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This investigation is dedicated to the probable scenario of the early Earth’s surface evolution: 

the transformation of environmental conditions on the young planet from the magma ocean (or 

oceans) with coexisting dense atmosphere to the modest environment suitable for the origin of life. 

We assumed two different compositions of the post-magma ocean atmosphere: consisted from 

water vapor and carbon dioxide or water vapor and methane. By dint of the thermodynamic 

modeling we simulated the hydrothermal alteration of the cooling magma ocean as well as the 

weathering passed both on the oceanic floor and on the ancient continents. We concluded that, in 

the case of the CO2-rich atmosphere, the seawater composition similar to the modern one could be 

formed. At the same time carbon dioxide could be effectively accumulated into the protocrust as 

carbonate minerals. 
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INTRODUCTION 

Most models for the early Earth suggest a magma ocean was formed on the surface during 

accretion with the accumulation of most of the planet's volatiles in the atmosphere. A magma ocean 

may have formed as a result of: (i) the Moon-forming impact (Zahnle, 1998; Ozima and Podosek, 

2002; Selsis, 2004; Denlinger, 2005; Maurette, 2006); (ii) impacts of planetesimals during the late 

accretion period (Lammer et al., 2008; Elkins-Tanton and Seager, 2008; Pechernikova and 

Vityazev, 2008); and/or (iii) as a result of potential energy release during core formation (Galimov, 

2005). Possibly, the magma ocean(s) could form repeatedly. The every similar event should remove 

the Earth’s water, carbon, nitrogen, sulfur and chlorine in atmosphere (e.g. Elkins-Tanton, 2008). 

As a consequence the magma ocean should be cooled under the conditions of high dense 

atmosphere contained the most Earth’s volatiles, currently distributed between atmosphere, 

hydrosphere, sedimentary rocks and upper mantle. According a number of authors (Denlinger, 

2005; MacKenzie and Lerman, 2006; Maurette, 2006) the similar atmosphere should be consisted 

mostly from water and carbon dioxide (~80-90% H2O and 8-18% CO2), and its pressure could be 

about 330 bar (Ozima and Podosek, 2002; Maurette, 2006). 

                                                 
*
 Reference: Novoselov, A.A., Silantyev, S.A. (2012) Matter balance in the atmosphere - hydrosphere - crust system of 

the early Earth. In ac. E.M. Galimov (eds.) Origin and Evolution of Biosphere, Moscow, Vernadsky Institute: 175-195. 
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As a result of simulations, the magma ocean solidification and cooling down to 600°С should 

be occurred during 5-10 Myr (Sleep et al., 2001; Elkins-Tanton, 2008). After the magma ocean 

solidification, the surface temperature and, as a consequence, the water vapor content in atmosphere 

should be a simple function of the increasing sun activity and the greenhouse effect. The further 

transformation of environmental conditions of the young planetary surface to the clement ones 

could continue during about 10-n*10 Myr (Elkins-Tanton, 2008). 

Simultaneously with water condensation, the surface rocks alteration has been started. As a 

result the first sedimentary rocks were formed on the planetary surface. At the same time the vast 

hydrothermal systems covering all Earth’s surface should provided the cooling of protocrust and 

caused the methamorphic reactions transforming crustal and seawater compositions. As a result of 

these processes the СО2 could remove from atmosphere, and, as a consequence, the greenhouse 

effect should be reduced and carbonate minerals should deposited into the protocrust. 

 

Methane or carbon dioxide? 

The features of the detrital zircons isotope composition evidence that the liquid water existed 

on the Earth’s surface at least 4.4 Ga (e.g. Mojzsis et al., 2001; Cavosie et al., 2005; Watson and 

Harrison, 2005). Thus, to refund the young Sun faintness, the early atmosphere should provide the 

powerful greenhouse effect. These greenhouse gases could be methane or carbon dioxide. 

According the opinion of a number of investigators (e.g. Shaw, 2008), the existence of the 

early Earth’s atmosphere consisted predominantly from carbon dioxide should course the 

origination of the vast carbonate depositions, but they are not observed in early Archean 

sedimentary rocks. This contradiction may be an argument that the carbon of early Earth’s 

atmosphere was reduced, in form of CH4 or CO. Furthermore, the reduced early atmosphere would 

be suitable for the organic molecules emergence and the origin of life (Natochin et al., 2008). 

From the other hand, the carbonate bearing rocks (dolomites) were observed in one of the 

most ancient greenstone belt Isua (Myers, 2001; Grachev, 2005). The reduced composition of the 

early Earth’s atmosphere could be provided only in the case of the very low fugacity of oxygen (10
-

40
 – 10

-60
 bar) in upper mantle. The presence of the metallic iron might provide the similar oxygen 

fugacity level, but this is unlikely according the very quick Earth’s core formation (Holland, 1984). 

Thus, the question about the early Earth’s atmosphere composition is still under discussion. 

By the compromise, a number of investigations consider an atmosphere consisted from carbon 

dioxide with high content of methane (Pavlov et al., 2000; Nisbet and Fowler, 2011). 

 

In the course of our investigation we considered the next processes that probably took place 

on the early Earth: (i) the interaction of the cooling high dense atmosphere with the protocrust 
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surface, (ii) the hydrothermal alteration of komatiitic protocrust and its influence on the 

composition and properties of atmosphere and ocean, and (iii) the subaerial weathering of the 

protocontinental surface. In the course of our calculations we used two alternative atmosphere 

compositions: water-methane and water-carbon dioxide. 

