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Atomic-scale mechanism of carbon nucleation from a deep crustal fluid by replica exchange reactive molecular dynamics simulations

We present a mechanistic model of carbon nucleation and growth at elevated temperature (T) and pressure conditions, typical of those found in the shallow Earth's lithosphere. Our model uses a replica exchange reactive molecular dynamics framework in which molecular configuration are swapped between adjacent T replica at regular intervals according to underlying statistical mechanics. This framework allows predicting complex molecular structures and thermodynamics while remaining computationally efficient. Here we simulate the reactivity of a binary mixture of CO 2 and CH 4 at 1000 K and 1 GPa. We

Introduction

The lithosphere contains about 3 orders of magnitude more carbon (C) than the surface reservoirs (ie. ocean, biosphere/soil and atmosphere [START_REF] Hayes | The carbon cycle and associated redox processes through time[END_REF][START_REF] Des Marais | Isotopic Evolution of the Biogeochemical Carbon Cycle During the Precambrian[END_REF][START_REF] Orcutt | Deep Carbon: Past to Present[END_REF]). Over geological timescales, this so-called "petrogenic' carbon has accumulated by sedimentation of carbonate minerals and organic carbon in the marine environment (Galvez, 2020a;Berner, 1982), and by subsequent sediment accretion and subduction to the continental lithosphere (Beyssac et al., 2002b;[START_REF] Seewald | Organic-inorganic interactions in petroleum-producing sedimentary basins[END_REF]Tissot and Welte, 1984;[START_REF] Grew | Carbonaceous Material in Some Metamorphic Rocks of New England and Other Areas[END_REF]Beyssac et al., 2002a;[START_REF] Galvez | How Do Subduction Zones Regulate the Carbon Cycle? In Deep Carbon: Past to Present[END_REF]Galvez, 2020a). This large carbon reservoir can be partly remobilized and returned to the surface as gases (CO 2 , CH 4 , etc) when magmas intrude and metamorphose carbon-rich lithologies such as limestones and black shales. This may occur in volcanic arcs or intracontinental settings [START_REF] Lee | Massive and prolonged deep carbon emissions associated with continental rifting[END_REF]. As a result, thermal metamorphism is supposed to contribute an important fraction of today's carbon emissions in some volcanic arcs (e.g. Etna, Central America and Indonesia arcs, [START_REF] Mason | Remobilization of crustal carbon may dominate volcanic arc emissions[END_REF]), rifts [START_REF] Lee | Massive and prolonged deep carbon emissions associated with continental rifting[END_REF], and continental orogens (e.g. in Tibet, [START_REF] Orcutt | Deep Carbon: Past to Present[END_REF]; [START_REF] Spanu | Deep Carbon Cycling Over the Past 200 Million Years: A Review of Fluxes in Different Tectonic Settings[END_REF]). In the past, the abrupt release of large quantities of petrogenic carbon gases into the surface reservoir, e.g. during the emplacement of large igneous provinces into the crust, may have tipped the sensitive surface carbon cycle out of balance, causing major climatic and environmental perturbations (Aarnes et al., 2011b(Aarnes et al., , 2010(Aarnes et al., , 2012(Aarnes et al., , 2011a;;Svensen et al., 2004;[START_REF] Rothman | Thresholds of catastrophe in the Earth system[END_REF][START_REF] Knoll | Comparative Earth History and Late Permian Mass Extinction[END_REF].

Therefore, understanding the fate of carbonic fluids (i. e. fluids rich in CH 4 , CO 2 and H 2 O) during their upward transit via faults and fractures through the lithosphere is important. This transfer is not passive, as carbonbearing molecules may react along their way. In that case, the crust may act as a sort of filter, with the carbon getting locked into mineral phases, including graphitic materials. This graphitization process is non-traditional (Galvez (2020a)) in the sense that it may involve different, and as yet poorly understood, molecular mechanisms than the classical in-situ pathway resulting from the slow and low-temperature maturation of solid organic materials (Beyssac et al., 2002b;[START_REF] Seewald | Organic-inorganic interactions in petroleum-producing sedimentary basins[END_REF]Tissot and Welte, 1984;[START_REF] Grew | Carbonaceous Material in Some Metamorphic Rocks of New England and Other Areas[END_REF]Beyssac et al., 2002a;[START_REF] Galvez | How Do Subduction Zones Regulate the Carbon Cycle? In Deep Carbon: Past to Present[END_REF]Galvez, 2020a). The fa-mous Sri Lanka [START_REF] Dissanayake | The origin of graphite of Sri Lanka[END_REF], New Hampshire [START_REF] Rumble | Hydrothermal graphite in New Hampshire: Evidence of carbon mobility during regional metamorphism[END_REF] and Borrowdale [START_REF] Luque | Natural fluid-deposited graphite; mineralogical characteristics and mechanisms of formation[END_REF] graphite deposits are some of the most remarkable examples of this class of non-traditional graphitization processes (Galvez, 2020a).

There is a general consensus about the geological and thermodynamic conditions required to form graphite out of gaseous molecules in the crust.

