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a b s t r a c t

We demonstrate that the conditions established in laboratory settings—such as initial reaction prod
ucts, thermobaric parameters, and redox environments—are indeed analogous to those that may exist in 
the Earth's upper mantle. The experimental results confirmed  that hydrocarbon fluids  with diverse 
compositions can form within the upper mantle. This leads us to propose that these fluids, generated 
through mantle-magmatic processes, can migrate from sub-crustal zones along deep faults and frac
tures and be injected under high pressure into the rock, ultimately forming oil and gas deposits. As the 
ascending fluid cools and the partial pressure of hydrogen decreases, it transforms into liquid oil and 
subsequently into polymeric insoluble carbonaceous matter (kerogen) within “oil source” rocks. Our 
findings provide thermodynamic support for the idea that phase transitions involving CO2, H2O, oil, and 
kerogens can occur not only in the kerogen → oil but also in the oil → kerogen direction. The revers
ibility of phase equilibrium allows us to approach these transitions from an inorganic perspective. 
Consequently, we can assert that kerogen may be a product of the dehydrogenation of oil and gas. Our 
experimental results, which investigate the distribution of vanadyl and nickel porphyrin complexes in 
oils from various productive horizons, support our hypothesis that biomarkers in oils may result from 
the dissolution and assimilation of dispersed organic matter by ascending, high-temperature hydro
carbon fluids, rather than serving as definitive evidence of a biogenic origin.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Oil and natural gas remain the primary energy sources, ac
counting for over 55% of the global energy balance in 2023 
(Statistical Review of the World Energy, 2024). Despite more than a 
century of study and exploitation of hydrocarbon deposits, the 
origins of petroleum hydrocarbons are still subject to debate 
(Glasby, 2006; Kutcherov and Krayushkin, 2010; Sephton and 
Hazen, 2013; Wang et al., 2023). Twenty-five  years ago, most 
(although not all) scientists would have dismissed abiogenic ar
guments very quickly. However, the idea did not die, and in recent 
years, a wide community of scientists, using a variety of methods 
and working independently in various parts of the world, have 

reopened debate regarding the possible abiogenic origin of hy
drocarbons on the Earth and extra-solar planets with publications 
in some leading journals. Recent experimental (Kutcherov et al., 
2002; Sherwood et al., 2002; Kolesnikov et al., 2009; Sonin et al., 
2013; McCollom, 2016; Sokol et al., 2019; Serovaiskii and 
Kutcherov, 2021), theoretical (Wang et al., 2023; Zubkov et al., 
1997; Karpov et al., 1998; Kenney et al., 2002; Marakushev and 
Marakushev, 2006a; Spanu et al., 2011; Marakushev and 
Belonogova, 2021), and geological data (Horita and Berndt, 1999; 
Charlou et al., 2002; Proskurowski et al., 2008; Marakushev and 
Marakushev, 2008) provide arguments to support the hypothesis 
of abiogenic deep origin of hydrocarbon deposits. One of the 
propositions suggests hydrocarbons are generated in the Earth's 
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mantle through abiogenic (inorganic) synthesis; the resulting hy
drocarbon fluid moves through the Earth's crust; it concentrates 
on rock formations, with their composition depending on factors 
such as migration rate, cooling, depth of origin, pressure, tem
perature, and redox conditions in the hosting rock complexes.

The goal of our work is to summarize in one text some recent 
results on the hypothesis of the abiogenic origin of hydrocarbons 
and provide arguments for its further consideration. We view our 
paper as a discussion and are going to focus on the following 
questions:

1. Can the findings from experimental studies on abiogenic syn
thesis of complex hydrocarbon systems under extreme ther
mobaric conditions, conducted in various laboratories, be 
extrapolated to natural environments?

The primary doubts about extrapolating the conditions 
established in laboratory settings to natural environments are 
linked to the problem of the resemblance of the redox conditions 
in the upper mantle to those in laboratory experiments. In this 
paper, we compare the redox conditions in laboratory experi
ments on abiogenic synthesis of hydrocarbon systems to those 
that may exist in the various areas of the Earth's upper mantle. 
The results indicate that in the upper mantle, at depths below 
100 km, there are areas where the conditions are favorable for 
the formation of fluids  containing varying amounts of CH4 and 
other hydrocarbons, H2, CO2, and H2O. Similar conditions were 
replicated in laboratory experiments. Our study shows that the 
conditions created in laboratory settings—such as initial reaction 
products, thermobaric parameters, and redox environments—are 
indeed similar to those that may occur in the Earth's upper 
mantle.

2. Can thermodynamically calculated relationships between solid, 
liquid, and gas phases of oil deposits and “source” rocks 
determine the direction of their formation process?

The thermodynamic calculations and computer simulations 
presented in several papers indicate that oil is generated 
through the progressive metamorphism of “oil source” rocks, 
which are the hydrocarbon sources, under increasing pressure, 
temperature, and burial depth. This thermodynamically 
reversible process is commonly understood as progressing from 
kerogen to oil, often referred to as the melting phase of kerogen. 
However, the thermodynamic data presented can be interpreted 
in various ways. Our paper demonstrates for the first  time that 
the reverse process, wherein endogenous oil converts to 
kerogen, as the freezing phase of oil, is also a feasible 
possibility.

3. Are organic molecules, known as biomarkers, in oils the un
ambiguous sign of their biogenic origin?

Our new experimental results examining the distribution of 
vanadyl and nickel porphyrin complexes in oils from productive 
horizons of Tatarstan fields, situated at various stratigraphic levels 
within the sedimentary cover, support an alternative perspective. 
These findings suggest that the presence of biomarkers in oil may 
result from the dissolution and assimilation of dispersed organic 
matter by hot hydrocarbon fluids migrating from deeper layers to 
the surface.

Below, we provide a detailed discussion of the issues 
mentioned above.