 

THE NUMERICAL MODELING METHOD 

The numerical geochemical modeling of the hydrothermal alteration of rocks has been 

performed by dint of the equilibrium thermodynamic calculations. Moreover, in the course of the 

subaerial weathering simulations, we used the thermodynamic modeling with accounting of 

minerals dissolution kinetics. This approach was described in (Zolotov and Mironenko, 2007). The 

calculations were developed by dint of the program complex for thermodynamic calculations 

Geocheq (Mironenko et al., 2008) with use the database of thermodynamic constants derived from 

Supcrt92 (Johnson et al., 1992). 

We modeled interactions in the O-H-K-Mg-Ca-Al-C-S-Si-N-Na-Cl-Fe system. In the course 

of the equilibrium thermodynamic calculations we used thermodynamic constants for 102 minerals, 

20 solid solutions, 79 solution components and 10 gases. 

In the case of modeling of the basaltic komatiite subaerial weathering we studied the O-H-K-

Mg-Ca-Al-C-Si-Na-Fe system. We used kinetic constants for the next mineral phases: albite, 

amorphous silica, analcime, brucite, calcite, chrisotile, clinochlore, daphnite, diopside, dolomite, 

enstatite, fayalite, ferrosilite, forsterite, goethite, greenalite (Fe-serpentinite), illite, laumontite, 

magnesite, magnetite, Ca,K,Na,Fe-montmorillonites, Ca,K,Mg,Na-nontronites, siderite, talc. 

 

The initial compounds 

The ultramafic rocks – basaltic komatiites is a predominant type of the igneous rocks of early 

Archean greenstone belts. Additionally, the most sedimentary rocks formed during early Archean 

have been formed as a result of the destruction of komatiitic lavas both in the seafloor conditions 

and in the subaerial ones (e.g. Grachev, 2005). As an analogue of the Earth’s protocrust exposed by 

weathering and hydrothermal alteration due to modeling we used the next compound of the basaltic 

komatiite from the Archean greenstone belt Munro Township (Canada) (Arndt, Nesbitt, 1982), wt. 

%:  SiO2 = 48.76, Al203 = 9.36, Fe2O3 = 3.07, FeO = 8.04, MgO =21.65, CaO = 8.05, Na2O = 0.90, 

К2O = 0.16. 

In the course of the modeling, we didn’t account that the volatile content changed during the 

Earth's evolution. It was presumed, that during origination of the last Earth’s magma ocean, the 

planetary volatiles volume was equal to the modern ones. Due to modeling, as the initial 

atmospheric composition we used the compound calculated by MacKenzie and Lerman (2006) 
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(Table 1). The initial temperature value was 600°С. We supposed that at this temperature the bulk 

volume of Earth’s volatiles was in atmosphere. 

Table 1. The model compounds of the hot high dense atmosphere 

 The bulk weight 

of modern Earth’s 

volatiles, g
(1)

 

 The water-

carbon dioxide 

atmosphere 

composition, 

vol. %
(2)

 

 The water-

methane 

atmosphere 

composition, 

vol. %
(3)

 

H2O 

C 

N 

Cl 

S 

1.430*10
24

 

7.784*10
22

 

4.890*10
21

 

4.311*10
22

 

1.245*10
22

 

H2O 

CO2 

N2 

HCl 

H2S 

90.58 

7.40 

0.20 

1.39 

0.44 

H2O 

CH4 

NH3 

HCl 

H2S 

90.39 

7.38 

0.40 

1.38 

0.44 

  Pressure, bar 341.75
(4)

 Pressure, bar 306.85
(4)

 

(1) The bulk weight of water, carbon, nitrogen, chlorine and sulphur in atmosphere, hydrosphere, 

crust and upper mantle of the modern Earth (MacKenzie and Lerman, 2006). 

(2) The modeling composition of dense water vapor-carbon dioxide atmosphere of early Earth 

calculated from the modern content of outer geospheres’ volatiles (MacKenzie and Lerman, 2006). 

(3) The modeling composition of dense water vapor-methane atmosphere of early Earth calculated 

by the authors of the current investigation by dint of algorithm stated in (MacKenzie and Lerman, 

2006). 

(4) The pressure of modeling atmospheres near the Earth’s surface calculated by the authors. 

 

MODELING RESULTS 

1. The interaction of cooling dense atmosphere with the protocrust’s surface 

At the primary step we studied the closed system including atmosphere (compounds given in 

Table 1) and basaltic komatiite with a volume equaled to the layer thickness 2 m
*
, covered all 

modern Earth’s surface (5.102*10
14

 m
2
). It was accepted that the system can reach equilibrium as 

the magma ocean cooled during extended time. We didn’t account the possible changes of the 

Earth’s volatiles volume as a result of income or loss of gases from/to Space or due to 

photochemical reactions. We calculated a sequence of equilibriums for the system simulated the 

gradual cooling of the Earth’s surface in the temperature rage 600-15°С with a step 25°С. After the 

model hydrosphere condensation the atmospheric pressure was assumed as a pressure on the sea 

level. We calculated it by dint of the sequent approximation. 

