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Abstract: The storage of biochemical information, which is a prerequisite for the development of 
the first cell, is an unsolved problem affecting all concepts of the origin of life. However, if the pro-
tected environment in the continental crust is taken into account, completely new possibilities 
emerge for identifying processes that may have been crucial for the formation of the first cell. Under 
this background, we can hypothesize that, before cellular life began, a self-sustaining cycle of mo-
lecular reaction steps with information storage in RNA existed outside of a cell. This cycle was made 
possible in an open system bound to gas-permeable tectonic fracture zones with a high proportion 
of CO2 and N2. The formation of peptides and vesicles in supercritical CO2 and the chemical evolu-
tion of peptides have already been proven for the upper continental crust. Further considerations 
include the interactions of vesicles with catalytic peptides and the emergence of proto-tRNA. In 
combination with the formation of proto-tRNA synthetases, which consist of only two amino acid 
species and associated proto-tRNAs, the first RNA as an information storage system could have 
been formed with the information of proto-enzymes. 

Keywords: origin of life; hydrothermal biochemistry, information storage, continental crust model, 
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1. Introduction 
The processes underlying the origin of life remain an unsolved mystery, as the envi-

ronment in which the first cell must have originated is controversial and has not been 
clearly identified. For this reason, it has, to date, been unfruitful to consider information 
storage in the first phase of life without knowing the specific starting conditions. The list 
of problems to be discussed in research on the origins of life is long and well known. 
Where did the necessary building blocks of life form in sufficient quantities and concen-
trate into reactive mixtures [1–5]? What were the energy sources for the relevant chemical 
reactions, and what processes enabled life to develop against an increase in entropy [6,7]? 
Due to the high thermodynamic barrier to peptide condensation in aqueous solutions, the 
development of the first cell in an aquatic environment is difficult to explain (paradox of 
water) [8-10]. If life arose on the Earth's surface, what role did solar wind and ultraviolet 
radiation play [11]? What effects did meteorite impacts, erosion, and sedimentation have 
on ponds, which must have had existed for more than millions of years, for life to develop 
[12]? How could vesicles develop as precursors of the cell, and how could chemical tools, 
consisting of a multitude of molecules with sequences that cannot be random, evolve 
[13,14,15]? How can the determination of the chiral molecules in terms of their present-
day handedness be explained [16,17]? Last, but not least, how could information storage 
have started at the very beginning of life [18]? Something that is neglected in all consider-
ations is time. One of the most difficult aspects to understand is how time has influenced 
the development of complex organic molecules. What is meant here by “time” is the pe-
riod of hundreds of millions of years before the first cell emerged, during which, for ex-
ample, entire high mountains were eroded several times down to sea level. 

Until recently, there was no model for a realistic environment that could be verified 
in the laboratory, but such a model is a prerequisite for further discussion regarding the 
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evolution of the peptide/RNA system. The discussion in the literature has focused on two 
models in recent years: the hydrothermal model of black and white smokers (see the dis-
cussion in Russel, 2021) and warm little ponds with hydrothermal input from the crust 
and molecules from space [19-21]. Both models have fundamental problems. The recent 
white smokers were created in connection with calcareous sediments from a biogenic reef 
[22], a situation that cannot be transferred to the early phase of the Earth [12]. In addition, 
condensation reactions without supporting enzymes must have taken place in the water 
for polymer formation, what is considered critical [9]. The hot pond model also has several 
problems that call into question the origin of life in these places. In addition to exposure 
to ultraviolet radiation and particles from the solar wind, the first priority in relevant re-
search is the lifespan of these systems. Shallow ponds are filled with sediment by strong 
weathering processes over a few thousand years. Arid regions, if they existed at all, were 
filled with salts. In addition, every impact of a larger meteorite, which almost exclusively 
occurred in the oceans, must have led to catastrophic flooding and erosion processes. Fur-
thermore, there is no reliable estimate for the amount of organic molecules brought into 
the narrow catchment area by meteorites. The concentration of such molecules in meteor-
ites is extremely low. Thus, in the short lifespans of the ponds, sufficient meteorites/mi-
crometeorites must have struck the catchment area of the rivers to make molecules avail-
able. Meteorites with large diameters, which prevent such meteorites from burning up 
and the radiation in space from destroying the larger molecules within them, were deter-
mined to be capable of transporting organic molecules [23]. These molecules do not re-
lease large amounts of molecules immediately or all at once. It takes centuries to millennia 
for the meteorite material to weather, and the release of molecules takes place over the 
entire period of dissolution. Such a small amount of molecules per year cannot be consid-
ered the main resource for biochemical processes. 

