surface suggests that atmospheric
methane might be related to methane originating from the deep mantle.

The purpose of the present study is to identify this relationship between
methane emissions to the atmosphere and methane, which can be
abiogenically generated within the Earth’s interior. Methane hydrates within
the Earth’s surface sediments might be among the possible hosts of migrated
deep methane.

In this thesis, experimental work is presented, which aimed to reveal the
depth at which methane and other hydrocarbons in the upper mantle are
abiogenically generated, considering pT and redox conditions of the
surrounding environment. High-pressure, high-temperature experiments
were conducted using a large reactive volume device with a toroid-type
chamber in specially prepared sample containers.

The present study evaluates the formation of methane and other
hydrocarbons at temperatures higher than 300 °C at pressures of 2.5-6.5 GPa
despite the redox conditions of the surroundings. These conditions correspond
to a depth below 70 km on the surface of a cold subducting slab.

The proposed hypothesis claims that the deep-mantle-generated methane
can contribute to the formation of methane hydrates and accumulation of free
gas below hydrates.

Keywords: methane hydrates, methane emissions, deep abiogenic origin of
hydrocarbons, redox, high pressure, high temperature, toroid-type chamber,
chromatography, subduction zone, upper mantle, mid-ocean ridge.



Preface

The present publication is devoted to revealing the connection between
mantle-generated methane and methane emissions from the Earth’s surface.

This thesis 1s divided into four chapters.

The introduction provides a brief overview of the pillars of the present
thesis, which are methane emissions on Earth, methane hydrates and their
contribution to methane emissions, and the concept of the deep mantle origin
of hydrocarbons. The objectives and research questions of the present study
are also included in Chapter 1.

Chapter 2 explains the choice of the methods used in the work and
describes in detail the experimental procedure that was performed, including
a newly developed improvement of the sample-carrying technique.

Chapter 3 focuses on the experimental investigation of redox and pT
conditions that are favorable for deep mantle methane formation. It describes
how surrounding influences the formed hydrocarbon systems. All
experimental results are described in this chapter with the implication of the
geological environment, predicting the depth of the studied processes.

Chapter 4 introduces a new hypothesis of the deep-mantle-originated
methane contribution to the formation of methane hydrates within the
Earth’s surface sediments.
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Definition of critical terms and nomenclature

Methane hydrate — a solid clathrate compound composed of methane
molecules, trapped within water dodecahedron crystals. The appearance is
similar to regular water ice.

Subduction — occurs along a tectonic boundary, where one tectonic plate sinks
under an opposite one into the Earth’s mantle. Part of the plate sunk into the
mantle is a subducting slab.

Mid-ocean ridge — a ridge of seafloor mountains, created by spreading of
tectonic plates.

Redox conditions — conditions, specified by the tendency of the environment
to be oxidized or reduced.

pT parameters, thermobaric conditions — pressure (GPa) and temperature

o)

List of abbreviations

DAC — diamond anvil cell

LRV — large reactive volume
FID — flame ionization detector
XRD — X-ray diffrection

HP — hyperfine parameters

CS — central shift

QS — quadrupole splitting

MF — magnetic field

C — carbon

List of notations

V — volume

m — mass

©0— density

M — molar mass

n — amount of substance
P — pressure

T — temperature

20 — diffraction angle
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Chapter 1. Introduction

The present thesis is devoted to showing the connection between
methane generated in the Earth’s deep interior and methane emissions
to the atmosphere from methane hydrates. Different aspects of general
methane emissions are explained in the introduction, and an emphasis
is placed on methane emissions from methane hydrates. The rest of the
dissertation aims to determine the formation conditions of methane
and other hydrocarbons in the upper mantle and to show how this deep-
mantle-originated methane contributes to the formation of methane
hydrates.

1.1. Anthropogenic and natural methane emissions

The emission of methane to the atmosphere is a widely discussed
topic from environmental sciences to politics. The growing
concentration of methane in the atmosphere of our planet is an
alarming issue . Along with other carbon emissions, the growing
concentration of methane in the atmosphere leads to a variety of
environmental changes on Earth. COz is usually considered the most
dangerous gas in the atmosphere; however, methane contributes 20%
to global warming 2, and in the future, this value will only grow. The
methane concentration in the atmosphere is not growing evenly. It is
an exponential, self-dependent process. Basically, the more methane in
the atmosphere, the longer the methane can stay in the atmosphere.
Moreover, when the CH4 content in the atmosphere rises, it leads to the
noticeable growth of CO2 and H2O vapor 3, which are even stronger
greenhouse gases 4.

The mechanism includes the following. In the atmosphere, methane
undergoes a series of complicated reactions, which can be simplified by
the methane oxidation cycle in the troposphere or stratosphere 3. The
photo dissociation of the ozone by solar radiation (1.1) produces an
oxygen radical (O — an atom in an excited, singlet state. This atom
reacts with water vapor and produces hydroxyl radicals (1.2). The



interaction of methane with the hydroxyl radical forms more water

vapor (1.3) and methyl radical, eventually leading to the formation of
CO2 (1.4).

O3+hv— 0+ 02 (1.1)
O+ H20 —-OH +-OH (1.2)
- CHs+ -OH — -CH3+ H20 (1.3)
+  -CHs+ 02 — CH302- — COq (1.4)

Thus, the removal of methane from the atmosphere is activated by
the decomposition of ozone; however, the formation of hydroxyl radical
1s slower than its destruction through the reaction with methane. Thus,
increasing emissions of methane over time reduce the concentration of
the hydroxyl radical in the atmosphere. With less - OH with which to
react, the lifespan of methane could also increase, resulting in greater
concentrations of atmospheric methane.

The global warming potential of methane is already much more than
that of CO2 — 72 vs. 1 in 20 years, respectively 5, with potential to
Increase.

Two models are used to estimate the methane content in the
atmosphere — the top-down model and the bottom-up model 6. The top-
down model comprises mostly atmospheric chemistry transport. The
bottom-up approach includes modeling studies for all anthropogenic
and natural emission inventories separately, which provides data on
CH4 chemical loss. The top-down model is the more detailed one in the
frame of the paths of methane; nevertheless, the bottom-up model gives
more information on a global scale.

The total methane emissions to the atmosphere on our planet is more
than 700 Tg per year according to the bottom-up model 7. Although the
greatest part of these emissions is decomposed in the atmosphere and
part of it is taken up by the soil, there is an imbalance of methane
growing every year. This imbalance is created by the difference between
combined anthropogenic and natural methane emissions and sinks of
methane via chemical decomposition in the atmosphere and soil. The
total atmospheric growth rate of methane is ~10 Tg per year (Figure
1.1, Table 1.1) 27.



Methane does not stay in the atmosphere forever. Together with
decomposition reactions in the troposphere — reactions (1.1)-(1.4) — part
of the emitted methane rises higher in the stratosphere, participating
in chlorine and bromine catalytic reactions and eventually affecting the
ozone layer 2. Moreover, part of the methane (approximately 5%) is
removed from the atmosphere through dry soil oxidation.
Methanotrophic bacteria living in unsaturated oxic soils consume
methane as an energy resource. Some of these bacteria may exist in
wetland soil, which still creates a small methane cycle since wetlands
are the largest methane emitter.
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Figure 1.1. a — Globally averaged atmospheric CH4 content, b — its
annual growth rate 7.

Much attention has been paid to anthropogenic methane emissions.
Indeed, more than 300 Tg of methane emitted to the atmosphere per
year has an anthropogenic origin. All anthropogenic sources can be
divided in four groups: agriculture — enteric fermentation, and rice
cultivation; landfills; the use of fossil fuels — coal, o1l and gas; and bio-
burning — biomass and biofuel (Table 1.1 according to the bottom-up
model).

Methane emissions from fossil fuels mostly come from the
exploitation, transportation, and usage of coal, oil and natural gas.
Although these sources have a natural origin, the emission is caused by
human activity. For example, leaks during well drilling, extraction,



transportation and storage of natural gas lead to the emission of
methane to the atmosphere 8. In other words, the main causes of
methane emissions from fossil fuels are imperfections in technologies
and failure to comply with safety regulations. All of that can be
prevented by the use of already existing, environmentally friendly
technologies and careful attitudes during the performance of duties.

However, the surprising fact is that the agricultural contribution is
almost twice as great as the methane emission from all fossil fuels,
representing 40% of the total anthropogenic emissions.

Of all types of anthropogenic emissions, livestock is by far the largest
emitter of CH4. The increase in the total head of livestock, such as
sheep, goats and other cattle, is more dangerous than it seems.
Anaerobic microbial activity in cattle digestive systems produces a
large amount of methane 9. Methane, together with COsq, is released
mostly through the mouths of multistomached ruminants. However,
the methane emission is strongly affected by the weight and diet of the
animal 10

However, although methane emission from human activity is
noticeable, more than a half of the methane in the atmosphere is
natural.

Wetlands contribute a greater amount to natural emissions.
Wetlands are ecosystems with saturated anoxic soils where anaerobic
conditions lead to methane production, including bogs, swamps, and
floodplains. Methane is produced in these locations by the anaerobic
respiration of methanogenic microbes below the water table 1. Soil
temperature, the amount of vegetation and decomposed organic matter
influence the release of methane from wetlands 2. Methane is
transported out of the production zone mostly through diffusion and
ebullition.