 

A. Water-carbon dioxide atmosphere 

                                                 
*
 This value was chosen because it is typical for modern soils. 
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The gradual cooling of the water-carbon dioxide atmosphere in an equilibrium with komatiitic 

substratum of the Earth’s surface results the water condensation at temperature >375°С and the 

atmospheric pressure decrease from 342 bars to 217 bars (Fig. 1). Later the atmospheric pressure 

decreases gradually and reaches 44 bars at 15°С. At the same time the modeling atmospheric 

composition transforms from the water vapor-carbon dioxide to carbon dioxide-hydrogen sulphide-

nitrogen compound. At the final stage of the cooling, the СО2 content of atmosphere is 43 bars. 

Simultaneously, the methane pressure is 8*10
-15

 bar. 

 

Fig. 1. The change of the water-carbon dioxide atmosphere composition due to its cooling in 

equilibrium with the komatiitic protocrust surface. For the temperature range 600-375°С as a 

gases pressure we show the recalculated concentrations of the high-pressure fluid components: for 

water – the bulk content of water in the fluid, СO2 – CO2,aq+CO3
2-

+HCO3
-
, CO – CO,aq, SO2 – 

SO2,aq, N2 – N2,aq, H2S – H2S,aq+HS
-
, H2 – H2,aq, NH3 – NH3,aq+NH4

+
, CH4 – CH4,aq. 

 

Due to the alteration of basaltic komatiite under the cooling water vapor-carbon dioxide 

atmosphere and in interaction with seawater (after the water condensation) under the carbon dioxide 

atmosphere, the weathering profile consisted from quartz and pyrite has been formed. 

The water-rock ratio in the system is very high, thus the forming of the salt compound of 

seawater can be described as a congruent dissolution of substratum rocks. As a consequence, the 

cations' proportion in the modeled hydrosphere corresponds with the ratio of these elements in the 

rock, excluding silica and iron which reach the saturation point. Therefore magnesium, aluminium 

and calcium are prevalent cations in the solution. The potassium-sodium ratio equals 0.1. 

Carbonate-ions are the dominant anions. Chlorine-ion follows by them. The values of ammonia-, 
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sulphide- and  sulphate-ions are less abundant and states near the same level. The рН of simulated 

solution corresponds to high-acidic conditions and fluctuates between 1 and 0.5. 

 

B. Water-methane atmosphere 

By the analogous scenario we calculated the sequence of equilibriums in the system included 

water-methane atmosphere and the komatiitic Earth’s crust surface. At the water condensation point 

the atmospheric pressure decreases from 307 down to 187 bars (Fig. 2). Then, according the 

cooling, the pressure gradually falls down and reaches 22 bars at 15°С. At the temperature range 

600-500°С water vapor, carbon monoxide and hydrogen are the prevalent gases of the dense 

atmosphere. At lower temperatures methane, hydrogen sulphide and carbon dioxide start to 

dominate at atmosphere. Beginning from 400°С, the methane pressure reaches its maximum value 

20 bars and remains on the same level until the end of modeling. 

Due to this simulation we receive the similar weathering profile as in the case of interactions 

under the water-carbon dioxide atmosphere. It consists from quartz and pyrite. However, in this 

case pyrite is less abundant. 

The cation composition of the simulated solution is very similar to the one considered above, 

in the case of the water-carbon dioxide atmosphere cooling, excluding the more abundant iron. 

Chlorine-ion, the dissolved methane, sulphide- and ammonia-ions are the prevalent anions. The 

solution's рН changes in the same range. 

 

Fig. 2. The change of the water-methane atmosphere composition due to its cooling in the 

equilibrium with the protocrust surface consisted from basaltic komatiite. The pressure estimation 

for the supercritical conditions has made by the same way as for Figure 1. 
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To contrast the results of both modeling scenarios, we can summary the next particularities: 

(i) the atmospheric pressure decreases from 342-307 bar down to 44-22 bar as a result of the 

atmosphere-hydrosphere-protocrust system cooling only; (ii) the formed weathering profiles consist 

from quartz and pyrite. The carbonate minerals aren’t formed and carbon dioxide doesn’t 

accumulate due to weathering. The explanation of this phenomenon can be the fluid composition 

which doesn’t achieve the saturation by magnesium and calcium. By our estimation, the carbonate 

minerals can be formed only in the case of interaction of such atmospheres with the layer of basaltic 

komatiite with thickness more than 100 m. This restriction can be satisfied if during the magma 

ocean cooling, after the liquid water origination on the Earth’s surface, the hydrothermal systems 

have worked. The hydrothermal systems, similar to the modern ones located in Middle-Oceanic 

ridges, could spread all surface of the cooling magma ocean of early Earth. 

 

2. A model of hydrothermal alteration of protocrust 

To construct the model of hydrothermal circulation into protocrust, it is necessary to account 

the changes occurred on the early Earth’s surface. In other words, this hydrothermal model should 

combine the model of the atmosphere and hydrosphere co-evolution. A number of parameters, 

describing this complex model, such as the temperature distribution into the near-surface layer of 

solidified magma ocean, the permeability of this layer for hydrothermal fluids and the minimal 

temperature which has been reached by cooling atmosphere, are necessary to determine. However, 

as the magma ocean cooling continued at least during 5-10 Myr (Elkins-Tanton, 2008), these 

parameters could vary in the wide range. 