2. Materials and methods

2.1. Methods

2.1.1. Paragenetic analysis of the C–H–O system
The paragenetic analysis presented in this study focuses on the 

C–H–O system and is based on the method of thermodynamic 
potentials. The interpretation of phase diagrams of heterogeneous 
systems is founded on the Gibbs phase rule, which states that the 
number of degrees of freedom (n) in an equilibrium thermody
namic system is determined by the number of independent 
components (k) plus two, minus the number of phases (F): 
n = k + 2 − F. This rule is fully applicable to the open systems being 
investigated, where the chemical potential or fugacity serves as 
the independent parameter (Korzhinsky, 1996). The equality of the 
chemical potential of any component in all phases governs phase 
equilibria in a system, and these equilibria are depicted by phase 
diagrams that specify the composition and ratio between the 
masses of equilibrium phases. The calculation of metastable facies 
of liquid oil, solid kerogens, and their assemblages on the tem
perature (T, C) – logarithm fugacity of gaseous molecular hydrogen 
(log fH2

) diagram has been carried out using thermodynamic data 
from reliable sources (Helgeson et al., 2009). Additionally, the free 
energies of the formation of gaseous alkanes at 423 K and 830 bar 
were calculated in the (Marakushev and Belonogova, 2021). The 
relationship between chemical potential and fugacity is expressed 
as μH2 

= μ0H2 
+ 2.303×RT×log fH2

), in which μ0H2 
and fH2 

denote 
the chemical potential and fugacity of gaseous H2 in the standard 
state, R is the molar gas constant (8.3145 J/mol⋅K), and T is the 
temperature in kelvins. The μH2

–T and log fO2 
– log fH2 

diagrams 
illustrate a system of metastable reversible equilibria, demon
strating the potential for phase transitions in one direction or 
another based on changes in temperature and pressure of H2 and 
O2 in the environment.

2.1.2. The separation and determination of vanadyl and nickel 
porphyrin complexes in oils

The process of porphyrin extraction from the oil consisted of 
two stages. In the first stage, 1 ± 0.2 g of crude oil was mixed with 
0.5 L of ethyl alcohol and then heated in a water bath with reflux 
for 2 h. After being cooled (24 h), the extract was filtered through a 
paper filter on a Buchner funnel. Extracted alcohol with dissolved 
porphyrins was distilled in a vacuum. As a result, the first 
porphyrin concentrate was received. The oil residue and the paper 
filter used in the alcohol extraction were mixed with 200 mL of 
acetone. This mixture was heated in a water bath with reflux for 
1 h and processed similarly to the alcohol extraction. As a result, 
the second porphyrin concentrate was received. After that, both 
concentrates were dissolved in benzene to a specific concentration 
so that the optical density of the resulting solutions was in the 
range of 0.4–0.8 nm. Porphyrin concentrates were transferred to 
graduated cylinders, and analytical spectra were recorded using a 
Shimadzu spectrophotometer in the visible region from 480 to 650 
nm in absorption mode. The concentration of metalloporphyrins 
in each extract was calculated by the absorption of the long-wave 
α-band. The concentrations of porphyrins contained in each 
concentrate were summed up.

2.2. The geological settings and sample locations

2.2.1. The geological settings
The Supergiant Romashkino oil field  is situated in the south

eastern region of the Republic of Tatarstan, with estimated 
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geological oil reserves of approximately 5 billion tons (Fig. 1). This 
field is characterized by a typical platform-type structure, confined 
to a significant structural element of the second order, known as 
the Southern dome of the Tatar arch. This dome represents an 
asymmetric arched uplift, featuring uneven slopes that descend 
into surrounding depressions. The geological composition of the 
field  includes Devonian, Carboniferous, and Permian deposits, 
with a total thickness of about 2000 m; notably, 75% of these de
posits are carbonate rocks, while the remaining 25% are terrige
nous. The geological framework of the area comprises two 
structural–geological sections: the Precambrian crystalline base
ment and the overlying Paleozoic sedimentary cover. The diameter 
of the deposit, as defined by the outer contour of the oil-bearing 
horizon D1, reaches between 65 and 70 km, encompassing an 
area of approximately 4000 km2 (Galimov and Kamaleeva, 2015).

2.2.2. Sample locations
In our study, we analyzed the distribution of vanadyl and nickel 

porphyrin complexes in eighty crude oil samples obtained from 19 
fields in Tatarstan, located southeast of the East European Platform 
(Fig. 1). These oil samples were collected from 10 productive oil 
and gas-bearing horizons in the sedimentary cover and then 
subjected to dehydration and desalting to extract the vanadium 
and nickel geoporphyrins.

3. Results and discussion

3.1. Evidence for abiotic deep hydrocarbon synthesis

The findings  of laboratory studies conducted by various 
research groups provide strong evidence for the potential abio
genic synthesis of complex hydrocarbon systems at the thermo
baric conditions resembling those of the Earth's upper mantle 
(Kolesnikov et al., 2009; Sokol et al., 2019; Kenney et al., 2002; 
Serovaiskii and Kutcherov, 2020; Kutcherov et al., 2010; Sonin 

et al., 2014; Mukhina et al., 2017; Tao et al., 2018). The reactants 
and thermobaric conditions in the experiments reviewed below 
are representative of the actual geological environment. The 
presence of methane, carbonates, various forms of carbon, and 
wustite in the upper mantle is beyond doubt (Kolesnikov et al., 
2009; Shmelev and Meng, 2023; Kiseeva et al., 2022; Bataleva 
et al., 2015). However, several researchers have raised concerns 
about extrapolating the results of laboratory experiments to nat
ural conditions (Sephton and Hazen, 2013). The primary doubts 
are linked to the resemblance of the redox conditions in the upper 
mantle to those in laboratory experiments. The redox state of the 
Earth's deep layers, including the lithosphere and asthenosphere, 
is characterized by the oxygen fugacity (fO2