Within a recent discussion on the origin of the first cell in the continental crust [24-
26], a realistic model was presented for the first time; this model can be tested both in the 
laboratory and in nature. The basis for this model is the development of the continental 
crust, which presumably began relatively early after the Earth had cooled down. At the 
point in time when the existence of the first life was postulated [27], the Earth was already 
more than 25% of today's mass [28-30]. Tectonic stress within the proto-crustal cores float-
ing on a highly dynamic mantle must have led to fault zones from the beginning, which 
magmas and gases used as routes to the surface. Such fault zones can be active for tens to 
hundreds of millions of years. In addition to hot geysers in volcanic regions, there must 
have been numerous cooler areas in the upper continental crust due to the influx of arte-
sian surface water, in which cold water geysers controlled by CO2/N2 gases were active. 
The conditions of a cold water geyser can be simulated in the laboratory with a high pres-
sure cell [25,26]. Information about the typical chemistry of the fluids from the fault zones 
can be determined by analysing the fluid inclusions in hydrothermally formed fissure 
minerals. These minerals were previously found both in archaic hydrothermal quartz 
minerals of Western Australia and in the most recent fissure calcites in the vicinity of sub-
recent volcanoes in the Eifel [30,31]. 

2. Environment and Resources 
A multitude of different pressure and temperature conditions existed in water- and 

gas-filled tectonic faults in the upper continental crust [24]. Through Fischer/Tropsch-like 
synthesis and other processes (e.g., the Haber–Bosch process), organic molecules, which 
are a prerequisite for the development of life, could be formed from abiotic starting mate-
rials. Starting substances for lipids, such as aldehydes, were found in the fluid inclusions 
of hydrothermal archaic quartz minerals and in recent hydrothermal calcites [30,31]. Hen-
net et al. (1992) showed that under simulated hydrothermal conditions (150 °C, 10 Atm, 
pH 7) with various mineral catalysts, amino acids could be formed from the starting com-
pounds of the fluids (formaldehyde, ammonia, cyanide) [32]. The authors analysed eight 
different species, of which glycine had the highest concentration. The concentrations of 
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other amino acids (ASP, SER, GLU, ALA, CYS, MET, and ILE) were, on average, two or-
ders of magnitude lower. Marshall published 12 amino acid species that can be formed 
under hydrothermal conditions (in addition to those from Hennet et al., these species are 
PRO, LEU, LYS, VAL, THR, and PHE); thus, at least 14 species in the fault zones could 
have been available for the development of peptides [33]. However, the concentrations of 
the individual amino acid species must have been very different. 

LaRowe and Regnier (2008) produced five common nucleobases (adenine, cytosine, 
guanine, thymine, and uracil) and two monosaccharides (ribose and deoxyribose) from 
formaldehyde and hydrocyanic acid under pressure, temperature, and bulk composition 
conditions that are representative of hydrothermal systems [34]. 

The fluids of the crustal faults have a low pH (> 3,4) due to high pressure when the 
main gas phase is CO2 [35]. A lower pH value is achieved when sulfur compounds are 
present, but higher values can be achieved with a larger proportion of nitrogen in the gas 
composition. A short-term increase in the pH value of 0.5 is possible with a pressure drop 
during geyser eruption. Under high pressure and temperature and low pH conditions, 
marginal rocks are altered, which then, depending on the type of rock and the crustal 
depth, release a wide variety of metals and compounds, such as phosphate from the de-
composition of apatite. Apatite occurs in high amounts in igneous rocks of the crust. The 
cations from the weathered minerals can act as catalysts for organic chemical reactions or 
can form new surfaces (sulfidic ore veins, carbonates, arsenites, and others) on the side 
walls. Sulphide ore contains different proportions of radioactive elements, which cause 
different levels of radioactive effects in chemical processes. Radioactivity can play a role 
in the evolution of RNA and the formation of reaction networks [36]. At the same time, 
clay minerals are formed and can line the rock surfaces of the fault. This fact is important 
when discussing the formation of RNA. Moreover, the surfaces of clay minerals can serve 
as templates for linking nucleotides [37,38]. Quartz is the main mineral of open fissures in 
tectonic faults. Fluids in the faults contain colloidal SiO2, which, similar to the surfaces of 
quartz crystals, have catalytic properties [39]. Due to the shorter distance between the 
moon and the Earth in the early phase of Earth's history, strong tidal forces acted on the 
Earth’s crust [40]. While piezoelectric effects in the continental crustal rock cancel each 
other out during earthquakes or Earth tides due to a statistical distribution of minerals, 
these effects can cause a regular voltage drop and build up in the hydrothermally formed 
quartz in faults [41,42]. Thus, there is a cyclical weak electrical current flow that can even, 
as a result of earthquakes, lead to lightning-like discharges in the gas-filled cavities. 