Due to simulations we used the simplified model of a modern middle-oceanic hydrothermal 

system developed by Silantyev with coauthors (2009). We assumed that hydrothermal fluid 

circulated into the protocrust all over the surface of the cooling magma ocean down to the depth 

corresponded with 375°С. After interactions the fluid upwelled to the ocean floor surface and mixed 

with seawater. We simulated this process by calculating of its equilibrium with previously formed 

weathering crust and atmosphere. Due to the cooling of planetary surface, the depth of the fluid 

penetration increased and at 15°С the lower boundary of the hydrothermal circulation system as 

well as in the modern fast-spreading middle-oceanic ridges corresponded to pressure about 2 kbar 

(Pelayo et al., 1994) (Fig. 3). Accounting extended duration and prevailed high temperatures on the 

Earth’s surface, we assumed that it is possible to describe the hydrothermal alteration of the 

komatiitic protocrust by dint of thermodynamic equilibriums. 
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Fig. 3. The model sketch (Ts – temperature on the Earth’s surface, Td, Pd – temperature and 

pressure into the protocrust). 

 

A. Water-carbon dioxide atmosphere 

Due to simulations of the hydrothermal alteration of komatiitic protocrust we received the 

next mineral associations listed on Fig. 4. Beginning from 300°С on the Earth’s surface, the carbon 

dioxide accumulates as calcite. Then, due to the surface temperature decreased down to 250°С, 

dolomite and magnesite form in the near-surface conditions. Simultaneously calcite is stable below 

in the cross-section. The figure 4 demonstrates that the absorptive capacity of the komatiitic crust 

with respect to carbon dioxide has not been exhausted. Dolomite, magnesite and calcite deposit in 

the upper part of cross-section with thickness about 3 km. Further, with the system evolving, the 

carbonate minerals remove downward. This process could be responsible for the destruction of 

imprints of the CO2-rich early atmosphere. 
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Fig. 4. The mineral associations of the dawnwelling limb of the hydrothermal circulating system. 

We used the next abbreviations: Ab – albite, Anl – analcite, Cal – calcite, Chl – chlorite 

(clinochlore and daphnite), Dol – dolomite, Ep – epidote, Ill – illite, Qtz - quartz, Mag – magnesite, 

Py – pyrite, Srp – serpentine, Tlc – talc, Tr – tremolite. 

 

 

Fig. 5. The secondary minerals formed as a result of basaltic komatiite weathering during its 

interaction with cooling water-carbon dioxide atmosphere (below 375°С with seawater and carbon 

dioxide atmosphere). 

 

The hydrothermal circulation through the cooling protocrust doesn’t change significantly the 

mineral composition of the weathering crust on the seabed surface. Besides quartz and pyrite, at 

temperature below 100°С daphnite and illite are stable as well (Fig. 5). 

On the contrary, the seawater composition changes drastically (Figs. 6a, 6b). At the surface 

temperature below 200°С chloride becomes the dominant anion, also carbonate-, ammonia- and 

sulphate-ions are abundant in the solution. Sodium is a prevalent cation. Calcium and potassium 

follow by it. The magnesium content is low as a result of hydrothermal hydration of the protocrust. 

The seawater рН increases sufficiently and at the modest temperature on the Earth’s surface reaches 
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the value about 5.5 buffered by carbon dioxide atmosphere. In general, the calculated seawater 

compound resembles the modern seawater composition, excepting increased content of ammonia 

and decreased concentration of magnesium. 

 

Fig. 6а. The change of simulated seawater composition. Anions. 

 

 

Fig. 6b. The change of simulated seawater composition. Cations. 

 

As a result of the hydrothermal circulation into the cooling protocrust, the simulated 

atmospheric composition changes drastically (Fig. 7). The carbon dioxide removes from the 

atmosphere. At the temperature on the Earth’s surface 15°С the partial pressure of CO2 is 0.04 bars. 

That is only 2 orders of magnitude higher than the present value. As a consequence, nitrogen 

becomes the dominant atmospheric gas. Its pressure on the final stage of simulations is 0.94 bars. 

The general atmospheric pressure is 0.99 bars. 
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Fig. 7. The change of the water-carbon dioxide atmosphere composition in the course of its cooling 

with accounting of hydrothermal circulation through protocrust. 

 

B. Water-methane atmosphere 

The alternative modeling scenario shows the similar mineral associations formed into the 

komatiitic protocrust (Fig. 8). However, the accumulated carbonate minerals are less abundant on 

the dawnwelling limb of the hydrothermal system. They form only at low surface temperatures 

(beginning from 150°С). 

 

Fig. 8. The mineral associations of the dawnwelling limb of hydrothermal circulation system. We 

used the next abbreviations: Ab – albite, Anl – analcime, Cal – calcite, Chl – chlorite (clinochlore 
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and daphnite), Сzo – clinozoisite, Dol – dolomite, Dwl – deweylite
*
, Ill – illite, Qtz - quartz, Py – 

pyrite, Srp – serpentine, Tlc – talc, Tr – tremolite. 

 

 

Fig. 9. Secondary minerals of altered basaltic komatiite resulted from its interaction with cooling 

water-methane atmosphere (below 375°С with seawater and atmosphere mainly consisted from 

methane). 