). The logarithmic value 
of (fO2

) relative to the geochemical buffer FMQ (fayali
te–magnetite–quartz), Δlog (FMQ), is typically used to evaluate the 
redox situation. This parameter governs the C–O–H composition of 
fluids  and silicate melts and influences  the stability of carbon- 
containing phases like diamonds, carbonates, and hydrocarbons 
(Taylor and Green, 1988; Ballhaus and Frost, 1994; Holloway and 
Blank, 1994). The heterogeneity of the redox state of the upper 
mantle is discussed in numerous studies (Ballhaus, 1993; Frost and 
McCammon, 2008). Petrological data suggest the existence of 
areas with low fO2 

values in both the lithospheric and astheno
spheric layers of the upper mantle. For instance, a study of garnet 
peridotite xenoliths from the Kaapvaal Craton in South Africa (Luth 
et al., 1990; McCammon et al., 2001; Woodland and Koch, 2003), 
Slave Craton in Canada (McCammon and Kopylova, 2004), and 
Fennoscandian Shield in Finland (Woodland and Peltonen, 1999) 
showed that values of Δlog (FMQ) at pressures ranging from 3 to 7 
GPa (corresponding to depths of 100–200 km) lie in the range of 
− 2 to − 4.5. Another study (Tychkov et al., 2008) on garnet peri
dotites revealed a gradual decrease in fO2 

to the iron-wüstite (IW) 
buffer (Δlog (FMQ) = − 5) at a depth of 200 km. The results of 
studies on inclusions in natural diamonds also indicate that the 
mantle is characterized by reducing redox conditions, with Δlog 

Ⅳ
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Ⅲ

Fig. 1. Sampling sites in the Republic of Tatarstan. (I) Romashkino oil field. (II) Novoelkhovskoye oil field. (III) Bavlinskoye oil field. (IV) Areas of concentration of smaller fields on 
the slopes of the South Tatar arch. ( ) Oil sampling sites.
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(FMQ) values ranging from IW to FMQ buffer (Kaminsky et al., 
2015). Despite periodic redox fluctuations,  the mantle becomes 
more reduced with increasing depth (Ballhaus and Frost, 1994; 
Howell et al., 2020).

The results indicate that in the upper mantle, at depths below 
100 km, there are areas where the conditions are favorable for the 
formation of fluids containing varying amounts of CH4 and other 
hydrocarbons, H2, CO2, and H2O. Similar conditions were repli
cated in laboratory experiments, and the results are discussed 
below. Experiments conducted at mantle thermobaric parameters 
to simulate the redox environment in the upper mantle support 
the possibility of forming hydrocarbon systems with different 
compositions under these conditions. Detailed explanations of 
these experiments can be found in references (Sokol et al., 2019; 
Kolesnikov et al., 2017). Hydrocarbon formation can occur due to 
reactions involving carbonates, wustite, and water (Marakushev 
and Marakushev, 2006a; Kutcherov et al., 2010; Sonin et al., 
2014; Mukhina et al., 2017) or through the hydrogenation reac
tion of graphite, diamond, or amorphous carbon with a hydrogen- 
containing fluid (Sokol et al., 2019). In studies involving the car
bonate–wüstite–H2O system under conditions like those in the 
upper mantle, a mixture of light alkanes, predominantly methane, 
was observed to form (Marakushev and Marakushev, 2006a; 
Kutcherov et al., 2010; Sonin et al., 2014; Mukhina et al., 2017). 
Furthermore, light alkanes can form even under the temperature 
regime of cold subduction (Mukhina et al., 2017). Modeling re
actions of carbon (graphite, diamond) with a hydrogen-containing 
fluid under thermobaric parameters and redox conditions corre
sponding to the mantle environment at depths of 170–180 km 
revealed the formation of a mixture of hydrocarbons containing 
alkanes up to pentane. Increased pressure and temperature reduce 
methane concentration in the hydrocarbon fluid and slightly in
crease unsaturated and oxygen-containing hydrocarbons (Sokol 
et al., 2019). A study of the reaction of iron-containing dolomite 
(ankerite Ca(Fe0.5Mg0.5)CO3)2 with water at a pressure of up to 6 
GPa and a temperature of 1200 ◦C demonstrated the formation of a 
mixture of light alkanes up to butane (Sonin et al., 2014). Addi
tionally, in inclusions in diamond synthesized in a metal-carbon 
system in the presence of a silicate substance at a pressure of 5.5 
GPa and a temperature of 1500 ◦C, a predominance of medium 
(C5–C12) and heavy (C13–C18) aliphatic hydrocarbons was observed, 
indicating a highly reducing fluid  in the crystallization medium 
(Tomilenko et al., 2021).

The findings  from the study of methane at temperatures 
ranging from 1000 to 1500 K and pressures from 2 to 14 GPa are 
detailed in a paper by Kolesnikov et al. (2009). The study simulated 
the redox conditions of the upper mantle by introducing magne
tite (Fe3O4) into the system, which led to the formation of a redox 
buffer through partial chemical transformation into iron (0). The 
results indicate the formation of a mixture of alkanes (methane, 
ethane, propane, butane) and water under the specified thermo
baric conditions. The thermodynamic calculations presented in 
(Zubkov et al., 1997; Karpov et al., 1998; Kenney et al., 2002; 
Marakushev and Marakushev, 2006b) suggest that the stability 
of heavy and unsaturated hydrocarbons increases as pressure and 
temperature in the mantle rise. Experimental work by Lobanov 
et al. (2013) indicates that raising the thermobaric parameters to 
values characteristic of the lower mantle could result in the 
appearance of higher molecular weight alkanes in the hydrocar
bon mixture. As pressures and temperatures increase, the phase 
composition of carbon-hydrogen fluids  shifts towards heavier 
hydrocarbons. These experimental results demonstrate that under 
specific thermobaric parameters and redox conditions mimicking 
those of the upper mantle, stable fluids  include methane, light 
alkanes, water, hydrogen, and oxygen-containing hydrocarbons, as 

indicated in (Kolesnikov et al., 2009; Sokol et al., 2019; 
Marakushev and Marakushev, 2006a; Kutcherov et al., 2010; 
Sonin et al., 2014; Kolesnikov et al., 2017). Depending on the 
temperature, pressure, and redox conditions, the fluid  composi
tion can vary considerably, ranging from methane-water in the 
upper part of the upper mantle to a fluid containing light alkanes 
and water at depths of 100–150 km, and a hydrocarbon-aqueous 
fluid  enriched with heavy hydrocarbons at greater depths, as 
described in Kolesnikov et al. (2009, 2017); Sokol et al. (2019); 
Tomilenko et al. (2021).

Table 1 provides information about the experimental studies 
discussed in this work.

One of the possible pathways of heavier hydrocarbon formation 
can be described as follows. The synthesis of heavier hydrocarbons 
is carried out via the radical mechanism, mainly focused on the 
growth of the carbon–carbon bonds, isomerization, and cyclization 
(Fig. 2). This pathway was described in detail in Serovaiskii and 
Kutcherov (2020).