Far from influences such as solar wind, UV radiation, and erosion or flooding pro-
cesses on the surface, the conditions at depth are stable for millions of years. The possible 
entry of molecules from Earth's surface could by facilitated by artesian water. In this way, 
the building blocks of life released from meteorites could reach the depths of the Earth 
and, for example, change the ratio of L and D amino acids [43]. The CO2 and N2 in mofettes 
and geysers are of particular importance. The ascent of CO2 creates a current in the water 
column through which substances are transported. This transport ensures the replenish-
ment of various molecules and the removal of reaction products to the surface, such that, 
on the one hand, no equilibrium can be established and, on the other hand, the suppres-
sion of reactions through tar formation is prevented [44]. Pure CO2 (critical point: 30,98 
°C; 73,77 bar) is already in a supercritical state (scCO2) at a depth of approximately 1000 
m (depending on the temperature and number of gas bubbles in the supernatant water 
column). Pure N2 (critical point: −146.9 °C; 33,96 bar) reaches this state at a depth of about 
400 m under an open water column. Since the gases mix completely with one another, 
intermediate values of the critical points are formed based on the proportion of these 
gases. The same applies to trace gases (NH3, CH4, SO2, and others) if they occur in higher 
concentrations.  

Supercritical gases have the properties of non-polar solvents, in which organic mol-
ecules can accumulate and react with one another. This interaction is favored by cavities 
that are filled with CO2/N2 at the top and water at the bottom. These cavities are autoclave-
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like reaction chambers with two-phase boundaries. Here, amino acids are easily linked to 
peptides, with water split off. This formation is intensified by a drop in pressure, e.g., 
during a geyser eruption, which induces a local phase transition between scCO2 and sub-
critical gaseous CO2 (gCO2) at a depth of approximately 1000 m. The area affected by a 
phase change at this depth is approximately 100 m vertically. The resulting strong increase 
in entropy favours the reaction to form longer amino acid chains without catalysts [25]. It 
can be assumed that organic molecules that rose with scCO2 bubbles from deeper areas of 
the crust accumulated here in high concentrations due to the solubility drop in gCO2. The 
cyclical repetition of geyser eruptions, through which chemical evolution is significantly 
controlled, plays a decisive role. 

3. Peptide formation 
While peptide condensation is thermodynamically inhibited in an aqueous environ-

ment, the formation of peptides with up to 18 amino acid units under hydrothermal con-
ditions was demonstrated in the laboratory in a system with excess CO2 [25]. The condi-
tions during the change from scCO2 to gas favoured a condensation reaction without the 
need for catalysts. The main cause of this change was the enormous increase in entropy in 
the overall system during the transition from scCO2 to gas. 

Since it is useful to perform calculations with the smallest possible numbers of build-
ing blocks for information storage, one approach is to include only two amino acids for 
the initial development of functional molecules. Glycine, as shown by the experiments of 
Hennet et al. (1992), is the most common amino acid that can develop in a hydrothermal 
system (i.e., two orders of magnitude more common than ASP, SER, GLU, and ALA) [32]. 
The next most frequent amino acid could have been alanine or serine. While alanine 
hardly offers any possibilities for a more complex peptide structure, serine has a hydro-
philic side chain and is, therefore, polar. In today's biology, serine is encoded by six co-
dons, which will play a role in later considerations. If, due to the dominance of two amino 
acids, peptides are formed preferably from only two amino acid species, the chance for 
the development of a homochiral chain is relatively high. Glycine is achiral and, therefore, 
depends only on the second amino acid to obtain a corresponding peptide. Since the chiral 
amino acid is always present in equal parts for both types of handedness, a longer homo-
chiral peptide can hardly be expected with a free combination. However, the acidic con-
ditions of the fluids favour the formation of homochiral peptides [45]. These chains could 
then act as a catalyst that supports the linking of amino acids with only one type of hand-
edness at a time. The fact that even short peptides can have catalytic functions was demon-
strated by experiments carried out under different prebiotic conditions [46,47]. Notably, 
the catalytic activity of glycine in the peptide formation of other amino acids was also 
observed [48]. In this way, longer homochiral chains can be formed; these chains can be 
sufficient to allow the formation of secondary structures that gain stability. As noted by 
Danger, Plasson, and Pascal (2012), “Oligopeptides are much more stable to degradation 
when they adopt these specific structures, and especially if they present a b-sheet fold 
rather than an a-helix one” [49]. However, even short peptides have significant catalytic 
capabilities [50]. 