 

In the contrast to the scenario with water-carbon dioxide atmosphere, the surface sediments 

change sufficiently (Fig. 9). Beginning from 350°С, the mineral association consisted from 

albite+talc+chlorite+pyrrhotite forms on the surface. It changes by albite+prehnite+tremolite+pyrite 

association at 300°С. Then, at 250°С, the assemblage of calcite+albite+quartz+pyrite starts to 

deposit on the seabed surface. And at temperatures below 150°С, 

calcite+magnesite+quartz+pyrite+analcite are stable. It should be noted that at low temperatures the 

carbonate minerals dominate over other mineral phases on the surface. 

The accounting of hydrothermal circulation doesn’t change too drastically the simulated 

seawater compound, unlike calculated by the previous modeling scenario (Figs. 10а, 10b). The 

dominant anion is chlorine-ion. The content of ammonia-ions in solution grows slightly. On the 

contrary, the concentration of sulphid-ions decreases. Sodium and potassium are dominated cations, 

and K/Na ratio is close to 1. The content of magnesium, calcium and iron are sufficiently reducing 

in the course of the seawater cooling. Calcium and magnesium are spent for the carbonates 

deposition on the seabed, especially at low temperatures. Besides, magnesium removes as a result 

of komatiitic protocrust hydrothermal hydration as well as in the case of carbon dioxide 

                                                 
*
 Deweylite is a mineral defined as a mixture of serpentine and talc or serpentine and stevensite. The deweylite-

containing associations form at low temperatures due to weathering of ultramafic rocks (Beinlich et al., 2010). 
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atmosphere. During the seawater cooling the pH value increases continuously, reaching at 15°С the 

value 10.6. 

 

Fig. 10а. The change of simulated seawater composition. Anions. 

 

 

Fig. 10b. The change of simulated seawater composition. Cations. 

 

After starting of the hydrothermal circulation the composition of the methane atmosphere 

doesn’t change sufficiently (Fig. 11). The only notable difference from the scenario of simple 

cooling of water-methane atmosphere is the increased nitrogen value and decreased partial pressure 

of hydrogen sulphide on the final stage of simulations. According obtained results, at temperature 

15°С the bulk pressure at the Earth’s surface was 21.3 bars. It’s very close to the value calculated 

due to the simple cooling of atmosphere – 21.8 bars. The partial pressure of methane was 18 and 20 

bars respectively. 
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Fig. 11. The change of the water-methane atmosphere composition in the course of its cooling with 

accounting the hydrothermal alteration of komatiitic protocrust. 

 

To conclude the review of modeling results for carbon dioxide and methane compounds of 

atmosphere, it is necessary to note that the same starting conditions produce the opposite trends of 

the atmosphere evolution. The dense carbon dioxide atmosphere reduces almost all CO2 and 

transforms to the nitrogen-carbon dioxide atmosphere. This composition is very similar to the 

modern one. At the same time the methane atmosphere doesn’t reduce and doesn’t change its 

composition. In the both modeling scenarios the carbonate minerals accumulate into the protocrust 

and in the case of methane atmosphere on the Earth’s surface withal. Therefore, the simulations 

show that the presence or absence of carbonate minerals in the primordial sedimentary rocks can’t 

evidence the early atmospheric composition. 

According obtained results, in the case of carbon dioxide atmosphere the formed seawater 

composition is very similar to the modern one. The only sufficient difference is the decreased 

magnesium content. The balance of this cation in oceans could be maintained by continental 

drainage. 

 

3. The subaerial weathering of the protocrust 

The time of origination of the most ancient continents and their area during the early stages of 

Earth’s evolution are discussed still (Grachev, 2005). However, continental weathering and rivers’ 

drainage should influence on the seawater geochemistry and on the matter balance in the 

atmosphere-hydrosphere-crust system. This section is dedicated to the simulations of basaltic 

komatiite
*
 subaerial weathering under the conditions of carbon dioxide (scenario A) and methane 

                                                 
*
 Grachev (2005) offered a mechanism of protocontinents formation as a result of komatiitic lava accumulation. 
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(scenario B) atmospheres. Moreover, as the co-evolution of cooling magma ocean and dense CO2 

atmosphere could provide low carbon dioxide content in the primordial atmosphere, we simulated 

subaerial weathering under an atmosphere with modern pressure of carbon dioxide as a control 

simulation (scenario C). 

To imitate the rainfall on the early Earth’s surface and consequent chemical weathering of 

substratum, it was simulated the passage of solution waves through the same rock volume. The 

modeling system was open for СО2 (scenarios A, C) or CH4 (scenario B). In the cases A and B, the 

partial pressure of these gases was 1 bar, in the case C, partial pressure of CO2 was equal to the 

modern one (4x10
-4

 bars). The duration of the single interaction was 0.05 years. The calculated 

water-rock ratio was 0.016. It was estimated as a proportion of weights of falling rains (the modern 

average meaning for Earth is 1000 mm/year) and the weathering rock layer consisted from basaltic 

komatiite with thickness 1 m. The interaction in the water-rock system took place at temperature 

15°С and pressure 1 bar. We accepted that the specific surface area (SSA) of the basaltic komatiite 

was equal to the surface of Archean basalt - 1.4 m
2
/g. The SSA of secondary minerals was accepted 

the same as SSA of clay (53 m
2
/g), formed as a result of basalt weathering. The estimations of SSA 

of Archean basalts and its weathering products were performed by dint of BET analysis with use of 

nitrogen by the Sorbi-M equipment (IEM RAN, Chernogolovka, Russia). 