The result of the simulation study also shows that methane 
molecules fuse to form larger hydrocarbon molecules when 
exposed to the very high temperatures and pressures of the Earth's 
upper mantle (Spanu et al., 2011).

Analyzing the experimental results presented in this section 
allows us to answer the initial question posed in the introduction. 
The conditions in laboratory environments, such as the initial re
action products, thermobaric parameters, and redox environ
ments, are comparable to those in the Earth's upper mantle. The 
experimental findings  support the possibility of abiogenic syn
thesis of complex hydrocarbon systems under conditions that 
closely resemble the Earth's upper mantle.

3.2. Thermodynamic model of formation and phase freezing 
(dehydrogenation) of oil

While discussing the thermodynamic model, we employed the 
terms outlined by Helgeson et al. (2009).

Despite discovering several accumulations of non-methane 
hydrocarbons at depths of up to 10.6 km (Kutcherov and 
Krayushkin, 2010), the bulk of all world oil deposits is localized 
within the so-called “oil window” in the depth range from 3 to 5 
km. In studies of followers of the biogenic concept, based on 
thermodynamic calculations and computer experiments to mini
mize the Gibbs free energy, the existence of reversible metastable 
phase equilibria between liquid oil, gaseous CO2, and solid kero
gens of “oil source” rocks in the physicochemical conditions of 
such typical oil reservoirs was substantiated (Helgeson et al., 1993; 
Pokrovskii and Helgeson, 1994; Richard and Helgeson, 1998; 
Seewald, 2001). It is postulated that oil is formed due to the pro
gressive hydrogenation of “oil source” rocks (sources of hydro
carbons), which occurs with increasing pressure, temperature, and 
burial depth. An exhaustive work (Helgeson et al., 2009) shows 
that under p–T conditions of a typical oil reservoir on the shelf of 
the Gulf of Mexico, localized at the depths of the “oil window,” 
reversible equilibria are established between liquid oil, solid 
crystalline “mature” (low H/C ratio) and pseudo crystalline 
“immature” (high H/C ratio) kerogens. The phase relationships 
between them are interpreted as incongruent (partial) melting of 
solid-phase kerogen with a liquid oil phase formation. However, it 
is precisely this justified reversibility of reactions that allows us to 
consider the origin of oil deposits from the point of view of the 
inorganic concept, i.e., instead of the “biogenic” direction of the 
process kerogen → oil (phase melting), our interpretation will 
consider the reverse process oil → kerogen (phase freezing).

On the diagram of hydrogen pressure (in the form of the 
chemical potential of gaseous H2 (μH2) – temperature (Fig. 3), we 
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consider the relationships between phases with average equilib
rium compositions, corresponding to the liquid oil (C8.8H16.9), solid 
“mature” (C128H68O7 – K2) and “immature” (C292H288O12 – K1) 
kerogens, as well as liquid water (H2O) and gaseous carbon dioxide 
(CO2). Hydrogen, in this system C–O–H, represented in the diagram 
by chemical potential, passes from extensive to intensive param
eters. Then, according to the Gibbs phase rule, the two black circles 
in the diagram, indicated by the temperature values of 373 K and 
401 K, represent invariant parageneses (assemblages) of four 
phases at a specific temperature, pressure, and chemical potential 
of the molecular hydrogen. These parageneses correspond to the 
stoichiometric reactions:

C292H288O12 (K1) + 88.249H2O = 27.486C8.8H16.9 + 50.125CO2 (1)

C292H288O12 = 1.527C128H68O7 (K2) + 10.899C8.8H16.9 + 0.64CO2 (2)

Each invariant equilibrium is coordinated by four three-phase 
monovariant equilibria that separate the divariant fields  (facies) 
of the metastable phases under consideration and their 
parageneses.

The diagram (Fig. 3) can be considered a thermodynamic model 
of an evolving inorganic oil reservoir under high carbon dioxide 
pressure conditions. The diagonal system of monovariant equi
libria conditionally divides the diagram into two parts—the upper 
left corner is occupied by the facies of liquid oil of average 
composition C8.8H16.9, and the lower right corner is occupied by 
the facies of “mature” and “immature” kerogens and their para
geneses. As one approaches the surface, a decrease in hydrogen 

Table 1 
The experimental results confirm the possibility of the abiogenic genesis of hydrocarbon fluids under upper mantle conditions.

Reactants Capsules P, GPa Т, K Analysis Products of reaction Reference

CaCO3 + FeO + H2O Pt, Fe 3–5 1200–1500 GCa, MSb Alkanes up to C6, methane predominates Kenney et al. (2002)
CH4 + Fe3O4 DAC 2–14 900–2500 Raman CH4+C2H6+C3H8+C4H10 Kolesnikov et al. (2009)
CaCO3 + Fe + H2O, 

graphite + FeO + H2O
Pt 5 1500 GC 72%CH4, 25%C2H6, 3%C3+ 94%CH4, 6%C2H6, 0.5%C3+ Kutcherov et al. (2010)

CH4 DAC 1.7–80 300–2000 Raman At lower mantle conditions – a mixture of alkanes Lobanov et al. (2013)
CaCO3 + FeO + H2O Fe 2–6.6 550–900 GC, Raman At Т >550 K – alkanes up to С7, benzene, 

methane predominates
Mukhina et al. (2017)

Ca(Fe0.5Mg0.5)(CO3) + H2O Au 1–6 900–1500 GC CO2, alkanes up to до С4, H2О Tao et al. (2018)
13С carbon, diamond, 

graphite ± Н2 ± Н2О
Pt, Au 5.5–7.8 1400–1700 GC, MS Alkanes, oxygen-containing compounds, 

non-saturated hydrocarbons, H2О
Sokol et al. (2019)

Graphite ± Н2 ± Н2О ZrO2 5.5 2100 GC, MS Aliphatic (С5Н12–С12Н26), cyclic, 
oxygen-containing hydrocarbons