Other inland water systems — freshwater including lakes, ponds and
rivers also produce noticeable amounts of methane 71213, The
mechanism is mostly the same as in wetlands — methane is formed in
anoxic environments and fluxes upward 4,

Geological methane emissions are mostly emissions from volcanoes
and vent exhalation, hydrothermal manifestations and microseepage
from hydrocarbon reservoirs 1517, Although natural occurrences of
methane at these sites usually referred to the thermal decomposition
of organic material or microbial processes (bacteriogenesis) 18, an



increasing number of studies indicate that this methane might be of
abiogenic mantle origin 19-21,

Table 1.1. Anthropogenic and natural emissions of methane to the
atmosphere. Based on the information from 7.

Source Tg per year
Anthropogenic

Enteric fermentation and manure ~100
(livestock)

Landfills and waste ~60
Rice cultivation ~30
Coal mining ~40
Gas, oil, and industry ~75
Biomass burning ~18
Biofuel burning ~12
Total anthropogenic ~335
Natural

Natural wetlands ~185
Fresh waters ~120
Geological ~52
Wild animals ~10
Termites ~9
Wildfires ~3
Permafrost soils (direct) ~1
Hydrates ~2
Total natural ~382
Total ~717
Sinks

Total chemical loss ~673
(Tropospheric reactions (1.1)-(1.4),

stratospheric loss)

Soil uptake ~34
Total sinks ~707
Imbalance ~10

It would be reasonable to consider methane hydrates in conjunction
with other geological sources. However, they are usually separated as
the most ambiguous source of methane on our planet.



1.2. Methane hydrates as natural methane emitters

Methane hydrates are solid substances usually formed in nature
during water and methane interaction at low temperatures of up to 15
°C and under moderate pressures of 3-12 MPa 2223, These conditions
are present in sediments under the permafrost at depths between 500
and 1200 meters from the ground surface and in marine sediments
directly under the seafloor (Figure 1.2) 24 However, in certain
conditions, hydrates can form and remain stable at much shallower
depths, even a few meters beneath the surface.

A methane molecule is injected into a cluster of water molecules,
forming a clathrate structure (Figure 1.3). Although, methane is the
main gas trapped in the hydrates, in nature, hydrates may also contain
other “guests” in a clathrate ice cage, including COq, N2, HaS, CoHs, and
other hydrocarbon gases 25. Some cages may remain empty 26,
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Figure 1.2. Normal stability zones of methane hydrates under
permafrost (a) and under oceanic sediments (b) 24.

The heterogeneous random distribution of “filled” and “empty” ice
cages in clathrates does not allow the accurate estimation of methane
content in a certain volume of hydrates in nature. However, the average



content of methane in fully saturated hydrates was estimated according
to the average methane hydrate composition to be 1 mole of methane
per 5.75 moles of water, and the density was approximately 0.9 g/cm3.
The evaluation indicates that 1 m3 of hydrates contains ~164 m3 of
methane 22, This makes hydrates the greatest store of methane on
Earth.

Figure 1.3. Structure of methane clathrate.

The estimations of the bulk of all gas hydrates on Earth and the
amount captured by methane are even more challenging. The known
estimations vary tremendously. The higher values were mentioned in
some of the earliest work in this area — 11 000 Gt of methane carbon in
hydrates 27 — and in recent work, the upper bound was even lifted to
12 400 Gt 28. The lowest estimations drop to less than 2000 Gt 2529, The
latest work on this subject reported a theoretical evaluation of ~455 Gt
methane carbon in all marine hydrates 3°.

One important note about the ambiguity of the methane content
within hydrates has been made 24. Methane hydrates normally occur
down to a certain depth in sediments (not deeper than ~400 m under
the permafrost and ~300 m under the seafloor (Figure 1.2)). The deeper
zones are not thermobarically suitable for carrying hydrates. The
warmer temperature unstabilizes hydrates, melting the water-ice
clathrate cages. Nevertheless, methane as a free gas can be sustained
in much deeper zones. Thus, hydrates are presumably associated with
large amounts of CHy4 that occur as free gas below the base of the gas
hydrate stability or sometimes within the stability zone. Since it is
difficult to calculate the free gas content, it makes predictions about the
methane content in hydrate zones even more obstructed. Moreover, the



existing estimations are based on the assumption that methane
trapped in hydrates is formed by the microbial degradation of
particulate organic carbon 3931 which has not been verified.

Predictions on the global gas hydrate inventory are based mostly on
the distribution of organic carbon in the seafloor 32. These predictions
also consider the spreading of hydrate stability zones and the few
explored locations where gas hydrates have been recovered as seafloor
samples 33, It is considered that hydrates are mostly concentrated along
continental margins (Figure 1.4) 3032 and in permafrost zones 3435, Gas
hydrates have also been found beneath Lake Baikal, which is the
largest rift lake on Earth 36, However, a thick methane hydrate stability
zone 1n the seafloor sediments does not always carry hydrates.
Therefore, a reliable method for locating gas hydrates in marine
sediments has not yet been invented.
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Figure 1.4. The proposed distribution of hydrates around the globe.
The color coding indicates depth-integrated hydrate inventories in kg
C m=2 30,

Permafrost zones and the Arctic are of special interest in the frame
of methane emissions from hydrates. On the one hand, the basic
concept considers current emissions from methane hydrates to be
relatively low 7. On the other hand, emissions from hydrates are not
stable and highly depend on environmental factors. Thus, the future of
Arctic hydrates and their potential contribution to global methane



emissions are controversial. One hypothesis claims that the hydrate
stability zone covers at least 96% of the Arctic and that Arctic hydrates
will likely remain stable over the next 1000 years 2426, Another
“extreme” hypothesis proposes that the amount of methane hydrates in
the Arctic zones, such as the East Siberian Arctic Shelf (ESAS), is
enormous and that a large amount of methane might be emitted from
the ESAS to the atmosphere over the next couple of centuries during
the decomposition of hydrates 37:38,
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Figure 1.5. Types of methane hydrate locations 26,

The hypothesis of sustainability 26 is based on the assumption that
only one type of hydrate location (upper edge of stability in Figure 1.5)
1s able to emit methane in the near future. The emission would be
caused by a slowly rising temperature (0.2 °C per decade; IPCC 2007),
which would take a long time. This climate-sensitive sector carries only
3.5% of the whole gas hydrate inventory. Furthermore, even if emitted
from sediments methane crosses the seafloor and enters the ocean, it
would still be difficult for methane to reach the atmosphere. The
transportation of most methane upward would be prevented by aerobic
bacterial methane oxidation at the sediment-water interface 39. Thus,
only 10% of the emitted methane would escape marine bottom waters
as bubbles to the sea surface.

This approach has a variety of uncertainties. If we calculate not the
3.5% but 1% of methane emitted from ESAS hydrates methane, it
would be 17 Gt (according to the assumption that the methane content
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in ESAS hydrates is approximately 1700 Gt 4°). For comparison, the
current concentration of methane in Earth’s atmosphere is ~5 Gt 7.
Such amounts of methane that can possibly be emitted to the ocean will
elevate the concentrations of methane in marine waters, causing
warming, hypoxification and acidification of the ocean and
overwhelming the marine environment’s ability to break down the
methane. Moreover, the amount of oxygen and bacteria in the Arctic
alone may already not be enough to oxidize even half of the CH4 emitted
from hydrates 41. Even if a part of this emitted methane survives, it will
affect the climate and environment almost instantly on a geological
scale. In addition, the marine oxidation of methane leads directly to the
formation of COg2, whose emission to the atmosphere is even more
undesirable.

The “extreme” hypothesis underlines the great importance of
accelerated Arctic warming, which causes permafrost thawing and
hydrate degradation. Recent data show that the Gulf Stream is
warming the Arctic region faster than others 42. This finding is
confirmed by the observation of continuous degradation of subsea
permafrost in the ESAS 3843, Figure 1.6 illustrates the increased
methane concentration in the atmosphere of the Arctic region over only
a few years. This growing is likely attributed to the methane emission
from hydrates. This finding provides a foundation for predictions of the
future trajectory of CH4 emissions from this dynamic Arctic system.
Hence, ESAS alone may release enormous amounts of gas over the next
hundred years. Preliminarily, it has been considered that if ESAS
contains 1700 Gt 40, the average methane release will be up to 50 Gt 37.

It 1s difficult to estimate when and how much withheld by hydrates
methane will break through mostly because the size of the global gas
hydrate inventory on Earth is still uncertain. It should also take into
consideration that the uncountable amount of free gas is stored beneath
gas hydrates. This free gas could potentially be released following
hydrate degradation 24. The only certain estimation is that the global
methane emission will eventually occur.

In contrast, enormous amounts of methane in hydrates also have
positive effects. Recently, methane hydrates became a tempting
potential energy resource to explore. Few attempts to explore gas from
hydrates have already been performed by US companies 4445 in 2012.
The hydrate field in Alaska, called Ignik Sikumi (“Fire in the ice”), was
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developed for scientific purposes to understand the possibility of
methane extraction from hydrates without changing its structure. CH4
was replaced with COgz in the hydrate ice cages, and this experiment
was successful. Following this success, Japan performed the first non-
commercial attempt at gas production from methane hydrate layers in
2013. To extract methane from hydrates, the depressurization method

was tested. Methane hydrates were dissociated by decreasing pressure
46
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Figure 1.6. Atmospheric methane concentration over the Arctic
region from November 2008 (left) and November 2012 (right) [satellite
observations JCET, UMBC, by Leonid Yurganovl].