 

A. Carbon dioxide atmosphere 

 

Fig. 12a. The change of mineral composition of basaltic komatiite as a result of its subaerial 

weathering under carbon dioxide atmosphere conditions. Primary minerals: Cpx – clinopyroxene, 

Mag – magnetite, Ol – olivine, Opx – orthopyroxene, Pl - plagioclase. 
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According the received modeling results, the next consequence of the primary minerals dissolution 

is shown (Fig. 12а): orthopyroxene (32 model years) � olivine, clinopyroxene (54) � magnetite 

(60) � plagioclase (1900). 

 

Fig. 12b. The change of mineral composition of basaltic komatiite as a result of subaerial 

weathering under the carbon dioxide conditions. Secondary minerals: SiO2* - amorphous silica, 

Dol – dolomite, Gt – goethite, Ill – illite, Mgs – magnesite, Ca,Fe,Na-Mnt – Ca,Fe,Na-

montmorillonites, Sd - siderite. 

 

Amorphous silica is the most abundant secondary mineral during all weathering process (Fig. 

12b). Also ferrous montmorillonite (nontronite) and goethite are stable. On the initial weathering 

stage since 2000 modeling years the weathering profile are very reach by carbonate minerals: 

magnesite, siderite, dolomite. Their content reaches the maximum (43.4 vol. %) after 58 model 

years from the beginning of weathering profile formation. Clay minerals (calcic and sodium 

montmorillonites, illite) originate among the weathering products starting from 30 model years. 

However, after 800 model years their volume sufficiently decreases: sodium montmorillonite is 

fully dissolved after 3200 model years from the weathering beginning and calcic montmorillonite - 

after 15000 years. 

At the final stage of the weathering profile forming, formed sediments consist from 

amorphous silica (61.8 vol. %), ferrous montmorillonite (nontronite) (35.3 vol. %), goethite (2.8 

vol. %) and illite (0.06 vol. %). Due to weathering, on the initial stage till 58 model years, the bulk 

volume of the rock increases as a result of carbonate minerals accumulation, reaching 166 vol. % 

relatively to the initial volume of basaltic komatiite, later it slowly decreases and, after 24000 model 

years, it’s equal to 86 vol. % (Table 2). 
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Table 2. The change of the bulk composition and volume of basaltic komatiite as a result of 

weathering under the carbon dioxide atmosphere conditions. The results of numerical modeling, wt. 

%. 

 Initial 

composition 

58 model 

years 

100 model 

years 

800 model 

years 

24 000 

model years 

SiO2 

Al2O3 

FeO 

K2O 

CaO 

MgO 

Na2O 

СO2 

H2O 

48.76 

9.36 

10.80 

0.16 

8.05 

21.65 

0.90 

0.00 

0.00 

36.87 

7.11 

8.80 

0.09 

5.78 

16.59 

0.41 

24.34 

0.51  

37.40 

7.11 

8.95 

0.10 

5.86 

16.21 

0.30 

24.07 

0.60 

50.20 

7.19 

12.45 

0.13 

7.72 

5.90 

0.0024 

16.42 

1.40 

83.06 

9.83 

5.57 

0.0036 

0.00 

1.53 

0.00 

0.00 

2.54 

V/Vinitial*100% 100 166 164 129 86 

 

On the initial stage, the bulk composition of the weathering rock characterizes by 

accumulation of magnesium, calcium and iron in the compound of carbonate minerals. Later, after 

the beginning of effective dissolution of carbonates, the content of these elements in the rock 

decreases. During lixiviation of basaltic komatiite by rain water, the silica and aluminum content 

maintains constant. It is necessary to note the potassium and sodium trends. Before 100 model years 

its proportion in the weathering profile is the invariable. They accumulate in the clay minerals: illite 

and sodium montmorillonite. However, later sodium montmorillonite starts to dissolve with 

sufficiently higher rate than illite. As a result sodium fully removes from the rock. 

The solution рН resulted due to interactions maintains the constant (about 6.2) during all 

weathering and only on the final stage it decreases down to 4.4. 

 

B. Methane atmosphere 
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Fig. 13а. The change of the mineral composition of basaltic komatiite due to its subaerial 

weathering under methane atmosphere conditions. Primary minerals: Cpx – clinopyroxene, Mag – 

magnetite, Ol – olivine, Opx – orthopyroxene, Pl – plagioclase. 

 

During this modeling scenario we received the next consequence of primary minerals 

dissolution (Fig. 13а): orthopyroxene (0.3 model years) � clinopyroxene (100) � magnetite (615) 

� olivine (5200) � plagioclase (60000). 

 

Fig. 13b. The change of mineral composition of basaltic komatiite due to its subaerial weathering 

under methane atmosphere conditions. Secondary minerals: Brc – brucite, Cal – calcite, Chl – 

clinochlore, Dol – dolomite, Dph – daphnite, Grn – greenalite (Fe-serpentine), Ill – illite, Mag – 

magnetite, Ca,Fe-Mnt – Ca,Fe-montmorillonites, Srp – serpentine, Tlc – talc. 