4. The first RNA: a precursor of tRNA? 
The formation of RNA under hydrothermal conditions has not yet been proven. 

However, preliminary analytical results showing that phosphate and ribose or ribose and 
nucleobases become linked under hydrothermal conditions are very promising (oral com-
munication by Oliver J. Schmitz, University of Duisburg-Essen). Because RNA building 
blocks can arise in the upper continental crust [34], the prerequisites for the formation of 
an RNA information storage system can be determined. This reasoning is supported by 
the discovery that clay mineral surfaces can act as templates for the formation of RNA [37, 
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38]. As a random product of chemical reactions, RNA would have no function as an in-
formation store, as RNA occurs as mRNA in later developments. The catalytic functions 
of ribozymes, which should have been possible at the beginning, have also been widely 
discussed [51-55]. The first RNA takes on a different meaning if that RNA was formed 
similar to a precursor to tRNA. 

RNA features optimum stability under acidic conditions in the low-temperature wa-
ters of tectonic faults [56]. If longer strands are formed under such conditions (30–50 base-
pairs), complementary sections accumulate and form RNA duplexes, a major problem for 
RNA replication. This process prevents the creation of copies through the addition of free 
nucleotides. Thus, the change from a single-stranded RNA template into an RNA duplex 
would lead to a dead-end product.  

5. Thermal cycling: a simple means of separating RNA strands 
Szostak (2012): “Without a simple means of separating the strands, such as thermal 

cycling, there is no way to continue to the next generation of replication” [57].  
Faults filled with low-temperature hydrothermal water and excess CO2/N2 offer op-

timal conditions for the process of RNA copying. Temperature at a depth of less than 1000 
m could have been slightly higher than 50 °C due to the ingress of surface water (artesian 
aquifer). The transition of scCO2/scN2 into the gas phase as a result of a geyser eruption 
causes cooling through expansion of the gas (Joule–Thompson effect). The reverse pro-
cess, when the water flows back into the fault, compresses the gas, which is associated 
with an increase in temperature and changes to supercritical conditions. Temperatures 
well above 60 °C can be reached here, whereby RNA double strands become separated. 
With subsequent cooling until the next geyser eruption (and during the eruption), the 
phase of RNA replication can begin. If enough building blocks are available, strands of 
RNA can be copied with each eruption cycle. The prerequisite is that the low pH value is 
increased by a high proportion of nitrogen and decompression. These conditions are nec-
essary to prevent protonation of the nucleotides, which occurs at low pH values. The melt-
ing temperature of DNA is significantly higher than that of RNA (higher than 80 °C), 
which could be one reason why DNA did not play a role in the early development of the 
first cells. The development of DNA as the carrier of genetic information is suspected to 
have occurred at a later point in time [58]. 

6. The formation of vesicles 
The formation of vesicles and the chemical evolution of peptides in high pressure 

experiments were already demonstrated in previous studies [26,59], and upper crust con-
ditions with cavities and a cold water geyser system were simulated. The focus of the 
experiments was the transition area from scCO2 to gas at a depth of approximately 1000 
m. The process is as follows. Along the tear-off edges, a large number of cavities are cre-
ated on the fault surfaces, in which CO2 can accumulate. These cavities provide reaction 
chambers with two phases—water in the lower part and scCO2 or gCO2 in the upper part. 
If scCO2 is present, the decrease in pressure during a geyser eruption leads to a phase 
change in the transition region. The result is CO2 gas in which dissolved water condenses 
into a mist. As experiments have shown, this process is the starting point of vesicle for-
mation since lipids from scCO2, which cannot remain in the gas, collect to form a primary 
envelope on the outer surface of the mist droplets. The sinking of the droplets to the in-
terface between water and gas, which is also occupied by lipids, leads to a further coating, 
such that vesicles with a double membrane are present in the water. Additional amino 
acids then link to form peptides (up to 18 units) during the decrease in pressure and in-
teract with the membranes of the vesicles formed. Mayer et al. showed that chemical evo-
lution is possible through the cyclical repetition of pressure fluctuations, leading to the 
mutual stabilization of peptides and vesicles [26,59,60]. However, the large number of 
possible combinations in peptide formation prevents the formation of identical amino acid 
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chain sequences. What is missing in this process is storage of information about the se-
quence, as found in the RNA and DNA that formed later.  