Tomilenko et al. (2021)

a Gas chromatograph.
b Mass spectrometer.
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Fig. 2. Formation of heavy hydrocarbons from methane in modeled C-O-H fluid under the thermobaric conditions, corresponding to the upper mantle.
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pressure (hydrogen pressure isobars - dotted lines, Fig. 3) in the oil 
reservoir as a whole leads to a phase transformation of liquid oil 
with the formation of solid kerogens—“mature” (K2) and “imma
ture” (K1). In this case, phase transitions of liquid oil through 
equilibria with the formation of “immature” (from 473 to 401 K) 
and “mature” (above 401 K) kerogens occur in overall reactions 
with the absorption of CO2:

14.148C8.8H16.9 + 3.5CO2 = K2 + 85.548H2 (3)

32.5C8.8H16.9 + 6CO2 = K1 + 130.625H2 (4)

Below 373 K, the formation of “immature” kerogen is due to the 
hydration of oil, i.e., with the absorption of liquid water by oil:

33.18C8.8H16.9 + 12H2O = K1 + 148.37H2 (5)

The phase transition through a high-temperature monovariant 
equilibrium (above 401 K), reflecting the fixation of CO2 by oil with 
the formation of K2, occurs with a decrease in the chemical po
tential of hydrogen and leads to the appearance of a high- 
temperature facies with a paragenesis of liquid oil and crystal
line kerogen (reflected on the linear diagram on the right side 
ofFig. 3). The almost vertical equilibrium 1.71C128H68O7 
(K2) + 8.31C8.8H16.9 + 15.65H2 = C292H288O12 (K1) separates the 
high-temperature facies with the K2 kerogen-oil paragenesis and 
the low-temperature facies with the paragenesis: K1 –matureK2 
kerogen. That is, it is evident that as the temperature decreases, 
liquid oil will transform first into “mature” and then into “imma
ture” solid kerogens. This phase transition can be called phase 

freezing of liquid oil with the formation of solid kerogens in a 
natural process dehydrogenation reverse to experimental pyroly
sis—kerogen hydrogenation reactions (Lewan, 1997; 
Schimmelmann et al., 2001; He et al., 2025). In general, a drop in 
temperature and chemical potential of hydrogen in the sur
rounding trace leads to phase freezing (polycondensation) of 
liquid oil in the process of its dehydrogenation in the overall re
actions of hydration and fixation  of CO2 (introducing a third in
dependent component into the C–H system (C8.8H16.9)– oxygen) 
with the formation of solid phases of kerogens of varying degrees 
of “maturity.” Thus, oil, in relation to kerogens of different degrees 
of “maturity” and first  to crystalline “mature” kerogen, is a 
kerogen-source liquid rock.

These conclusions assume that, on the geological scale of 
sedimentary basin formation processes, the rates of chemical re
actions responsible for the formation of solid kerogen phases are 
higher than the rate of oil filtration through the forming shale “oil 
source” rocks. It should be borne in mind that the above reactions 
represent the sum of numerous responses, illustrating the 
achievement of equilibrium in a geochemical system, and do not 
reflect the paths and mechanisms of reactions.

Let us compare two thermodynamic systems, including liquid 
oil (C8.8H16.9) and crystalline “mature” kerogen (C128H68O7), with 
contrasting gas phases (CO2 and non-methane hydrocarbons (HCs) 
on diagrams of gaseous oxygen fugacity (log fO2

)–gaseous fugacity 
hydrogen (log fH2

) at a temperature of 423 K (150 ◦C) and a pres
sure of 830 bar (Figs. 3 and 4). Oxygen and hydrogen in these 
systems become intensive parameters, and, therefore, according to 
the phase rule, three-component systems C–H–O transform into 
single-component C-systems. In the phase space under 

Fig. 3. Temperature—the chemical potential of gaseous hydrogen diagram. Diagram temperature (T, K)—the chemical potential of gaseous hydrogen (μH2
), depicting the 

reversible phase relationships among crystalline “mature” (K2, C128H68O7) and “immature” (K1, C292H288O12) kerogens, gaseous CO2, liquid H2O, and oil (C8.8H19.9). Parageneses of 
phases in bivariant facies are presented in line diagrams. Thermodynamic characteristics of substances are calculated according to data from (Helgeson et al., 2009). Fluid ambient 
pressure is determined by CO2 fugacity (fCO2 

= Pf, where Pf corresponds to fluid pressure along the US Gulf Coast geotherm). The logarithms of the activity of liquid water, oil, and 
solid kerogens equal unity for pure liquid and solid matter, respectively. According to Helgeson et al. (2009), the idealized structures of kerogens are shown in the box on the right 
side of the diagram. Dashed lines (10− n) are isobars of molecular hydrogen fugacity. The empty circle at the monovariant equilibrium indicates the redox conditions and tem
perature of the oil reservoir at a depth of ~4.3 km for constructing the diagram in Fig. 4.
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consideration, the paragenesis of liquid oil and crystalline kerogen 
with the gas phase represents an invariant point. With that, the 
monovariant equilibria separate the divariant facies of these 
phases.

The diagram (Fig. 4) considers the equilibria between oil and 
“mature” kerogen and CO2 under the redox conditions of a typical 
oil reservoir at high carbon dioxide pressure (Helgeson et al., 
2009). A decrease in fluid  pressure of hydrogen and an increase 
in oxygen pressure under the conditions of the Earth's surface will 
lead to a phase transition through monovariant equilibria with the 
transformation of liquid oil into “mature” crystalline kerogen and 
gaseous CO2. In addition, the upward migration of oil in deep fluid 
flows (such as the observed oil influx  into active and depleted 
wells at the Romashkino field  in Tatarstan (Gottikh et al., 2014; 
Muslimov and Plotnikova, 2019)) will shift these equilibria in the 
same direction.