The origin of methane trapped in hydrate ice cages was hardly ever
discussed. The common point of view declares that this methane has an
organic nature 2447,

According to this theory, the organic carbon is spread in the oceanic
sediment due to the distribution of phytoplankton on the seafloor along
sea shelves and the exportation of terrestrial sediment from the
continents. Remineralization of this organic carbon in sediments causes
COq formation. Microbial processes of reducing this COz result in the
formation of CHjsin sediments. Thus, it is considered that most
methane in hydrates has a microbial origin 3!. The generation of oil and
conventional natural gas is usually attributed to the same processes.
Therefore, all estimations about the size and content of methane
hydrates were performed according to the approximately known
amount of worldwide organic carbon.
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However, the nature of methane within hydrates may not be so
obvious. It was admitted that part of the methane from hydrates might
be thermogenic methane 3!. If methane from geological sources could
have an abiogenic mantle origin 19-21, the methane within hydrates may
be related. If even a part of methane forming hydrates is produced by
ablogenical mantle processes, this might slightly change the approach
to the estimations of the bulk of hydrates.

1.3. The abiogenic origin of hydrocarbons. Experimental
works.

Although there are several mechanisms for methane to be generated
abiogenically 48, one of these mechanisms is particularly interesting
because it leads to the formation of not only methane but also other
hydrocarbons.

The theory of the abiogenic origin of hydrocarbons is based on the
modern view of the outgassing processes on Earth 20, The outgassing or
degassing, also called “the Earth’s gas breathing”, is one of the main
results of planetary evolution. It binds the tectonic activity, deep faults,
volcanism and other geological features and determines the modern
appearance of our planet 49. Degassing is a seepage of deep fluids from
the interior of the planet that mostly originate in the Earth’s outer core
to the atmosphere. Most of these fluids are related to the carbon-
hydrogen system 50. The global carbon cycle is one of the consequences
of this degassing 5. Clear evidence of widescale involvement of
hydrocarbons with degassing (methane evaporation) was obtained after
the exploration of ice cores from Greenland and Antarctica. The
estimated amount of past emitted hydrocarbon gases was enormous
52,53, Therefore, the theory of the abiogenic origin of hydrocarbons was
based on the statement that part of these clearly inorganic gases
emitted from depth served as building material for hydrocarbons and
accumulated in the commercial deposits.

The scheme of the formation of hydrocarbon deposits according to
the theory of the deep abiogenic origin of hydrocarbons consists of three
steps (Figure 1.7) 20,

1. In the outer layer of the Earth’s upper mantle — the asthenosphere
(~ 50-200 km) — inorganic, carbon-containing (COs, graphite,
carbonates) and hydrogen-containing (H2O, hydrogen, OH-bearing)
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minerals and/or fluids interact with each other desirably in the reduced
redox environment, with the formation of hydrocarbon fluid being
prevalently methane.

2. The deep fluid migrates up from the higher-pressure zones in the
upper mantle to the lower-pressure crust through the deep faults,
network of fractures or other migration channels.

3. Hydrocarbons accumulate multilayered oil and gas deposits
mostly in sedimentary rocks. The composition of hydrocarbons in
different deposits varies depending on different synthesis parameters.

Natural gas

I G

ranites

FBasalts |

' Astheno '

‘ Deep fluid sphere

Figure 1.7. The deep abiogenic synthesis of hydrocarbons and the
formation of oil and natural gas deposits 20,

The combination of the following factors is necessary for successful
deep abiogenic synthesis of hydrocarbons:

e Sufficient high pressures and high temperatures,
e The presence of donors of carbon and hydrogen, and
e Thermodynamically favorable redox environment.
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In last decades several works were devoted to experimental verifying
the process of abiogenic formation of hydrocarbons. In detail these
works and their results are described in Kolesnikov 2017 54. The most
important works are Chekalyuk 1969 55, Kuthcerov 2002 56, Scott 2004
57 and Sonin 2014 58, The work Chekalyuk 1969 55 presents the first
attempt to demonstrate the possibility of hydrocarbon formation via
inorganic synthesis under the pT conditions of the upper mantle. The
mixture of CaCOs, FeO, SiO2 and H2O was exposed at pressures 1-7
GPa and temperatures 1473-1973 K for ~10 hours. Hydrocarbons from
CH4 to n-CsH 12 were observed in the gaseous products of experiments.
However the reliability of these experiments was considered
questionable due to drawbacks of the experimental procedure.

The reaction of the abiogenic synthesis of hydrocarbon systems was
proposed in the work Kuthcerov 2002 56 (1.5). In this work the
possibility of the formation of a complex mixture of hydrocarbons up to
hexane was confirmed. The interaction between initial components
CaCOs and H20 was performed in large volume at 1500 K and 3-5 GPa
in the reduced environment, created by the presence of FeO,

nCaCOs + (9n + 3)FeO + (2n + IH20 —
— nCa(OH)s + (3n + 1)Fe304 + CoHap + 2 (1.5)

In the work Scott 2004 57 the similar experiment with the same
initial components was performed in a DAC (1.6) at 773-1873 K and 5-
11 GPa. The only observed hydrocarbon among products was methane.
Chapter 2.1 describes the probable reasons of this difference between
results in similar experiments.

CaCO3 + 12FeO + HoO — CaO + 4Fe304 + CH4 (1.5)

The work Sonin 2014 58 became the first experimental work where
heavier hydrocarbons were observed among products. Initial mixture
of components Ca(OH)2, MgCOs, Fe, and SiO: were exposed in titanium
ampoules at 1400 °C and 3 GPa for 24 hours. Aldehydes and alkanes
up to Cis were observed among products. Another work, were the
presence of heavy hydrocarbons in the Earth’s interior were discussed
in frames of molecular dynamics simulations is Belonoshko 2015 59,
However, the simulations, which were described in the work, were
aimed to model the reaction at the core-mantle boundary, and not in
the upper mantle.

In summary, methane, as the most valuable representative of
hydrocarbons and an essential part of both the global and deep carbon
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cycles, plays a significant role in the environmental behavior of our
planet. The emission of methane to the atmosphere causes undesirable
environmental changes.

One of the less studied natural methane sources is methane
hydrates. Today, methane emission from hydrates 1s considered
negligible. On the other hand, more studies imply that soon, the
situation may change dramatically. Hydrates capture enormous
amounts of methane, which can eventually be released all at once.

The amount of possibly released methane is uncertain since the
mechanism of methane hydrate formation is vague. There are reasons
to assume that hydrates may have an abiogenic origin. The mantle
originated methane could be regularly supplied to the surface. If this
methane migrates up to the hydrate stability zones, it could make the
free gas accumulation beneath hydrates grow continuously. However,
1t 1s still difficult to predict the amount of abiogenic methane
contributing to the formation of hydrates and gas accumulations
beneath.

The understanding of the hydrate formation mechanisms and of the
origin of methane trapped in hydrates has the potential to provide
detailed information about a possible abrupt global methane emission
and 1ts consequences.

1.4. The main objective, research questions and structure of
the dissertation

The main objective of this study is to experimentally discover the
conditions of the Earth’s upper mantle at which methane and other
hydrocarbons can form, as well as how this deeply generated methane
may contribute to methane emissions to the atmosphere. In particular,
the present thesis is devoted to discovering the relationship between
methane formed within the Earth’s mantle and the formation of
methane hydrates, which potentially emit significant amounts of
methane to the atmosphere.

The dissertation is designed to cover this objective through the
following research questions:

Research question group 1I: How can mantle methane formation be
experimentally investigated? How are the known methods of
experimentation and analysis improved?
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Chapter 2, appended Paper B and the Methods part of appended
Paper A are focused on these research questions.

Research question group 2. What is the lower pT limit for high-
pressure, high-temperature formation of hydrocarbons, including
methane? At which mantle depths does this process occur?

Paragraph 3.1 of Chapter 3 and appended Paper A are devoted to
answering these research questions.

Research questions group 3 What redox conditions of the Earth’s
mantle are favorable for the formation of hydrocarbons? How does the
oxygen fugacity of the surrounding area influence the hydrocarbon
content in equilibrium with other species of a COH-fluid?

Paragraph 3.2 of Chapter 3 and appended Paper C are aimed at
answering these questions.

Research question group 4 How methane hydrates can be formed
from the deep methane? How deep originated methane can migrate up
to form hydrates? How could deep seeping influence the amount of
methane trapped in hydrates? Could it influence the amount of
methane, which could possibly be released to the atmosphere?

Chapter 4, part of appended Paper D and part of appended Paper A
are focused on developing new hypothesis, answering these research
questions.
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Chapter 2. Methodology of the experimental study on high-
pressure hydrocarbon formation.

The current study is based on complex experimental work, which
includes the preparation and calibration of high-pressure, high-
temperature equipment, preparation and performance of the
experiment itself, and different methods of product analysis. The
method development and its improvement became one of the main
research goals in the present work, which is reflected in appended
papers A and B. The described experimental procedure was dedicated
to the modeling and study of the process of the deep mantle formation
of methane and other hydrocarbons.

2.1. Selection of the high-pressure equipment

The experimental study on the deep abiogenic formation of
hydrocarbons at high pressures and temperatures is a branch of high-
pressure experiments on hydrocarbons aimed at determining the paths
through which hydrocarbons are synthesized in nature. These
experiments require accurate modeling of the Earth’s interior
conditions, which are suitable for the formation of a hydrocarbon fluid
20, The thermobaric conditions should correspond to those in the upper
mantle (asthenosphere) and subduction zones — 1-11 GPa and 500-1500
°C 545760, The chemical interaction between carbon and hydrogen-
bearing inorganic minerals and/or fluids abundant in the mantle leads
to the formation of hydrocarbons at these pT conditions 5¢. Thus, in
experiments, donors of carbon (COs, carbonates, graphite) and
hydrogen (water fluid, OH-group containing minerals, such as
serpentine) undergo necessary pressures and temperatures to produce
a hydrocarbon system.