A second, less effective vesicle formation process runs parallel to mist formation in 
the gas. The pressure drop during a geyser eruption releases the dissolved gas in the wa-
ter. Such an eruption can be so violent that, similar to opening a champagne bottle, violent 
turbulence and a kind of foam formation occur in the cavities. In this process, droplets 
that entrain lipids from the water/gas interface are catapulted into the gas space. The li-
pids form the first envelope around the droplets, which is then enveloped by a second 
envelope when the droplets fall back onto the interface. The differences between the two 
vesicle formation processes are obvious. While the mist droplets consist of quasi-distilled 
water that has forcibly absorbed organic molecules from previously supercritical gas, the 
"champagne droplets" are loaded with the salts of the fluid and contain organic molecules 
that are easily soluble in water. Another difference is the size ratio. While mist droplets 
are a few microns in size, the “champagne droplets” are two orders of magnitude larger. 

(An estimate of the number of vesicles available for chemical evolution: Approximately 1011 vesicles 
are formed per geyser eruption. With 10,000 eruptions per year, there are 1015 formations, with 
1021 over a million years. In the early phase of the Earth, the gas release was much stronger than 
that observed today; thus, at least 1000 cold water geysers can be expected. If the observation period 
is extended to 100 million years, more than 1026 vesicles would be available for chemical evolution.) 

7. Development of life inside or outside a cell compartment? 
In the discussion so far, researchers assumed that the origin of life from a certain 

point in time (after collecting all of the necessary building blocks) was limited to vesicles 
as the precursors of the cell [61]. However, all functional molecules must have developed 
within a narrow space considering the limited availability of the necessary building 
blocks. In addition to membrane proteins, which are necessary for molecule exchange and 
initial energy production, all other enzymes and RNA would have had to form under 
these restricted conditions. 

Fewer explanatory problems arise if it is assumed that the laboratory of life was ini-
tially several dimensions larger. For example, the transition area from scCO2 to gCO2 in 
the fault zone can be seen as the centre of a larger unit in which reactions to form complex 
molecules took place. This system is supplied from below by amphiphiles, amino acids, 
and nucleotides formed at depth. Substances are constantly transported to the Earth's sur-
face, some of which would block the reactions if the concentrations are too high [44]. There 
is unlimited potential energy from the rise of CO2/N2, internal energy of the gas, thermal 
energy from the Earth's interior, and chemical energy from fluid–rock reactions. The ac-
cumulation of molecules from the depths leads to high concentrations in the area of the 
CO2 phase change, which favour reactions to more complex units. Geyser eruptions then 
lead to pressure fluctuations on site and, therefore, phase transitions in which entropy 
increases sharply. The resulting turbulence mixes the system without the system being 
completely emptied. Due to gravitational separation, large molecules are preferentially 
retained in the vicinity of the centre. Additionally, the question of how large molecules 
enter the vesicles can be easily answered: The cyclical formation of vesicles with each gey-
ser eruption is accompanied by an incorporation process of molecules in the immediate 
vicinity. 

8. Definition of the minimum equipment needed for the start of life 
To understand chemical evolution before the beginning of life, it is necessary to de-

fine the beginning of life as it could have been in its simplest form in terms of the open 
fault system of the crust. The start of life with a minimum number of components could 
be as follows: 
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Building blocks: 

• A proto-synthetase that consists of only two amino acid species (glycine and a second 
amino acid (e.g., serine; valine; or an alternative amino acid, AA2)), referred to here 
as binary proto-synthetase. 

• A second binary proto-synthetase, which also consists of the two types of amino acids 
(glycine and also AA2) but differs in structure from the first proto-synthetase. 

• Two RNAs in which the sequences of the two binary synthetases are stored. 
• Two groups of proto-tRNAs that can be specifically loaded by the synthetases. 