Reversible phase equilibria between oil and kerogens, shown in 
the diagrams (Figs. 3 and 4), are established under high CO2 fluid 
pressure (830 bar) in the modern Gulf of Mexico oil field. However, 
the very formation of oil deposits occurred under conditions of 
high fluid  pressure HCs (Marakushev and Marakushev, 2008, 
2010); therefore, in the diagram of the logarithms of the fugacity 
of hydrogen (log fH2

) and oxygen (log fO2
) (Fig. 4), the gas phase is 

replaced by the HCs phase, as a hypothetical set of alkanes. The 
sum of their partial pressures equals 830 bar and determined the 
lithostatic pressure in the deposit. The equilibrium liquid oil- 
crystalline kerogen (14.545C8.8H16.9 + 3.5O2 =

C128H68O7 + 88.909H2) is similar to the equilibrium presented in 
Fig. 3, but their relationships with the gas phase are significantly 
different. Vertical iso-potential monovariant stoichiometric equi
librium (with the general formula 8.8CnH2n+2 
(alkanes) = nC8.8H16.9 (oil) + (8.8 + 0.35n) H2), corresponding to 
the logarithm of hydrogen fugacity (log fH2

) equal to − 1.94, sepa
rates metastable facies of gas alkanes and liquid oil.

The diagram (Fig. 5) shows that a decrease in hydrogen fugacity 
(fH2

) in the forming oil reservoir should lead to a phase transition 
of gas alkanes with forming a liquid oil phase. With a decrease in 

fH2
, as well as with an increase in oxygen pressure (fO2

), sequential 
oxidation of fluid HCs (alkanes) occurs, starting with higher mo
lecular weight ones, with the formation of crystalline “mature” 
kerogen. In addition, it is necessary to consider that when deep HC 
fluids rise to the surface, the equilibrium HCs ⟷ oil and HCs ⟷ 
kerogen will also shift toward the formation of oil and kerogen. In 
general, the phase diagram (Fig. 5) can be considered a thermo
dynamic model of an equilibrium petrogenic carbon reservoir (a 
typical oil and gas reservoir) in the form of the relationship of gas, 
liquid and solid phases of carbon matter at a temperature of 423 K 
(150 ◦C) and a pressure of 830 bar, as well as a physical and 
chemical illustration of the process of formation of oil and kerogen 
of “oil source” rocks from HCs when redox conditions change in 
the forming deposit.

Under conditions of CO2 degassing (Fig. 4), oil can reach equi
librium with water, but “mature” kerogen cannot (the kerogen 
facies are below the equilibrium of water formation). In contrast, 
under conditions of HCs degassing (Fig. 5), “mature” kerogen can 
exist in paragenesis with water, but liquid oil cannot (oil facies are 
below the equilibrium of water formation). Therefore, according to 
(Helgeson et al., 2009), in the first case (Fig. 4), any water initially 
present (or subsequently entered) into the “oil-source” rock will 
irreversibly react with the “mature” kerogen to form CO2 and/or 
oil. However, under conditions of HCs degassing (Fig. 5), the situ
ation is precisely the opposite, i.e., water is a factor in the irre
versibility of the phase transformation of oil into kerogen. In other 
words, water will react irreversibly with oil to form “mature” 
kerogen and/or gaseous HCs until all the water or the oil is 
consumed in the reactions. Thus, oil is a liquid parent rock, forming 
crystalline “mature” kerogen in irreversible processes under high- 
pressure HC fluids and in the presence of liquid H2O. However, in 
the considered regimes of CO2 or HCs degassing and without 
considering the influence of water as an irreversibility factor, with 
a geologically long-term decrease in hydrogen pressure, increase 
in oxygen pressure (Figs. 4 and 5), and a drop in temperature 
(Fig. 3) a phase transition liquid oil → crystalline kerogen, i.e., 
phase freezing of oil occurs.

The considered scenario for the formation of oil, gas, and 
polymeric carbon substances of “oil source” rocks is based on the 

Fig. 4. Facies of liquid oil, crystalline kerogen, and gaseous carbon dioxide (CO2). 
Facies of liquid oil (C8.8H16.9 (I)), crystalline kerogen (C128H68O7 (c)), and gaseous CO2 

(g) on the phase diagram of the logarithms of fugacity gaseous H2 (log fH2
) and O2 (log 

fO2
) at a temperature of 423 K calculated according to data from (Helgeson et al., 

2009) for p–T conditions of an oil reservoir at a depth of ~4.3 km US Gulf Coast 
(open red circle in the diagram, Fig. 3). The fluid pressure in the system is determined 
by the fugacity of CO2 (fCO2

) equal to 830 bar. The point on the diagram is the invariant 
three-phase equilibrium. The liquid water facies are above the saturation isopleth 
(dashed line). The logarithms of the activity of liquid oil and crystalline “mature” 
kerogen are equal to unity.

Fig. 5. Facies of liquid oil, crystalline kerogen, and gaseous hydrocarbons (alkanes). 
Facies of liquid oil (C8.8H16.9 (I)), crystalline kerogen (C128H68O7 (c)), and gaseous HCs 
(alkanes (g)) at a pressure of 150 bar on the phase diagram of the logarithms of the 
fugacity of gaseous H2 (log fH2

) and O2 (log fO2
) at a temperature of 423 K, calculated 

according to (Marakushev and Belonogova, 2021; Helgeson et al., 2009). The fluid 
pressure in the system (830 bar) is determined by the fugacity (f ∑CnHn+2), corre
sponding to the sum of the partial pressures of gas alkanes (

∑
CnHn+2). The remaining 

parameters and designations correspond to the caption in Fig. 4.
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concept of degassing of the Fe–Ni liquid core of the Earth in the 
form of pulses of hydrogen fluids, which exist there in huge con
centrations. The existence of a large concentration of hydrogen in 
the core is explained by the model of the development of the Solar 
System, in which the stratification  of the substance of the iron- 
stone core of Proto-Earth (an analog of modern Jupiter) on a cen
tral liquid metal and outer solid silicate shells occurred under the 
enormous pressure of the hydrogen of its outer fluid envelope. As a 
result of the consolidation of the silicate shell and the deflation of 
the outer fluid hydrogen-helium shell of Proto-Earth, this massive 
concentration of hydrogen was preserved in the core, and its 
hydrogen degassing determined the further evolution of our 
planet (Marakushev and Marakushev, 2010). This hydrogen is a 
component of hydrocarbons formed due to its high-temperature 
and high-pressure effects on various forms of carbon (elemental 
carbon in multiple states of aggregation, metal carbides, and car
bon oxides). The metastability of hydrocarbons at different depths 
of the mantle has been confirmed  theoretically and in several 
experiments, discussed in Section 3.1. The synthesis of hydrocar
bons ends the progressive stage of development of the C–H system. 
Then, its regressive stage begins with the formation of oil, natural 
gas, and the so-called “caustobiolites” (bitumen, asphaltenes, 
kerogens, etc.), which occurs along a gradient of decreasing 
hydrogen pressure and temperature in the earth's crust (Figs. 3 and 
5).