For the present study, the choice of a high-pressure technique
(appended Paper B) to model the needed pT parameters was between
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two different methods, which are usually used to create static high-
pressure and temperature — diamond anvil cells — DACs 5761 and large
reactive volume (LRV) high-pressure techniques, such as split-sphere
multianvil devices 5862 or KONAK/toroid high-pressure chambers 63,

A diamond anvil cell i1s a high-pressure device allowing for the
creation of extremely high pressures in a sample chamber formed
between two opposed transparent diamonds and a special gasket
around a sample (Figure 2.1a). In LRV high-pressure devices, a sample
can be carried in a separate metallic thin-walled container, which is
placed in a special high-pressure chamber (Figure 2.1b).

+
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Figure 2.1. a — diamond anvil cell with laser heating, b — examples
of an LRV chamber — piston-cylinder and multi-anvil apparatus, where
11s a piston, 2— sample or a sample container, 3— gasket, 4— pressure
medium. Arrows symbolize the applied pressure direction.

The main advantage of the diamond anvil cells method is the ability
to perform in situ analyses, such as Raman or IR spectroscopy. It helps
to detect molecular vibrations of hydrocarbons and to control pressure
in the system. However, the main drawbacks of the DACs method are
questions regarding its validity for studies on hydrocarbons. These
drawbacks are the small reaction volume (a working diameter of a
diamond cullet rarely exceeds 0.5 mm) and the incapability of in situ
vibrational spectroscopy to clearly identify molecular structures of
individual hydrocarbons in a mixture. Moreover, the Raman laser beam
might burn or destruct some hydrocarbons, leading to a sample
distortion. It also should be mentioned that the analysis of a gaseous
product that formed in the DAC is almost impossible outside the cell.

On the other hand, the LRV high-pressure apparatuses allow the
reaction to be performed at a much larger volume (the initial sample
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volume is up to 0.5 cm3) so that in case of small yields, there is still the
possibility of separation and analysis of complex hydrocarbon mixtures
by gas chromatography.

According to the estimations of the amounts of reactants and
hydrocarbon products €2, the yield of hydrocarbons from abiogenic
synthesis is relatively low (~1%). The large reaction volume allows
more hydrocarbons to be obtained, which can be identified by the quick
micromethod of gas chromatography, which features the strong
possibility of the separation of complex hydrocarbon mixtures and
identification of individual hydrocarbons in small amounts, even at the
nanoliter scale.

Two previous works on hydrocarbon high-pressure formation became
good examples on to illustrate the mentioned differences between DACs
and LRV apparatuses. The reaction between CaCOs, H20 and FeO was
Iinvestigated with the same parameters using a diamond anvil cell with
in situ Raman analysis 57 and a KONAK high-pressure chamber with
gas chromatography analysis 56. In the first study where DACs were
used, methane was the only observed hydrocarbon in the formed
product. Methane was also observed in another DAC experiment with
slightly different initial mixture composition ¢! In contrast, the LRV
study 56 revealed the formation of a hydrocarbon mixture up to heptane,
where methane significantly prevailed (>80% of the whole hydrocarbon
mixture). Similar hydrocarbon mixtures of different contents were
observed in every experimental work performed in a large volume with
the gas chromatography analysis 5862 despite the variety of initial
components and pT parameters. It can be concluded that the mentioned
hydrocarbon mixture was formed in every DAC experiment, which is
the same as in the LRV studies. The only difference was in the amount
of the formed mixture: in the DAC experiments, the Cqo+ hydrocarbon
content was too low to be detected by wvibrational spectroscopy.
Moreover, C-H and C-C vibrations have similar Raman frequencies for
different hydrocarbons, which make small amounts of heavy
hydrocarbons hardly detectable by the Raman spectroscopy against the
background of methane. Whereas the gas chromatography is sensitive
enough to detect every component of a complex mixture, even when the
yield is low.

Thus, in the presented study, high-pressure, high-temperature
conditions corresponding to those in the Earth’s upper mantle or in a



20

subducting slab, were modeled using the LRV apparatus “URS-2” with
a toroid-type, high-pressure chamber and resistive heating 63.

2.2. Calibration of the LRV high-pressure apparatus “URS-2”

The LRV apparatus “URS-2” (Figure 2.2) is a hydraulic press with
the press force up to 6300 kN. The toroid-type high-pressure chamber
allows the creation of pressure in a sample chamber from 2 GPa to 8
GPa. The resistive heating and alumina-graphite heaters can create
temperatures of up to 2000 °C.

Figure 2.2. The LRV high-pressure devise “URS-2” with a toroid-type
chamber. Arrows symbolize the applied hydraulic pressure. The green
circle marks two opposed pistons, between which the experimental
assemblage should be placed. The experimental assemblage is in the
red rectangle (Figure 2.3).

The first stage of the experimental study was calibration of the high-
pressure, high-temperature device. Different reference materials were
used to calibrate the pressure or temperature inside a sample
container. These reference materials are characterized by specific
phase transitions at certain pT parameters. The phase transition can
be detected by the “URS-2” software, which allows the monitoring of
different parameters during an experimental procedure. Calibration
was performed using three of these parameters: applied hydraulic
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pressure (atm), applied power (watt), and resistance in the
experimental assemblage (Ohm). The “URS-2” software allowed control
to be applied to the hydraulic pressure and electrical power in both
manual and automatic modes.

B Heaters
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Figure 2.3. Schematic representation of a toroid-type high-pressure
chamber (pink) assemblage in section, pressure calibration.

A reference material (Bi, PbSe, or PbTe for pressure and Ti, Sn, or
Pb for temperature) was placed on the top of the sample container
(inside the paper disk in case of pressure calibration) and was covered
with an aluminum or copper foil for better conductivity (Figure 2.3). To
calibrate the pressure inside the assemblage with a reference material
inside, the hydraulic pressure in the system was slowly increased, and
during this increase, the resistance was monitored. A resistance
differential (resistance leap, Figure 2.4) was an indicator of a phase
transition at a certain pressure. Thus, the increased hydraulic pressure
in the system increased the pressure inside the sample container. The
temperature calibration in the experimental assemblage was
performed in a similar way, but the applied power was slowly increased
while the hydraulic pressure in the system remained static. The
temperature in the assemblage was created by alumina-graphite
heaters (Figure 2.3).

The described calibration method provided uncertainties of 0.5 GPa
for pressure and ~50 °C for temperature.
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Figure 2.4. Representative graphics for a toroid-type high-pressure
chamber calibration: a — pressure calibration at ambient temperature,
the reference substance is PbSe, the resistance leaps after a phase
transition at 81 atm of hydraulic pressure of the equipment, which
applies 4.3 GPa to the sample; b — temperature calibration at 2.6 GPa,
the reference substance is Pb, the resistance drops after a phase
transition at the power of 620 watt of the equipment, which applies 510
°C to the sample 64 (appended Paper A).

2.3. The sample container material

The experimental modeling of the high-pressure, high-temperature
synthesis of hydrocarbons requires the careful selection of materials
that are in contact with reactants and products. First, it concerns the
material of the sample containers in which experiments are performed.
Hydrocarbons are sensitive to many factors: they are chemically active,
the reactions involving hydrocarbons can be easily catalyzed, and
moreover, their behavior under extreme conditions 1s poorly
investigated in different chemical surroundings, which is the same as
the details of the formation of hydrocarbons.

One of the goals of the present research was to review previous
experimental works on hydrocarbon formation, analyze the validity of
the used container materials and derive an improved way to store the
sample during an experiment. Appended Paper B was devoted to this
problem.

In only three previous works, the metallic container method was
used to study hydrocarbon formation 565862, Titanium, platinum and
stainless steel were used as container materials in these works. To
complete the spectra of investigated materials, stainless steel, copper
and gold-covered steel were also experimentally investigated in the
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current study. Thus, titanium, platinum, stainless steel, copper and
gold-covered steel were analyzed from the perspective of their high-
pressure, high-temperature properties. The chemical activity of these
substances in contact with hydrocarbons was also considered.

The following observations were made about each of the studied
materials.

Titanium can provide a highly reduced environment in the
experimental system 65, which is favorable according to the common
perspective of hydrocarbon formation 20, However, at high pressures in
the presence of carbon 6, titanium can also form carbides, which may
serve as carbon donors for hydrocarbons, and oxides, which can catalyze
hydrocarbon formation and transformation. Therefore, it was
concluded that the use of Ti containers in studies on hydrocarbons could
be suitable only if the nature of the obtained hydrocarbons does not
play an important role.

Platinum, which is commonly used as a pressure standard 67 and as
a container material in high-pressure experiments, has a noticeable
drawback. Platinum is a well-known catalyst of hydrocarbon
transformations 68 and a catalytic activator for the Fischer-Tropsch
process 69. Thus, the formation of oxygen compounds remains
questionable, which is the same as the obtained amount of
hydrocarbons when Pt containers are used.