 

In contrast to the previous scenario, amorphous silica doesn’t form due to subaerial 

weathering of basaltic komatiite under methane atmosphere conditions (Fig. 13b). Talc, chrysotile 

and greenalite (ferrous serpentine) are dominant secondary minerals. This association can be 

interpreted as deweylite. Furthermore, in the course of weathering, ferrous and magnesian chlorites 

deposit. On the initial stage of the weathering profile forming, till 300 model years, carbonate 

minerals (calcite and dolomite) are among the secondary minerals. But they are less abundant than 

in the case of carbon dioxide atmosphere. The low quantity of clay minerals (illite, calcic 

montmorillonite, ferrous montmorillonite (nontronite)) deposits and they remove fully from the 

rock till the weathering finishing. Iron accumulates as magnetite. However, after 38000 model 

years, this mineral is fully dissolved as well. 
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On the final stage of the weathering profile forming, it consists from deweylite (58 vol. %) 

(talc (28 vol. %), serpentine (30 vol. %)) and chlorite (42 vol. %) (clinochlore (26 vol. %), daphnite 

(16 vol. %)). 

On the initial stage, as a result of intensive dissolution of primary minerals, mostly 

orthopyroxene, the volume of the rock decreases and after 17 years of interactions it reaches 95 vol. 

% respectively to the initial one. Later the volume of weathered rock increases up to 105 vol. % as a 

result of hydration and, in lesser degree, carbonates accumulation. On the final stage, the bulk 

volume of secondary minerals slightly decreases down to 103 vol. % due to its dissolution. 

 

Table 3. The change of the bulk composition and volume of basaltic komatiite as a result of 

weathering, wt. % 

 Initial 

composition 

17 model 

years 

68 model 

years 

1200 model 

years 

79 000 

model years 

SiO2 

Al2O3 

FeO 

K2O 

CaO 

MgO 

Na2O 

CO2 

H2O 

48.76 

9.36 

10.80 

0.16 

8.05 

21.65 

0.90 

0.00 

0.00 

46.93 

10.02 

11.05 

0.07 

5.46 

24.17 

0.02 

0.02 

2.26 

46.34 

9.98 

11.02 

0.01 

4.70 

24.08 

0.00 

0.06 

3.81 

45.29 

9.75 

10.83 

0.00 

4.36 

23.55 

0.00 

0.00 

6.22 

45.97 

9.02 

11.76 

0.00 

0.00 

23.62 

0.00 

0.00 

9.62 

V/Vinitial*100% 100 95 99 105 103 

 

The change of bulk chemical composition characterizes by monotonous removal of sodium, 

calcium and potassium (Table 3) as a result of dissolution of primary silicate minerals and further 

clay minerals. On the time interval up to 1200 model years (before dissolution of illite), potassium 

is more abundant in the bulk composition than sodium which doesn’t accumulate in secondary 

minerals. The content of silica, iron, aluminum and magnesium doesn’t change sufficiently during 

weathering profile formation. On the final stage of the weathering profile evolution, hydrated 

minerals accumulate. 

The рН value of weathering solution changes from 12.2 on the initial stage down to 9.1 on the 

final stage. 

 

C. Atmosphere with low CO2 pressure (PCO2 = 4x10
-4

 bar) 
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Fig. 14а. The change of the mineral composition of basaltic komatiite due to its subaerial 

weathering under atmosphere conditions with modern CO2 pressure. Primary minerals: Cpx – 

clinopyroxene, Mag – magnetite, Ol – olivine, Opx – orthopyroxene, Pl – plagioclase. 

 

We received the next consequence of the primary minerals dissolution (Fig. 14а): 

orthopyroxene, clinopyroxene (65 model years) � magnetite (180) � olivine (1000) � plagioclase 

(27000). 

 

Fig. 14b. The change of mineral composition of basaltic komatiite due to its subaerial weathering 

under atmosphere conditions with modern CO2 pressure. Secondary minerals: SiO2* - amorphous 

silica, Anc – analcime, Cal – calcite, Chl – clinochlore, Dol – dolomite, Dph – daphnite, Grn – 

greenalite (Fe-serpentine), Gt – goethite, Ill – illite, Lmt – laumontite, Mgs – magnesite, Ca,Na-Mnt 

– Ca,Na-montmorillonites, K,Mg,Na-Nnt – K,Mg,Na-nontronite, Stl - stellerite. 
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The mineral association, calculated on this simulation scenario, inherits the characteristic 

features both the weathering under the carbon dioxide atmospheric conditions (PCO2 = 1 bar) and, 

simultaneously, the alteration under the methane atmosphere (Fig. 14b). In this case amorphous 

silica is a predominant mineral as well as at the scenario with high pressure of CO2. Carbonate and 

clay minerals are abundant. On the other hand, ferrous serpentine formes on the initial stage before 

the deposition of chlorites. These minerals are typical for the methane atmospheric conditions. The 

peculiarity of this scenario is a presence of zeolites (stellerite, analcime and laumontite). Another 

interesting result of this simulation is a stability of dolomite. It has been conserved till the end of 

modeling as a result of low dissolution rate at weak alkaline conditions. The produced weathering 

profile consists from amorphous silica (29.7 vol. %), chlorite (29.7 vol. %), dolomite (18.9 vol. %), 

clays (Mg-nontronite and traces of illite) (14.9 vol. %), zeolite (5.1 vol. %) and goethite (1.7 vol. 

%). 