The thermodynamic calculations presented in this section 
allow us to obtain an answer to the second question stated in the 
introduction. We have shown that phase transitions between 
reversible equilibria CO2–oil–kerogen can occur in both the 
kerogen–oil direction and the oil–kerogen direction.

This interpretation suggests that kerogen can be regarded as a 
product of the dehydrogenation of oil and gas. One of the primary 
arguments put forth by advocates of the biogenic concept is the 
existence of specific  biomarkers in oils, bitumens, kerogens, etc. 
The following section demonstrates that the presence of these 
biomarkers is attributed to the extraction of biological structures 
from the surrounding sedimentary rocks by the hot deep hydro
carbon fluid.

3.3. Biomarkers

The presence of biomarkers in oil can be interpreted in several 
ways. Specifically, these biomarkers result from the dissolution 
and assimilation of dispersed organic matter by hot, deep hydro
carbon fluid,  a phenomenon previously confirmed  through 
experimentation (Balitsky et al., 2023; Ivanov et al., 2010). The 
hydrocarbon fluid  formed during mantle–magmatic processes 
ascends from sub-crustal zones along deep faults and fractures, 
permeating the basement and sedimentary strata. As this fluid 
comes into contact with the remains of buried biomass 
biochemical structures within the sedimentary cover, it extracts 
and carries their biological imprints while migrating through the 
sedimentary layers. During this migration, the deep fluid assimi
lates an increasing number of organic fragments from the sedi
mentary rocks, enriching itself with a diverse array of biomarkers. 
These biomarkers offer insight into the conditions under which 
the sediments were formed. It is also important to consider the 
impact of microbiological activity, which can alter the oil's 
composition through metabolic processes and decomposition. 
This influence  becomes more pronounced as the depth of the 
deposit decreases. Consequently, the biomarker composition of 
oils derived from deposits formed by deep fluid migration is ex
pected to be distinct, with the concentrations of oil biomarkers 
increasing as the deposits are located farther from the feeding 
fault.

To examine the above assumption, we studied the distribution 
of vanadyl and nickel porphyrin complexes in oils from productive 
horizons in Tatarstan fields  at various sedimentary cover strati
graphic levels.

Among the well-known biomarkers are geoporphyrins (petro
porphyrins)—vanadyl and nickel porphyrin complexes. Porphy
rins, natural organic pigments sourced from Fe-heme proteins and 
Mg-chlorophyll, play a crucial role in life processes. These pig
ments are present in oil, meteorites, sedimentary and igneous 
rocks, and minerals of endogenous origin, including asphaltites, 
coals, peat, shales, carbonates, and deep waters. The presence of 
geoporphyrins in oil is generally considered an indicator of the 
sedimentary migration (thermogenic) origin of the entire oil 
composition (McKenna et al., 2021). However, porphyrins may also 
be extracted from host sedimentary rocks by endogenous oil, with 
further formation of geoporphyrins.

The chromatographic analysis of selected oil samples revealed 
the presence of vanadyl and nickel porphyrin complexes in all oils 
examined. However, the content of porphyrin complexes in oil 
samples from various depths varied significantly by several orders 
of magnitude. The minimum concentration of V-Ni-porphyrins, 
bordering on the precision of the method used (0.6 mg per 100 g of 
oil), was found in the oil from layers DIII and DIV of the Ardatovsky 
and Vorobievsky horizons of the Givetian stage of the Middle 
Devonian (Fig. 6). These layers are located at the base of the 
sedimentary cover close to the top of the crystalline basement. In 
several oil samples selected from the Vorobievsky horizon, vana
dium and nickel porphyrin complexes did not exist, or their con
centration was at the limit of the method's detection capability. In 
the Givetian stage oil, the Ni-porphyrin content ranges from 2.07 
to 6.93 mg/100 g of oil, with an average of 4.2 mg/100 g, while the 
V-porphyrin content ranges from 5.52 to 18.3 mg/100 g of oil, 
averaging 8.87 mg/100 g. Meanwhile, in the oil from the Vereisky 
horizon of the Middle Carboniferous, the Ni-porphyrins content 
reaches 18.35 mg/100 g, and V-porphyrins reach 44.56 mg/100 g. 
Moving up the section in oils of carbonate layers from the Frasnian, 
Famennian, Tournaisian, Visean, and Bashkir stages, there is a 
noticeable increase in the amount of vanadium and nickel 
porphyrin complexes. Moreover, this increase occurs progressively 
from bottom to top. This trend is common for all studied areas of 
oil deposits in Tatarstan (Figs. 7 and 8).

In Fig. 9, the graph illustrates the variation in the content of V 
and Ni-porphyrin complexes in oils from the Vorobyovsky to 
Vereisky horizons in the South Tatar arch. It's worth noting that 
the V/Ni ratio falls within a narrow range of 2.16–2.43 despite the 
significant  depth-based variability in productive horizons. This 
suggests a close genetic relationship among the oils studied and 
indicates a precise source for their formation.

The presence of V and Ni-porphyrin complexes in oil can be 
understood through the following explanation. Before the deep 
hydrocarbon fluids  entered the sedimentary layers, these layers 
contained a certain quantity of porphyrin tetrapyrrole structures, 
likely derived from surface biological sources. Furthermore, the 
concentration of biological porphyrins in various horizons 
increased as the depth of the horizons decreased.