Required environment and conditions: 

• A continental tectonic fault zone with excess CO2/N2 (cold-water geyser system). 
• Two-phase reaction chambers in the border area of the CO2/N2 phase change (sc/gas) 

at a depth of less of 1000 m with a size of <1 cm³ to > dm³. 
• Unlimited supply of organic molecules (building blocks of life) from the depths. 
• Ascent to the top of excess material (partially open system). 

This consideration for the very first start of life assumes that the RNAs, proto-tRNAs, 
and synthetases were created in a previous chemical evolution process (which is ex-
plained below). The sequence of the synthetases would be stored in the RNA. 

The start of life would have taken place at the moment when the cycle of the specific 
loading of two proto-tRNA groups by the two binary synthetases with glycine or AA2 
began. The subsequent steps would represent the start of the translation process (tRNA 
anticodons attaching to RNAs that each store a sequence of the synthetases) and the link-
age of the transported amino acid to the given binary peptide. The peptide would then 
assume its synthetase function by folding. For physicochemical reasons, these steps would 
also be possible without additional auxiliary molecules such as ribose but would be less 
effective and occur over a longer period of time. However, it can be speculated that the 
special situation in cavities with a strong increase in entropy during the CO2 phase change 
would have a supporting effect. Both binary synthetases consist of the same amino acids 
but have different sequences. Each synthetase specifically catalyses one of its own amino 
acids. 

The simplest form of life would therefore be the independent self-replication of dif-
ferent proto-tRNAs and two RNAs through a process of base pairing and the repeated 
copying of two specific synthetases with the help of proto-tRNAs and the information 
stored in the RNAs. This process would be made possible under non-equilibrium by a 
constant supply of components from the depths with a large excess of glycine and AA2, 
as well as the special conditions in two-phase reaction chambers. 

9. Did life start with a binary system? 
The formation of proteins/sythetases from a minimum of two amino acids plus the 

development of proto-tRNAs can form the basis for a self-sustaining and multiplying mo-
lecular system, the establishment of which can be considered the start of life. Proto-syn-
thetases are thus able to carry out the loading of proto-tRNAs. However, the exact assign-
ment of an amino acid to a specific tRNA, as done in today's cells, was certainly not yet 
possible. Assuming that the four RNA bases adenine (A), cytosine (C), guanine (G), and 
uracil (U) were available at the beginning, 64 different combinations were accessible for 
the formation of anti-codons (in which there was still no definition for the stop or start 
codons). One promising possibility is that there were only two (or, alternatively, two 
groups of) proto-tRNAs out of the 64 possible proto-tRNAs to which one of the two binary 
proto-synthetases could carry out specific loading. In the case of two groups, the ratio of 
the number of proto-tRNAs between them (1:1 or otherwise) is of secondary importance. 
Only later, with increasing specificity, would more differentiated assignments of the 
proto-tRNAs to other amino acids emerge. 
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Ultimately, the system consists of a group of proto-tRNAs (or a single proto-tRNA) 
to which the amino acid glycine can be specifically loaded (0) and a second group (or a 
second single proto-tRNA) to which a second amino acid (AA2) can be specifically loaded 
(1). If serine played a role as the second amino acid, the high number of associated tRNAs 
still existing today may suggest an assignment to one of the two groups. The free random 
combination of zeros and ones (when the associated amino acids are linked) leads to any 
number of peptides. The anticodons can then serve as templates for complementary RNA. 
The simultaneous storage of the sequence via codon–anticodon interactions and the abil-
ity to read out this information again (as done later for mRNA) retain the peptides in the 
system for a long period of time.  

This arrangement is similar to the binary system that was developed as the basis for 
computer technology. An 8-bit computer system defines letters or numbers with combi-
nations of zeros and ones, which, in certain sequences, can form more complex contents 
(words, sentences, chapters, etc.). However, a biochemical system in the initial stage of 
development would not be limited to 8 bits. This system would involve rows of different 
lengths that allow a variety of random combinations (which can also be stored). Within 
this multitude of combinations, certain variations are likely to represent functional pep-
tides, e.g., new proto-synthetases. These peptides can help increase complexity by inte-
grating third and further amino acids with specific bonds to other proto-tRNAs (i.e., the 
iterative structure of an increasingly complex system). The high degree of non-specificity 
in this model allows a large number of tests and errors to occur without the system com-
pletely dying. An indication of the iterative structure of the chemistry of life is represented 
by the most frequently used amino acids of the first living organisms: glycine, alanine, 
valine, serine, proline, and aspartic acid [43]. 