The main advantages of stainless steel containers (Figure 2.5a) are
the simplicity of manufacturing and creating a reduced environment.
In experiments where iron is one of the main components, the steel
containers can be suitable to use. However, the use of steel containers
restricts the investigated range of the experimental chemical
environment, for example, excluding the possibility to perform an
experiment under oxidizing conditions or without iron among the initial
components. It should be mentioned that the additional components of
stainless steel (Cr, Ni, and iron itself) can change or promote the
reaction and thus change the absolute and relative amounts of the
hydrocarbons 70,

Copper is known for its high melting point 7, structural stability and
elastic behavior under high pressures 72. Thereby, copper containers
(Figure 2.5b) can be successfully used in hydrocarbon experiments,
with one general restriction. Copper and copper oxides formed during
the reaction tend to show strong catalytic effects on hydrocarbon
formation, which leads to a dramatic increase in hydrocarbon yield,
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especially for methane. Copper may also participate in the reaction,
changing the natural formation of hydrocarbons 73.74,

Finally, it was determined that gold-covered steel may serve as the
most valid container material (Figure 2.5¢) for hydrocarbon formation
experimental studies. The main reasons for this were the behavior of
gold at high pressures and temperatures, its crystal structure stability
and elastic properties 71777 and 1its noble properties. The
implementation of a gold inner covering in the current study protected
the reaction components from interactions with the material of the
container (iron). The use of gold minimized the possibility of catalytic
effects for the reactions of components or products. Since gold serves as
an insulating material for the container walls, the reaction tends to
occur only between the initial components. Moreover, the gold covering
remains stable during a high-pressure, high-temperature experiment,
which was confirmed using microscopic observation on the covering
integrity. It should be noted that the gold covering method allows for a
reduction of cost of the containers in comparison with pure-gold
containers.

a b c

@ /
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covering

Figure 2.5. a — a stainless steel container, b — a copper container, ¢ —
a gold-covered steel container with the scheme of the gold covering.

Therefore, in this part of the present study, it was emphasized that
platinum, titanium, copper and iron containers are appropriate to use
in high-pressure, high-temperature investigations of hydrocarbon
behavior and transformations, but only if the absolute and relative
amounts of hydrocarbons and the nature the obtained hydrocarbons are
not the focus of the study. Hence, only the gold covering provides the
opportunity to model deep mantle hydrocarbon formation since it
prevents the influence of the chemical surroundings created by the
container material on the reaction path between the initial reagents.
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The shape of the sample containers used for the present study was
developed to meet the following requirements. The large volume was
the priority, and containers of ~0.3 ¢cm3 working volume were chosen
since it was the maximum size to fit the toroid chamber. The containers
were shaped with a lathe. To provide hermiticity and avoid contact
between an experimental mixture and the atmosphere, each container
was made of two parts — an inner body with sharpened edging and an
outer body. A 2 um gold covering was implemented on the inside of the
steel container by electroplating (Figure 2.5c¢).

2.4. Experimental design for a toroid-type high-pressure
chamber

Every experiment performed in the present work was designed in a
similar way.

Usually, calcium carbonate powder (CaCQOs), distilled water (H20)
and in most cases, iron-containing component powder (Fe, FeO, Fe203)
were used as initial substances in the performed experiments. First,
solid powders were separately weighted and mixed in a mortar, and
then, the calculated amount of water was added to the solid mixture on
the scales. The weights of the reagents were calculated from the initial
molar ratio. Usually, CaCOs, H20 and an iron-containing component
were mixed in a molar ratio 1:1:1 or 1:3:1. In experiments where no iron
component was added, the ratio between carbonate and water was 1:3.
After additional mixing, the components were tightly loaded into a
stainless steel, copper or gold-covered sample container with a working
volume of ~0.3 cm3 (Figure 2.5).

After the sample container was filled with reagents, it was sealed
and put into a toroid chamber (Figure 2.3). Two heaters —round tablets
made from a mixture of graphite and Al:Os (weight ratio, 1:4) by
compression — were placed above and below the sample container. If
needed, a reference material was added to the assemblage, as described
in paragraph 2.2. Then, the toroid chamber with a sample container
inside was placed between two, hard-alloy, flat anvils in a special
toroid-shaped cavity in the center of each. The experimental
assemblage was then put on top of the bottom piston. After the
experimental parameters — hydraulic pressure and applied electric
power — were set up, the experiment was started. In addition to the
main parameters and controlling pT conditions in the sample
container, the program also allowed to control the rate of heating, the
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duration of exposure, and the cooling rate. Usually, the experimental
assemblages were heated for 60 s, exposed for 2 h, and cooled instantly
(quenched). Quenching was used as a verified method to preserve the
obtained product without its possible changing during a slow cooling
process. After the assemblage was cooled down, the applied pressure
was decreased very slowly to prevent any damage of the assemblage
caused by a sharp pressure difference.

Figure 2.6. The experimental assemblage after depressurization.

2.5. The analysis of the gaseous product

The sample container was removed from the used assemblage to first
perform the analysis of a gaseous phase of the product. Each
experiment was analyzed using the following technique.

The analysis of the gaseous product was carried out by means of a
gas chromatograph Chromatek-5000 using a gas extracting cell. The
construction of the cell (Figure 2.7) allowed analysis of the gas mixture
without loss, sending it directly from a sample container into the gas
chromatograph. After the sample container was taken from the crushed
assemblage, it was placed inside the cell and sealed inside with a
rubber ring. After air was taken from the cell by the first blow of a
carrier gas (He), a hard alloy needle penetrated the sample container.
After penetration, the gas seeped out from the crack in the container
and spread out inside the cell. After a few minutes, the gas was sent
from the cell with carrier gas (He) to the chromatograph for analysis by
the second blow.
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Figure 2.7. The gas-extracting cell.

The specifications of the gas chromatograph Chromatek-5000 were
focused on the detection and separation of light hydrocarbons by an
Agilent GS-GasPro capillary column over an increasing temperature
regime from 60 to 140 °C for 50 min. The column allows the detection
of even a negligible (microliters) quantity of the hydrocarbon gas
produced. The detection of the separated hydrocarbon components was
carried out by the FID (flame ionization detector) detector.

Signals from the FID were processed to readable chromatograms
with the help of Chromatek Analytic 2.6 software. Figure 2.8 illustrates
the representative chromatograms of the obtained experimental gas

samples.

—<] £
<] E =3
_—<] E 8 ®
T g ¢ § ||
[ =] Q 1
o « 1
1 sl 1 el ull
> 3116 ol 1,2 i-CiHe 2
E 60- 1 = 5 & >
qs. | 5 i 1 i I.‘ . . . . . . /
@ £ L] 10 15 20 25 0 35 40 45/
8_40- (I; © h l 7Y X : s
§ 1 4LL Al//ll A
o209 Al ¢ /
A 1 1 1 1 7
0 10 20 30 40

Time, min

Figure 2.8. Representative chromatographic spectra of the
experiments with noticeable yields of gaseous hydrocarbons.
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2.6. The calculation of the hydrocarbon content from
chromatographic spectra

The gas chromatography provided values of the substance contents
in mV (Flame ionization detector (FID) response). The relative yields of
the gases produced were estimated based on the intensity of the
chromatographic peaks. The absolute methane content in the gaseous
product was estimated after calculations previous work 62, where the
yield of methane from the reaction (2.1) is 0.8 mol %.

nCaCOs + (3n + 1)Fe + (2n + 1)H20 —
— nCa(OH)2 + (3n + 1)FeO + CoHan + 2, (2.1)

This reaction was examined using the presented chromatographic
system, and the value given by chromatography was equal to the 0.8
mol % of the possible yield. Then, the volume was calculated using the
following formula:

McHa _ McHaXTCHa (2 2)
PCH4 PCH4

Volumes of methane in other experiments were calculated as:

VCH4,exp.2.1

V, = X FID respone 2.3
CH4exPX = 1D responectisenpzn p CH4,exp.x (2.3),

where exp.2.1 1s an experiment with the initial composition of the
reaction (2.1).

2.7. The analysis of a solid product

After the analysis of the gaseous product, a solid phase of several
experimental products was analyzed using Raman spectroscopy,
Mossbauer spectroscopy and X-ray diffraction, either simultaneously or
separately. All XRD, Raman and Méssbauer spectra were collected at
ambient pressure and temperature.

Raman spectroscopy was performed on a solid powder, extracted
from the opened sample container, which was evenly distributed on the
surface of a glass plate. A He-Ne laser (wavelength 632.8 nm, power 2
mW) with an ~30 pm spot size was used to examine the powder. A
LabRam spectrometer with a spectral resolution of 2 cml was
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employed. The powder from the capsule was examined in a few
different areas to obtain coherency in the results.

Mossbauer spectroscopy is a sensitive method used to investigate
1ron-bearing substance compositions. In a few experiments, Mossbauer
measurements were performed to understand the changes in the iron-
bearing components in the solid products. The solid phase of the
product was separately extracted from the capsules after analysis of
the gaseous phase. The samples were not 57Fe-enriched, however the
natural content of 57Fe in reagents was enough to obtain a good quality
spectrum to fit. Conventional M6ssbauer spectroscopy with a 57Co point
source was employed for this study. The velocity scale and isomer shift
were calibrated relative to a-Fe. Spectra were collected at room
temperature and pressure. Transmission Mossbauer spectra were
fitted to Lorentzian line-shapes using MossA: a program for analyzing
energy-domain Mossbauer spectra from conventional and synchrotron
sources 78, Kach spectrum was fitted to the minimum number of
components needed for a statistically acceptable fit.