Hydrocarbon fluid is generated at depth as a result of alkaline 
magmatism. In cases where magma chambers are stratified, fluid 
phases with varying concentrations of ore metals, significantly 
exceeding the metal concentrations found in the surrounding 
magmas and trans magmatic fluids,  are formed at different ho
rizons. In the upper horizon of these chambers, vanadium-rich 
titanium-magnetite ores are formed, while the underlying crit
ical zone yields chromite and copper-nickel ores (Marakushev 
and Marakushev, 2008, 2010). As hydrocarbon fluids ascend and 
permeate through magmatic ore melts, various metals and their 
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migration complexes are incorporated into the fluid composition. 
All types of oil exhibit abnormally high concentrations of 
numerous metals (V, Ni, Zn, Cu, Mo, Hg, Au, Pd, Pt), with the 
extraction of these metals reaching industrial significance. 
Among these, vanadium, nickel, and zinc are predominant, 
forming a distinct “oil” paragenesis. Geochemical types of oil
—characterized by vanadium, nickel, or zinc—are distinguished 
by the predominance of one of these metals, not only in specific 
deposits but also across entire oil provinces (Marakushev and 
Marakushev, 2006b; Aleksandrova et al., 2017; Ivanov et al., 
2022; Yang et al., 2023).

The deep paragenesis of V + Ni + Zn has also been identified in 
the bitumen extracted from diamond-bearing kimberlite pipes, 
which are permeable structures conducive to the migration of 
hydrocarbons into them. The origin of this paragenesis is linked to 
deep magmatic foci. Let us examine the microelement composi
tion of the bitumen fraction found in the geodes of the Udachnaya 
diamond pipe located on the Siberian platform. This bitumen is 

characterized by asphaltite with a light (“oil”) isotopic composi
tion of carbon (δ13C = − 34.6‰), contrasting sharply with the 
heavier carbon composition of the calcite present in the same 
location (δ13C = +24.5‰) (Gottikh et al., 2004).

Fig. 10 illustrates a diagram depicting the logarithms of impu
rity element content in asphaltite based on their ordinal numbers, 
highlighting their division into even and odd categories. The dia
gram reveals the previously discussed “oil” paragenesis of metals 
V + Ni + Zn (highlighted within a red dotted circle), as evidenced 
by the prominent maxima of their concentrations in asphaltite, 
which significantly  surpass the levels of all other impurity ele
ments. Notably striking is the exceptionally high concentration of 
vanadium, an odd element that, by the Oddo-Harkin's rule, should 
naturally exhibit lower prevalence compared to closely related 
even elements. However, the vanadium levels in asphaltite are 
remarkably higher than those of other impurity elements. This 
phenomenon can be attributed to its extraordinarily high selective 
chemical affinity  for oxo- and sulfide  complexes with 
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hydrocarbons, which results in its effective concentration 
throughout the oil generation processes.

The study (Sanz-Robinson and Williams-Jones, 2020) demon
strates that liquid hydrocarbons can serve as effective ore fluids for 

nickel, with concentrations increasing alongside the sulfur content 
in oil due to the formation of nickel sulfide.  Vanadium sulfide, 
specifically the greenish-black amorphous mineral patronite (VS2), 
is commonly associated with nickel, iron, zinc, molybdenum, 
phosphorus, and carbon (Haggan and Parnel, 2000) and is char
acteristic of high-sulfur parent oil. Furthermore, vanadium is 
considered a lithophile (oxyphilic) metal, and its most stable 
oxidation state is the oxovanadium cation (VO2+) (McKenna et al., 
2021). During the deposit formation process, the VO2+ and Ni2+

cations present in the oil fluid  coordinate with the tetrapyrrole 
ligands of porphyrins found in the surrounding sedimentary rocks. 
This interaction displaces magnesium and iron cations, leading to 
the formation of vanadium-nickel geoporphyrins. In the scenario 
under consideration, the deep hydrocarbon fluid  that migrated 
into the stratigraphic horizons of the South Tatar arch along faults 
initially lacked porphyrin complexes but was enriched with 
various metals, particularly vanadium and nickel, which have or
igins in the deep mantle.

Our new experimental findings  regarding the distribution of 
vanadium-nickel complexes in oils from the productive horizons 
of Tatarstan deposits, located at various stratigraphic levels within 
the sedimentary cover, along with the discussion of these results, 
provide us with insights to address the third question posed in the 
introduction.

The evidence suggests that geoporphyrins in oil may stem from 
the interaction between dissolved metals in ascending deep hy
drocarbon fluids  and biological porphyrins found within the 
sedimentary rocks of the examined horizons. In this context, oil, 
particularly from deposits in the upper horizons, appears to have a 
biogeochemical origin.

Therefore, deep hydrocarbon fluids, which carry specific para
geneses of ore metals, contribute to the metal content of oils, 
thereby underscoring their deep abiogenic characteristics.

4. Conclusions

Experimental conditions for synthesizing complex hydrocar
bon systems, including the initial reaction products, thermobaric 
parameters, and redox environments, closely replicate those found 
in the Earth's upper mantle. The results obtained from these 
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experiments provide evidence supporting the potential abiogenic 
synthesis of complex hydrocarbon systems under conditions 
analogous to those in the Earth's upper mantle. Nonetheless, the 
topic of deep fluid migration requires further discussion and falls 
outside the scope of this paper.

We have demonstrated that phase transitions between 
reversible equilibria of kerogen and oil can occur in both the 
kerogen-to-oil and oil-to-kerogen directions. This interpretation 
implies that kerogen can be viewed as a product of the dehydro
genation of oil and gas.

Our new experimental results indicate that geoporphyrins in oil 
may arise from the interaction between dissolved metals in 
ascending deep hydrocarbon fluids  and biological porphyrins 
present within the sedimentary rocks of the studied horizons.

The arguments presented in the paper support the concept of 
the deep abiogenic origin of hydrocarbons and provide insights 
into the formation of oil deposits. However, there are still several 
outstanding questions:

(1) Can lithological traps harbor hydrocarbon deposits at depths 
exceeding 11 km?

This is a pivotal question for determining the exploratory depth 
of ultra-deep drilling and identifying suitable drilling locations.

(2) Can the process of oil dehydrogenation, leading to various 
types of kerogen formation, be experimentally simulated?
New experimental data will enhance our understanding of 
the pathways and molecular mechanisms involved in 
forming different oil types and their degradation products 
during the regressive dehydrogenation of hydrocarbon 
fluids rising to the Earth's surface.

(3) How will embracing the concept of the abiogenic deep 
origin of hydrocarbons impact our outlook on the prospects 
for oil and natural gas production in the medium and long 
term?

This concept prompts a re-evaluation of the structure, extent, 
and geographical distribution of the world's hydrocarbon re
sources, guiding future exploration endeavors.
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