10. The hypothetical model for storing information 
The central part of the hypothetical model for information storage presented here is 

the environment of the Earth's crust at a depth of approximately 1000 m. A certain RNA 
type, the precursor of today's tRNA (proto-tRNA), is a prerequisite for this hypothetical 
model. The formation of peptides or proteins and of vesicles took place in large numbers 
in the cavities with each phase change from supercritical gas to subcritical gas. The mutual 
influence of peptides and vesicles led to chemical evolution of the peptides, which were 
composed of all the amino acid species available in the hydrothermal fluids. Due to phys-
icochemical differences such as basic, acidic, polar, and non-polar, at least two groups can 
be postulated for this phase [see also 61]. These groups would have performed catalytic 
functions, each with different affinities for the amino acid species present. Moreover, some 
of the peptides would have had catalytic properties that led to a linkage of amino acids 
with proto-tRNAs. Based on the properties of the two peptide groups, at least two differ-
ent groups of proto-tRNAs were loaded. It is also possible that only two different proto-
tRNAs existed in this initial phase.  

Due to the oversupply of glycine, this amino acid was mainly linked to one of the 
proto-tRNA groups. A second amino acid, which was the next most frequent or had a 
stronger affinity for the randomly formed peptides of the two peptide groups, was linked 
to the proto-tRNAs of the second group (other amino acids that were loaded onto the 
same proto-tRNAs appeared, but were few in number, so they only played a subordinate 
role). The next step was the loose coupling of loaded proto-tRNAs in a random order so 
that, on the one hand, the transported amino acid could be linked in a chain and, on the 
other hand, the anticodons could serve as templates for the formation of an RNA strand. 
The linkage reactions were supported by the increase in entropy during Geyser eruptions. 
Two amino acids comprised the majority of all formed peptides. Many of the peptides 
were enantiomerically pure under low pH ratios, enabling them to be folded and making 
them less prone to hydrolysis. At this point, the same number of peptides existed in both 
L and D versions. 
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From this repertoire (after millions or tens of millions of years) came two proteins, 
which, as proto-synthetases, carried out more specific loading of one of their amino acids 
on one of the proto-tRNA groups. The parallel formation of the associated RNA during 
protein production led to information in the protein blueprint being retained. Ultimately, 
the development of life started as described in Sections 8 and 9. 

Later in the process, vesicle formation during geyser activities again became im-
portant. During each formation cycle, a large number of molecules in the vicinity of the 
cavities were incorporated into the vesicles. Over the course of millions of years, a suffi-
cient number of processes took place in which proteins, tRNAs, and RNA entered the 
vesicles. When all necessary building blocks for the self-preservation of all molecules in a 
vesicle were available in large numbers (with further supply of necessary components 
from outside), the proto-cell could grow and divide by shearing during a turbulent geyser 
eruption. The still-high number of building blocks required in the two sub-cells would 
have enabled a new division in each case under the same conditions [12]. This process 
could have been the start of cellular life, which subsequently depended on the conditions 
of the fault zones over long periods of time. With the formation of a more complex me-
tabolism, adaptation to new environments was possible. The conquest of the Earth's sur-
face and the hydrothermal vents of the deep sea was only a matter of time. There are still 
forms of life today whose livelihoods ultimately reach back to the adaptation of prokary-
otes to local energy sources [62]. Even on the continents, CO2-bearing fault zones remain 
populated with archaea down to greater depths [63]. 

5. Conclusions 
The continental crust model (CCM), which is based on gas-permeable fault zones, 

offers, for the first time, the possibility to carry out experiments on the formation of the 
first cell under realistic conditions. The physicochemical conditions of this process are 
known, as are the resources for the building blocks of life. Fluid inclusions from minerals 
formed in hydrothermal faults can be used to analyse the composition of fluid chemistry 
from the earliest times on earth. Moreover, the formation of vesicles in a high-pressure 
system of water and supercritical CO2/N2 is trivial. The formation of peptides occurs cy-
clically in connection with phase changes of CO2 due to pressure fluctuations during gey-
ser eruptions and Earth tides. The resulting increase in entropy enables the amino acids 
to be linked without the aid of catalysts. The peptides formed in this way can be divided 
into at least two groups. Some of these groups interact with the vesicle envelopes, leading 
to chemical evolution of the peptides and vesicles. The formation of proto-tRNAs can be 
assumed under the outlined conditions. The physical properties during pressure fluctua-
tions lead to cyclical temperature fluctuations that allow double-stranded RNA to melt. 
This is the prerequisite for replication to take place. The complete range of today's tRNAs 
likely did not exist in the early Earth phase.  