Powder X-ray diffraction was performed for a solid product in one
experiment (Figure 3.5). A Bruker diffractometer equipped with a
SMART APEX CCD detector and a high-brilliance Rigaku rotating
anode (Rotor Flex FR-D, MoKa radiation) was used. The spectra were
collected at ambient pressure and temperature. The two-dimensional
(2D) diffraction images were analyzed using “DIOPTAS: a program for
reduction of two-dimensional X-ray diffraction data and data
exploration software” 79.
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Chapter 3. Upper mantle conditions of hydrocarbon
formation

One of the main directions of the present study (see paragraph 1.4.
Objectives) was the determination of the limit parameters of the deep
formation of hydrocarbons.

The common theory of the abiogenic origin of hydrocarbons based on
previous experimental and theoretical works 2054 attributed the
formation of hydrocarbons in the mantle to the high-pressure, high-
temperature chemical reactions between natural donors of carbon
(mineral or fluid) and hydrogen (presumably aqueous fluids) in highly
reduced zones of the upper mantle (asthenosphere).

The most probable reaction of hydrocarbon formation in the mantle
— the water-carbonate interaction — was presented in the previous
experimental work Kutcherov et al. 2010 62:

nCaCOs + (3n+ 1)Fe + 2n+ 1)H20 —
— nCa(OH)2 + (8n+ 1)FeO + C,Hamo (3.1)

In other works 48:56,57 FeO was used to create a reduced environment
and oxidized to FesOs during the formation of hydrocarbons. In
addition, works on the carbon speciation and the redox state of the
mantle 8081 attributed the stability of the methane to the reduced zones
only, which are usually located in the lower mantle.

However, most of the assumed parameter limits were calculated
theoretically, and the pT and redox parameters of hydrocarbons and, in
particular, the methane presence in the mantle, were controversial and
undefined. Thus, the depths where methane and other hydrocarbons
may be generated and stay present in equilibrium with other mantle
minerals/fluids were also unidentified.
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3.1. The lower pT limit of the deep hydrocarbon formation

Although subduction slabs were never mentioned as hosts of the
process in previous works on the deep abiogenic formation of
hydrocarbons, the thermobaric conditions of most performed
experimental works — 500-1500 °C and 1-8 GPa 54 fit the slab
subduction conditions sometimes even more than the asthenospheric
conditions 82, The subducting slab environment could also be considered
for hydrocarbon formation due to the enrichment of the slab
sedimentary rocks with carbonates 8384 and the abundance of
particularly calcite-rich rocks in subduction zones 80.85, Moreover, the
source of water fluid could be not only water itself 8 but also any
hydroxyl group-containing mineral presented in the investigated
geological environment — subducting slab, such as serpentine (e.g., (Mg,

Fe)3Si205(0H),).

The pT parameters of the subducting slab and surrounding mantle
are presented in Figure 3.1, along with the pT range of experimentally
tested hydrocarbon formation.
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Figure 3.1. The thermobaric profiles of the Earth’s interior down to
300 km. Blue and red curves are the profiles of cold and hot subducting
slab respectively. Black and green curves represent profiles of the
Earth’s mantle, taken at different heat flow measurements 8287, The
pink zone is the approximate pT range of high-pressure hydrocarbon
formation according to previous experimental works 565761,
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This part of the present study was aimed at determining the
lowest thermobaric conditions at which hydrocarbons could be
generated from carbonates and water in the Earth’s interior.

To achieve this goal, the series of experiments were performed. The
details of preparation and experimental procedure are described in
Chapter 2 of the present publication and in Paper A 64. The mixture of
initial components of the reaction (3.1) was examined at different pT
parameters (Table 3.1) — temperatures of 250-600 °C and pressures of
2.0-6.6 GPa. The experiments resulted in the formation of hydrocarbons
at certain pT parameters. The chosen temperatures were defined by the
previous works — 500 °C was the lowest temperature used in such
previous experiments 61, The lowest experimental pressure was chosen
according to the limits of the high-pressure equipment, which could not
sustain pressures lower than 2 GPa.

Table 3.1. Conditions of the conducted experiments. The correlation
between FID response and the absolute yield is described in the
paragraph 2.5 of the present publication.

# exp P, GPa T, °C Results of experiments
1.1 2.0 600
1.2 2.6 600
1.3 3.0 400 High yield of hydrocarbons
1.4 4.0 450 (1000-5000 mV of CH4)
1.5 6.5 550
1.6 6.6 400
1.7 2.3 300
1.8 2.6 300

Low yield of hydrocarbons

1.9 3.0 300 (15-80 mV of CH.)
1.10 4.0 280
1.11 6.5 280
1.12 2.3 250
1.13 3.0 250
Hydrocarbons were not detected
1.14 4.0 250

1.15 6.6 250
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Figure 3.2. The representative chromatograms of a — no

hydrocarbons in the gaseous product (background, experiment #1.13),
b — hydrocarbons in the gaseous product (low yield, experiment #1.10),
¢ — hydrocarbons in the gaseous product (high yield, experiment #1.4).

The experiments revealed the lower temperature limit of the
hydrocarbon systems formation in a pressure range of 2.0-6.6 GPa. No
significant pressure influence was observed. At low temperatures of
250 °C, hydrocarbons were not formed in the whole investigated
pressure range. At temperatures of 280-300 °C, hydrocarbon formation
had started, which was indicated by the low yield of hydrocarbons in
the product. Finally, at higher temperatures of 400-600 °C, the
formation of hydrocarbons was active — the yield was relatively high
(Table 3.1, Figure 3.2). It is important to notice that in each experiment
where temperature was above 280 °C, the obtained hydrocarbon
mixtures were qualitatively similar, consisting of methane (up to 95%),
C2-C7 n- and i-alkanes and benzene.

Figure 3.3 illustrates the performed experiments along with
subducting slab geotherms. The border temperature of hydrocarbon
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formation is 280-300 °C at all applied pressures. The pressure of ~2.5
GPa at this temperature corresponds to a depth of 70-80 km of a cold
subducting slab. The experiments also revealed the formation of
hydrocarbons along a hot subducting slab, which may start at the same
depth of 70-80 km or even higher. Since lower pressures were not
applied in the experimental series, the lower pressure limit is still
uncertain.

However, the performed experiments have allowed the assumption
that the formation of hydrocarbon systems from the carbonate-water
interaction in the reduced conditions may occur at depths below 70 km
in the cold subducting slab and probably even at shallower depths
everywhere else in the upper mantle.

N R N
[ B

Pressure, GPa
wy ‘ydeq

250

200 300 400 500 600
Temperature, C

Figure 3.3. The experiments and geotherms 82. The blue curve is a
cold slab, the red curve is a hot slab, and the black curve is the upper
mantle pT profiles. The white diamonds depict experiments where
hydrocarbons are not detected. The small gray diamonds correspond to
experiments with a low hydrocarbon yield. The big gray diamonds
correspond to experiments with a high hydrocarbon yield. The error
bars are smaller than the symbol size. The pink sector indicates the
thermobaric zone where hydrocarbon formation is favored.
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3.2. The redox influence on the deep hydrocarbon formation

Another important issue concerning the depth of hydrocarbon
formation in the Earth’s upper mantle is the correlation between the
redox conditions of the mantle and the redox conditions, which are
suitable for formation of hydrocarbons.

In all previous experimental works, including Paper A, the high-
pressure, high-temperature formation of hydrocarbons was
investigated in a narrow range of redox parameters — in the presence
of iron, iron (II) oxide, or another reducing component 54 It was
indisputably proven that a reduced environment is favorable for the
formation of hydrocarbons 2054 This finding was supported by
theoretical predictions, which attributed methane stability to highly
reduced zones in the mantle 80.81, Usually, the lower layers of mantle
are considered to be reduced 8389, However, the conditions of these
depths (>200 km, >8 GPa) do not cover the lower pressure range of
hydrocarbon formation, which is described in paragraph 3.1 of the
present publication (70-200 km, 2-8 GPa). In fact, the reduced zones
were found in the upper mantle 90-92, which led to the assumption that
these zones are most likely the hosts of hydrocarbons in the upper
mantle.  Nevertheless, no  high-pressure, high-temperature
experimental data existed to refute or confirm the formation of
hydrocarbons under oxidized conditions.

One of the main goals of the present study was the investigation of
the formation and stability of hydrocarbons under oxidized conditions.

The interaction between two main components of the reaction (3.1) —
calcium carbonate (CaCOs) and water (H20) — was studied in different
redox environments in pT conditions, corresponding to those on the
surface of the cold subducting slab at a depth of ~100 km, 3.5 GPa and
400 °C. The experimental conditions and results are presented in Table
3.2.

The carbonate-water interaction was studied under extremely
reduced conditions in the presence of Fe®, under reduced conditions in
the presence of FeO, under extremely oxidized conditions in the
presence of Fe2Os, which is the strongest oxidizer in the Earth’s mantle
and in the “neutral” environment, with no additional redox component
in the mixture.

The main result of this set of experiments on the interaction between
calcite and water was the formation of hydrocarbons in each
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experiment, including experiments in the oxidized environment, which
were conducted for the first time. Thus, in the present research, it was
confirmed for the first time that hydrocarbons can be formed and
remain stable under oxidizing conditions.

Table 3.2. Conditions and results of experiments. (a) — aragonite, (c)
— calcite. The column Solid product analysis contains Mossbauer
spectroscopy, XRD, Raman spectroscopy and visual observation data.
Methane content in a gaseous product is presented as a volume ratio
WVCH,)/ M CaCOs3), where WCH,) is the volume (ul) of the obtained
methane and {CaCOs) is the volume (ul) of potentially reacted initial
CaCOs. * The ratio in experiment #2.4 is hardly possible to calculate,
since CaCOs reacted with both FeO and Fe of a steel sample container,
making impossible to predict the amount of potentially reacted CaCOs.