 

Table 4. The change of the bulk composition and volume of basaltic komatiite as a result of 

weathering, wt. % 

 Initial 

composition 

 10 model 

years 

 130 model 

years 

1100 model 

years 

27 000 

model years 

SiO2 

Al2O3 

FeO 

K2O 

CaO 

MgO 

Na2O 

CO2 

H2O 

48.76 

9.36 

10.80 

0.16 

8.05 

21.65 

0.90 

0.00 

0.00 

41.77 

8.01 

8.64 

0.13 

6.96 

18.86 

0.66 

14.28 

0.70 

38.31 

7.38 

7.94 

0.04 

6.41 

17.82 

0.09 

20.60 

1.41 

38.19 

7.25 

8.09 

0.01 

6.44 

18.10 

0.00 

20.12 

1.81 

45.28 

7.66 

9.39 

0.00 

7.02 

15.18 

0.00 

9.83 

5.64 

V/Vinitial*100% 100 133 149 147 128 

 

The bulk composition characterizes by the removing of sodium, potassium and, in lesser 

degree, magnesium (Table 4). The content of silica, aluminum and iron stand about the same level. 

Furthermore, due to resistance of dolomite and deposition of laumontite, the calcium portion 

maintains on the high level. At the initial stage before 130 model years, carbon dioxide accumulates 

in the rock and, as a consequence, the general volume increases up to 149 % relatively to initial one. 

Later the carbonates dissolve gradually and on the final stage of the simulation the CO2 content in 

rock reduces by half. Due to weathering the portion of the hydrated minerals in resulted profile 

grows. The solution pH changes from 9.0 to 8.1. 

To conclude the review of this modeling case, it is possible to note that the weathering profile 

forming under these conditions combines the properties of both previously described scenarios. The 



22 

 

differential character of this simulation is an extended maintaining of carbonate minerals and as a 

consequence high content of calcium in the resulted weathering profile. 

 

DISCUSSION OF THE OBTAINED RESULTS AND CONCLUSIONS 

The verification of the modeling results is a very difficult objective. There are no material 

evidences of the processes on the Hadean Earth. However, it is possible to compare our results with 

later sediments. 

The processes of Archean oceans might differ drastically from the modern ones. The global 

distribution of metasedimentary rocks enriched by silica in greenstone belts with age 3.5-3.2 Ga 

shows that silica deposited from seawater, possibly, as a result of the luck of accumulating silica 

organisms. The silicificated submarine volcanic rocks is typical characteristic of the volcano-

sedimentary complexes formed during early Precambrian before 3 Ga (Hofmann and Wilson, 2007; 

Abraham et al., 2011). The distinctive features of early Precambrian sedimentary formations are 

their small capacity, the constant presence of banded ferrous quartzites (the famous formation BIF), 

black shales and siliceous rocks. The banded ferrous quartzites consist from gradation of thin and 

thick layers of quartz and magnetite formed as supposed by a number of researchers (e.g. Mojzsis et 

al., 1996) as a result of hydrothermal alteration of the primordial seabed. In the course of 

simulations of submarine weathering we received the similar mineral association presented by 

quartz and pyrite. They were stable across a wide range of the considered conditions. The observed 

deposition of carbonate minerals, possibly, imitates the conditions in which the ancient 

metasedimentary complex Isua has been formed. Its dolomites interlays with micaceous quartzites, 

altered turbidites and conglomerates (Myers, 2001, Grachev, 2005). According modeling results, 

the presence or absence of carbonates in primordial sediments can’t be an evidence of early Earth’s 

atmosphere compositions. Carbonate minerals could form both under carbon dioxide conditions and 

under methane atmosphere. The passing of hydrothermal fluids through the altered komatiitic rocks 

contained carbonates causes redistribution these carbonate minerals below the cross-section and 

reduction of their content in the bulk composition of rock. This mechanism could be responsible for 

the destruction of the dense early atmosphere traces consisted from carbon dioxide. 

The important restriction for the reconstruction of the atmosphere-hydrosphere-lithosphere 

system of early Earth is its satisfaction of young planetary surface for origin of life. In work 

(Natochin et al., 2008) have been shown that the first alive cells, probably, originated in the water 

solution with abundant magnesium and with potassium-sodium ratio > 1. According modeling 

results, the high K/Na and simultaneous abundant magnesium in solution could not be realized in 

the primordial seawater. However, it may be typical for the small continental reservoirs. The 

sedimentary rocks could be a source of cations for these water solutions (Novoselov, Silantyev, 
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2010). It is necessary to note that illite, the main potassium-bearing mineral participated in the 

modeling, is more stable under the carbon dioxide atmosphere. This phenomenon of high K/Na 

ratio is typical for Precambrian weathering profiles and was primary presented by Alfimova and 

Matrenichev (2006) by Archean weathering profiles of Karelia (North-West Russia). 

Another important consequence of the continental weathering on the early Earth is 

maintenance of the magnesium balance of seawater. The hydrothermal circulation into the oceanic 

crust should remove magnesium from seawater. According our calculations, magnesium can 

accumulate in the weathering solutions only under carbon dioxide atmosphere. 

These simulations of the Hadean Earth’s environment can’t currently give the univocal 

answer to the early atmospheric composition problem. However, the cooling of magma ocean 

surface under the dense high pressure water-carbon dioxide atmosphere could provide the 

atmosphere and oceans with very similar to the modern ones compositions on the young planetary 

surface during very short in geologic scales period of time. In the case of methane atmosphere, it’s 

necessary to adapt another, not discussed here, mechanism of primordial conditions transformation. 
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