At least two different proto-tRNAs or two different proto-tRNA groups were neces-
sary for the subsequent development of life. Since even short peptides can develop cata-
lytic effects, albeit with low specificity, an unspecific loading of proto-tRNAs with amino 
acids can be postulated under the outlined conditions in an open disturbance system. The 
agglomeration of loaded proto-tRNAs and the simultaneous linking of amino acids with 
strongly increasing entropy enabled the formation of new peptides. Simultaneously using 
anti-codons as templates for RNA made it possible for the first time to save the sequences 
of the peptides. This new RNA can be seen as a precursor to mRNA (proto-mRNA). From 
the large number of peptides that were stored, two enzymes (binary proto-synthetases) 
can be postulated, both of which consisted of glycine and a second amino acid but had 
different catalytic properties. These enzymes were mutually able to load one of their own 
amino acids specifically onto one of the two groups of tRNAs. Assuming that the proto-
tRNAs and the proto-mRNAs were copied in an open system and the preservation of the 
binary proto-synthetases was guaranteed by reading the proto-mRNA, the start of life was 
complete. The problem of chirality is solved by the fact that all reactions took place in 
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parallel with molecules featuring both types of handedness, both for the amino acids and 
for the RNA. As soon as the first successful life cycle with either type of handedness began, 
the race for handedness was decided. 

Although many questions remain unanswered in this roughly sketched model, and 
a large number of experiments will be required to understand the individual steps in the 
development of life, the CCM offers a decisive advantage. The CCM is based on realistic 
natural environmental conditions that can be simulated in the laboratory. At the same 
time, there are a large number of influential factors in this environment, which, based on 
the corresponding variations, suggest that solutions for most problems can be found.  

Among other factors, processes can be observed in this unusual environment that are 
difficult to implement elsewhere. For example, the question arises as to whether there can 
be a floatation process at suitable pH values in the fluids, leading to an accumulation of 
proto-tRNA on the water surface. Since tRNA has a higher density than water, ascending 
scCO2 micro bubbles would have to couple with the tRNA for molecules to float to the 
water surface. All tRNAs have a 3´acceptor arm to which a specific amino acid is linked 
during loading. This arm consists of a nucleotide sequence with the bases ACC. The 
tRNAs with this structure are presumably the functional molecules that were extant dur-
ing the earliest stages of life development. Adenine, as the outermost point of linking, is 
the most strongly hydrophobic base, which would enable the ACC arm to protrude into 
scCO2. Loading with an amino acid during the increase in entropy as a result of the tran-
sition from a supercritical to subcritical state could take place without further catalysts. In 
this scenario, there would be a selection of possible non-polar, neutral amino acids for 
loading the proto-tRNA. These amino acids may have been leucine or valine, one of which 
would have to form a protein with glycine. Positioning the tRNAs in one plane directly 
under the water surface would make anti-codons more easily available for base pairing 
with the formation of RNA. In this system, due to the subsequent pressure build-up of the 
returning water, the temperature rises, and the tRNA melts; at the same time, the newly 
formed RNA leaves the anti-codons, and the amino acids are linked to form a peptide. 
These peptides then interact with the simultaneously formed vesicles. A chemical evolu-
tion follows, which is supported by the fact that the blueprints of the peptides are stored. 

In addition, the increasingly sensitive analysis methods of trace organic chemistry 
offer a great opportunity to understand the developmental steps of organic molecule for-
mation using fluid inclusions from hydrothermal quartz. Although there are no longer 
any quartz dikes from the oldest phase of continental crust formation, there is still a 
chance of finding samples from this period. The first hydrothermal quartz veins that were 
formed in the oldest cratons were, at some point, exposed on the surface after erosion of 
the overlying rock units. Weathering resulted in quartz pebbles that were transported 
across rivers and deposited in basins together with sand and clays. These pebbles, e.g., 
from the Jack Hills in Western Australia [30], are documents from the oldest continental 
crust that was destroyed by younger geological processes. 
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