# Initial Redox PT- WCHY)/ Solid product

exp | component | environ | conditions MNCaCOs) analysis
S ment

#2.2 | CaCOs (c) + | Reduced | 3.5(0.1) GPa | 5.29 CaCOs (a),
H20 + Fe 400(50) °C Fe, FeO

#2.3 | CaCOs (c) + | Reduced | 3.5(0.1) GPa | 5.58 CaCO:s (a),
H20 + FeO 400(50) °C FeO, Fes0q4

(after #2.4)

#2.4 | CaCOs (c) + | Reduced | 6.0(0.1) GPa | - * CaCOs (a),
H20 + FeO 900(50) °C FeO, Fes0q,
+ steel [CHI, C

#2.5 | CaCOs (c) + | - 3.5(0.1) GPa | 0.05 CaCOs (a)
H20 400(50) °C

#2.6 | CaCOs (c) + | Oxidized | 3.5(0.1) GPa | 0.05 CaCOs (a),
H:20 + 400(50) °C Fe20s3
Fe20s3

The formation of hydrocarbons — the reduction of the initial CaCOs3
— 1n any conditions in every experiment was accompanied by the
oxidation of the surrounding environment. For example, the Mossbauer
spectra (Figure 3.4) show the formation of FeO from the initial Fe, and
the XRD pattern (Figure 3.5) reveals the formation of FesO4 from the
initial FeO. In both cases, the iron components are in equilibrium,
which indicates the formation of redox buffers — iron-wiistite buffer and
wustite-magnetite buffer. However, in the experiment with the
environment created by the strongest iron oxidizer — Fe2Os — no other
iron component was detected (Figure 3.6). This result indicates that the
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formation of hydrocarbons in this case followed a unique path, which
differs from schemes in other cases. Reactions (3.2) — (3.4) represent
one of the possible paths of the methane formation without the
participation of an additional redox component. The reactions were
chosen after previous works 93 and 48.

CaCOs + 2H* — Ca*Z + COg,aq + H20 (3.2)
CO:2 + 2H20 — CH4 + 203; (3.3

Or Sabatier reaction, in case if water dissociates with Hs formation:

CO2 + 4H2s — CH4 + 2H20 (3.4)

Intensity, a.u.

Velocity, mm/s

Figure 3.4. M6ssbauer spectrum of solid products in experiment #2.3
(CaCO3+H:20+Fe, 3.5 GPa, 400 °C): blue sextet is unreacted iron (HP:
CS —0.00, QS — 0.00, MF — 33.11), pink doublet is iron (II) oxide (HP:
CS — 0.45, QS — 0.00). Red Iine is a theoretical fit, the residual is
indicated above spectrum. The spectrum was collected at room

temperature.
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Figure 3.5. Powder x-ray diffraction pattern of the solid product of
the experiment #2.4 (CaCOs+FeO+H20, 6 GPa, 900 °C). The inset
shows 2D wide-scan x-ray diffraction image.

Intensity, a.u.

Velocity, mm/s

Figure 3.6. Mossbauer spectrum of solid products in experiment #2.6
(CaCO3+H20+Fe203, 3.5 GPa, 400 °C): dark green sextet is unreacted
Fe203 (HP: CS —0.36, QS — 0.0, MF — 52.2). Red lineis a theoretical fit,
the residual is indicated above spectrum. The spectrum was collected
at room temperature.

However, the experiments have indicated that the hydrocarbon
content in a highly oxidized environment is a few orders of magnitude
lower than the content under reduced conditions (Table 3.2). This result
means that although hydrocarbons should be present in equilibrium
with other C-species and COH-species in a COH-fluid in almost any of
the surrounding mineral assemblages, the relative amount of these
hydrocarbons should be much higher in more reduced zones.
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Applying these results to real geological conditions, it was
summarized that the deep formation of hydrocarbons from the calcite-
water interaction always involves changing the oxidation state of the
surrounding mantle. Since it is such an oxidizing environment, as was
represented in the experiment with the most oxidizing iron component
Fe20s3, it does not exist in the upper mantle; there is no free oxygen
expected in mantle from the described reactions (3.2)-(3.4). In fact, the
surrounding, metal-bearing minerals (e.g., peridotites) 94 would be
oxidized in parallel with hydrocarbon formation. The positive yield of
hydrocarbons from all the performed reactions point to the presence of
the CH-fluid (though in trace amounts), even in the most oxidized
carbon-bearing regions of the upper mantle.

Since carbonates are the greatest source of carbon in the upper
mantle 51.95 it would be reasonable to assign hydrocarbon formation to
their distribution. The presence of carbonates or carbonate melts is
attributed to the region between 90 and 150 km 80, and the presence of
water fluid at these depths is also likely 86. Hence, the formation of
hydrocarbons is highly expected within this depth region, despite the
redox conditions.

However, the hydrocarbon content in equilibrium with the carbonate
1s strongly redox-dependent, probably even more than pressure-
dependent 57. As stated in previous works 8196 the presence of
hydrocarbons in a COH-fluid is more favorable at higher pressures and
lower fugacities.

3.3. Additional observations

Side observations were made during the accomplishment of the main
goals of the present research work.

To clarify that the formation of hydrocarbons from the reaction
between CaCOs and H2O was not caused by impurities of the used
calcite, an experiment was performed on pure calcite, which was
pressurized and heated to the needed parameters (3.5 GPa, 400 °C).
The analysis revealed no hydrocarbons in the run product, while the
solid phase was represented by the aragonite only. This result indicated
that no extraneous agents, including a container material (gold),
participate in the reaction.

The solid product formed in experiment #1.2 (paragraph 3.1) was
analyzed using Raman spectroscopy (Figure 3.7). The obtained Raman
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spectra revealed the presence of heavier hydrocarbons in the solid
product. Heavy hydrocarbons were observed previously from a similar
system 58, However, the observed heavy hydrocarbons differed from
those previously found since the presence of hydrocarbons in the
Raman spectra did not show C=0 bonds vibrations, which prevailed in
the previous work 58, Moreover, these hydrocarbons stayed stable at
ambient temperature and pressure in the solid unevaporated phase.
The observed vibrations at 1449 and 1948 cm™ (§(C-H) and v(C-H))
indicate that the obtained hydrocarbons are liquid or solid alkanes. The
formation of non-gaseous hydrocarbons from the interaction between
CaCOs and H20 was observed for the first time.

1081
Aragonite

Intensity (a.u.)
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Figure 3.7. Raman spectrum of the solid product formed in
experiment #1.2 (CaCO3+FeO+H:0, P = 2.6 GPa, T = 600 °C) taken at
ambient temperature and pressure. Peaks at 348, 810 and 853 cm!
might be identified as iron oxides.

Another important observation was made in the analysis of the solid
phase of experiment #2.6 — CaCOs (c) + H20 + FeO at 6 GPa and 900
°C (See Table 3.2). Raman spectroscopy of the product (Figure 3.8)
revealed heavy hydrocarbons (same as in Sonin et al. 2014 58 and in
Figure 3.7) and graphite formation. No graphite or free carbon was
observed in other experiments at a lower temperature (Tables 3.1, 3.2),
neither in the reduced nor in the oxidized environment. This finding
may refer to the decomposition of hydrocarbons to free carbon in the
temperature range of 600-900 °C. This observation is also in agreement
with a previous work 89, which indicates that free carbon precipitation
along with carbonate melting occurs at lower than a 120 km depth.
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The presence of graphite in the product at higher temperatures
implies a new temperature-dependent path of hydrocarbon formation
from calcite-water interaction (3.5), which differs from (3.1).

nCaCOs + (9n+ 3)FeO + 2n+ 1)H20 —
— nCa(OH)2 + (3n+ 1)Fe304 + C + C.Han+ 2, (3.5)

Moreover, the co-existence of hydrocarbons with graphite may

lower the hydrocarbon content in equilibrium with other carbon species
and in a COH-fluid.

- Graphite

Intensity (a.u.)
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500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Figure 3.8. Raman spectrum of graphite and non-gaseous
hydrocarbons 1in the solid product of experiment #2.4

(CaCO3+H20+FeO, 6 GPa, 900 °C) taken at ambient temperature and
pressure.
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Chapter 4. Contribution of the deep originated methane to
methane hydrates formation

One of the goals of the present study was to understand the
connection between the mantle originated methane and the formation
of methane hydrates. To reveal this connection, it is important to
develop a scheme of the probable upwards migration mechanism of
methane.

It is known that methane produced in the upper mantle continuously
migrates up to the surface, contributing to the formation of
hydrocarbon deposits 20. The same mechanism could be applied to
formation of hydrates. However, in the case of hydrate formation,
methane migrates up to colder zones in sediments saturated with
water. At these conditions, instead of forming deposits or being emitted
to the atmosphere through vents, methane comes into contact with cold
water and forms hydrates.

The most likely channels of this migration are tectonic boundaries,
faults and fractures. Migration of hydrocarbons through faults and
fractures was modeled in Paper D. It was observed that the composition
of a hydrocarbon fluid probably does not depend on the migration rate
and hence on the type of migration path.

In Paper A, the CH-fluid migration mechanism is proposed, leading
to the formation of oil and gas deposits in nearby subduction trenches
(Figure 4.1). According to the proposed approach, one of the most
favorable paths for the hydrocarbons to migrate from the subduction
zone upwards is by migration along the weakened surface of the slab.

In another work 97, the origin of a part of the Arctic methane
hydrates was for the first time considered as abiotic, occurring during
the high-temperature (>200 °C) serpentinization of ultramafic rocks.
The methane supply for hydrate formation in this work was associated
with a mid-ocean ridge fault between ultraslow-spreading plates in the
Arctic.
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Figure 4.1. Schematic representation of generation and migration of
a hydrocarbon fluid during subduction.

Methane emission through vents, cold seeps and mud volcanoes was
explored in several sites within the mid-ocean ridges and other tectonic
features around the globe 98-101,

Summarizing the abovementioned facts, in the present study, the
following scheme of methane migration from the generation zones to
the hydrate stability regions is proposed (Figure 4.2). In the case when
methane is formed along a subducting slab at relatively shallow depth,
as stated in Chapter 3, it might migrate up along a weakened surface
of the slab, for example, through a network of deep faults and fractures.
Methane reaches the sediments of the crust and accumulates in
suitable geological structures, which is the same as during natural gas
deposit formation. Subduction zones are usually associated with the
seafloor, and when methane reaches sediments saturated with water
102 gt suitable pT parameters — the hydrate stability zone — hydrates
are formed. The free gas and overlying hydrate-bearing sediments
make a presumably sharp boundary between them, which is a base of
the gas hydrate stability 24.

In the case, when methane is formed within the upper mantle, it
might migrate upward if captured by a mantle flow. The convection
brings methane-bearing magma to mid-ocean ridges. In these zones,
tectonic plates are relatively thin, methane may reach sediments under
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seafloor trough faults and fractures, and the hydrates are formed
similar to those in subduction zones.

Mid-ocean

ridge B\{pwouts

[ Hydrates

I Free methane

Mantle gencrated A wethano Asthenosphere
methane : migration paths

Figure 4.2. The schematic mechanism of hydrates formation from the
mantle-generated methane.

The COH-system in the mantle should always stay in equilibrium.
Methane migration from the system compromises the system
equilibrium. Thus, CH4 should be generated again to compensate the
loss and to bring the system back into equilibrium. Since mantle
convection in the asthenosphere is an eternal process, then the
methane supply might be continuous. This implies that when the whole
methane-accessible hydrate stability zone is saturated with methane,
the free gas continues to accumulate under the hydrates. The
oversaturation of hydrate-bearing sediments with methane might also
lead to the surface breakthrough of methane, such as blowouts in the
Arctic region, nearby 103 and on the Yamal Peninsula 104,

A mixed isotopic composition of several extracted samples from the
Arctic 105106 gupports a partial contribution of mantle-generated
methane to the formation of gas hydrates.

The proposed mechanism also explains the expected distribution of
hydrates, which are mostly along continental boundaries. Subduction
zones provide migration paths for methane, leading to the
agglomeration of most hydrates along subduction tranches, which often
match the continental margins. Figure 4.3 illustrates the correlation
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between the subduction zones layout and the proposed distribution of
hydrates on the world map.

The presence of hydrates along most of the mid-ocean ridges is
unlikely, although not excluded. Temperature in these zones is usually
higher than that suitable for hydrate formation. Methane is emitted
through vents, such as black smokers 107, Several zones along the
Gakkel ridge in the Arctic region could be an exception.

Figure 4.3. The sketch map of the global distribution of methane
hydrates 32 along with subduction tranches. Yellow squares are
locations where samples of natural gas hydrate have been recovered 33.

According to the proposed mechanism, the methane content in
hydrates mostly depends on the thickness of the gas hydrate stability
zone, as was previously proposed 30. However, the mechanism brings a
novel approach to the estimation of the global distribution of hydrates
on the planet, implying that methane hydrates should exist along
tectonic boundaries, which are associated with hydrate stability zones.

Moreover, the amount of methane, which may possibly be emitted
from hydrate zones, strongly depends on the associated with hydrates
underlying free methane content. The gas accumulation under
hydrates is similar to conventional natural gas deposits, where
hydrates are playing the role of caprock. The layer of hydrates will
eventually fade with increasing temperature, at least in the upper edge
of the hydrate stability zone. Hydrate degradation will liberate CH4 not
only from hydrates themselves, but also large amounts of CH4 occurring
as free gas below hydrates. Furthermore, if methane is continuously
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supplied from deeper zones, free gas should be accumulated at elevated
pressure, which might cause the abrupt release of significant amounts
of methane after degradation of the confining hydrate layer.

Thus, the present research lays the foundation for future studies,
aimed at determining the accurate distribution of methane hydrates on
Earth and the amounts of methane, which might be released in the near
future from both hydrates and underlying accumulations of free gas.
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Chapter 5. Conclusions and future work

To summarize all information obtained during the present
research, the following statements are given to answer the research
questions raised in the Introduction of the present publication.

1. Experiments on the mantle methane formation should be
carried out using a large reactive volume device to obtain a
maximum amount of the gaseous product. This gaseous product
should by analyzed by means of gas chromatography since it is
the best way to separate and identify hydrocarbons. If absolute
amounts of the obtained product are the focus of research,
golden or gold-covered containers should be used to carry a
sample in the experiment.

2. The border temperature of a hydrocarbon formation is 280-300
°C at pressures of 2.5-6.5 GPa. The pressure of ~2.5 GPa at this
temperature corresponds to a depth of 70-80 km of a cold
subducting slab. The formation of methane and other
hydrocarbons along a hot subducting slab or within the upper
mantle could occur in even shallower conditions.

3. Methane and other hydrocarbons can be formed and stay stable
at a variety of redox conditions, from extremely reduced to
extremely oxidized. Thus, methane can exist in equilibrium with
other carbon species at any depth despite the redox state of the
mantle, even at a shallow depth where carbon and hydrogen
donors are present to form hydrocarbons. However, the content
of hydrocarbons in an equilibrium COH-fluid in the reduced
environment is significantly higher than in oxidized conditions.

4. Itis proposed, that mantle-generated methane might contribute
to the formation of methane hydrates through migration along
tectonic boundaries — subduction slabs and mid-ocean ridges,
deep faults and fractures. It is expected that the deep methane
might continuously supplement the content of the free gas
underlying hydrates. A part of this free gas might eventually be
released to the atmosphere after degradation of the confining
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layer of hydrates. Together with methane emissions from
hydrates, the emission of free gas might cause a more abrupt
and critical increase in methane concentration in the
atmosphere than was previously proposed.

In summary, the present research proposes that methane and other
hydrocarbons can be generated abiogenically in the mantle at depths of
~70 km and below and that they exist there in equilibrium with the
surroundings. The novel hypothesis suggests that deep-mantle-
generated methane can migrate up through tectonic faults,
contributing to the formation of gas hydrates in marine sediments and
accumulating as free gas under hydrates. This methane might
eventually be emitted to the atmosphere during hydrate degradation.

Future work should be aimed at the following issues:

e KEstimation of currently unknown amounts of methane, which
could be emitted from free gas accumulation under hydrates
after hydrate degradation,

e Accurate estimation of mantle methane contributions to the
formation of hydrates relative to microbial gas,

e Evaluation of the rate at which deep methane migrates up and
accumulates as free gas under hydrates;

e Conformation of the proposed scheme of the global
distribution of hydrates; and

e Direct experiments on methane hydrate formation from
ablogenically generated methane.
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Chapter 6. Summary of appended papers

This thesis is based on four journal papers. These papers are
summarized in this chapter.

Paper A. The lower pT limit of deep hydrocarbon synthesis by CaCOs
aqueous reduction.

The abiogenic synthesis of hydrocarbons was performed under
various pT conditions, including conditions of subduction zones. The
experimental procedure and analysis are fully described in the paper,
proposing a few parts of the used method for the first time. Experiments
allowed the lower thermobaric limit of the reaction to be found at 280-
300 °C and 2-3 GPa, which corresponds to a depth of 70-80 km during
cold subduction. In addition, a novel mechanism of the upward
migration hydrocarbon fluid was proposed along a subducting slab
surface.

Paper B. The influence of a sample container material on high-
pressure formation of hydrocarbons.

The presented high-pressure, high-temperature experimental
modeling was aimed at determining the sample container material that
would be the most valid choice for deep abiogenic hydrocarbon
formation simulation. Three different sample container materials were
used: copper, stainless steel and gold-covered steel. The use of titanium
and platinum was studied theoretically after previously performed
experimental works. The formation of hydrocarbons showed a strong
dependence on the materials with which they were in contact. The use
of gold-covered sample containers is declared to be more valid for
modeling of the high-pressure, high-temperature abiogenic formation
of hydrocarbons.

Paper C. Deep genesis of hydrocarbons under oxidized conditions.

The paper is focused on the experimental investigation of the high-
pressure, high-temperature formation of hydrocarbons from the calcite-
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water interaction under different redox conditions from strongly
reduced to strongly oxidized. It was proven that hydrocarbons can be
formed in an extremely oxidized environment. A new mechanism of
hydrocarbon formation under oxidized conditions is proposed. The
study indicates that despite the redox state of the surrounding
environment, hydrocarbons can be formed from the direct redox
reaction between carbonate and water at a certain range of pressures
and temperatures. In addition, a new mechanism of the formation of
hydrocarbons along with graphite is proposed.

Paper D. Experimental modeling of hydrocarbon migration
processes.

The hydrocarbon fluid migration issue is investigated in this
publication. Two different mechanisms of fluid migration were
proposed and experimentally simulated — slow migration through
fractures and fast migration-eruption through deep faults. The
influence of the fluid’s migration speed on the final hydrocarbon
mixture composition was studied.
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