Transit through the crust, from the vicinity of a heat source where C is released, to the surface involves dramatic changes of temperature, pressure and chemical conditions [START_REF] Cesare | Graphite precipitation in C-O-H fluid inclusions: closed system compositional and density changes, and thermobarometric implications[END_REF][START_REF] Connolly | C-O-H-S fluid composition and oxygen fugacity in graphitic metapelites[END_REF]. In this context, thermodynamic analysis indicates that the decompression, cooling, mixing of CH 4 rich and CO 2 rich fluids [START_REF] Rumble | Hydrothermal graphite in New Hampshire: Evidence of carbon mobility during regional metamorphism[END_REF], and dessication of COH fluids may all promote graphite oversaturation [START_REF] Cesare | Graphite precipitation in C-O-H fluid inclusions: closed system compositional and density changes, and thermobarometric implications[END_REF][START_REF] Connolly | C-O-H-S fluid composition and oxygen fugacity in graphitic metapelites[END_REF]. The geological process of graphite precipitation from such fluids is commonly represented, schematically, by the reverse pathway of the hydrolytic disproportionation equilibrium, that is:

CO 2 + CH 4 → 2C + 2H 2 O
(1)

Although we can account for the major processes favoring graphite formation, there remains a few fundamental unknowns on a mechanistic level. Reaching local C oversaturation is a necessary condition for C precipitation, but by itself is not sufficient. Aromatic carbon-carbon bonds have to form, and multiple other bonds have to be broken in the process. Graphitic textures in flakes or spherulites suggests that the mineral may sometimes grow very rapidly [START_REF] Rumble | Hydrothermal graphite in New Hampshire: Evidence of carbon mobility during regional metamorphism[END_REF], and this seems to contrast with its perfectly crystalline and highly anisotropic state [START_REF] Luque | Natural fluid-deposited graphite; mineralogical characteristics and mechanisms of formation[END_REF]Galvez, 2020a).

How aromatic C bonds and large polyaromatic structures may grow so thermodynamics has no answer for this kind of question, and it is not easy to answer them experimentally. But molecular scale simulations may offer some insights.

We investigate the underlying molecular processes driving the formation of solid C under the most simplistic hydrothermal conditions, a binary mixture of CH 4 and CO 2 simulating the abrupt mixing of fluids with distinct oxidation states, a model previously hypothesized by [START_REF] Rumble | Hydrothermal graphite in New Hampshire: Evidence of carbon mobility during regional metamorphism[END_REF].

While first-principles (ab initio) molecular dynamics simulations have shown recent success in capturing simple physico-chemical processes occuring in Earth's mantle [START_REF] Rozsa | Ab initio spectroscopy and ionic conductivity of water under Earth mantle conditions[END_REF][START_REF] Spanu | Deep Carbon Cycling Over the Past 200 Million Years: A Review of Fluxes in Different Tectonic Settings[END_REF][START_REF] Dettori | Carbon dioxide, bicarbonate and carbonate ions in aqueous solutions under deep Earth conditions[END_REF][START_REF] Pan | Dielectric properties of water under extreme conditions and transport of carbonates in the deep Earth[END_REF], these computationally expensive methods are limited to systems of a few hundred atoms and for times in the picosecond range.

This disqualifies those approach for investigating complex reactive pathways.

Instead, we use an analytical reactive force field, ReaxFF (van Duin et al., 2001), coupled to an enhanced sampling scheme, replica exchange molecular dynamics (REMD, Sugita and Okamoto (1999)), for its ability to track complex chemical transformations taking place upon extended timescales (Atmani et al., 2017(Atmani et al., , 2020)). We apply this methodology to simulate the evolution of an equimolar mixture of CH 4 and CO 2 at 1000 K and 8 to 12 kbars. These conditions may typically prevail in the lower crust nearby magmatic intrusives. In particular, we track the nature and oxidation state of the reaction intermediates formed along the reaction path, and we characterize the changing structure of the solid phase formed. This work highlights the peculiar reactivity of light carbon-bearing molecules in the high-temperature environment of the Earth crust during their transit to the surface.

Methods

We simulate the behavior of a COH fluid using replica exchange molecular dynamics (REMD). This approach accelerates the convergence of standard MD simulations towards thermodynamic equilibrium (Sugita and Okamoto, 1999;[START_REF] Earl | Parallel tempering: Theory, applications, and new perspectives[END_REF]. For example, Atmani et al. (2017Atmani et al. ( , 2020) ) have recently identified critical steps in the conversion of terrestrial OM (cellulose/lignin) into kerogen using this method, a complex process involving bond formations and phase separations that may require millions of years to occur in nature.

In practice, many replicas of the same chemical system are simulated in parallel in the canonical ensemble (i.e. at fixed number of atoms N, volume

V and temperature T). All the replicas share the same values of N and V but differ in their temperature T, ranging from the temperature of interest (1000 K here) where convergence towards thermodynamic equilibrium is slow, to high temperatures where configurational sampling (ie. reaction rate) is fast.

The 4000 K of our high-T replica typically ensures reaction kinetics in the sub-picosecond range. The originality and power of this REMD algorithm relies on the regular exchange of configurations between replicas at neighboring temperatures. Sugita and Okamoto (1999) have shown that all replicas will evolve toward their own thermodynamic equilibrium provided that these exchange moves are accepted with the following criterion (Eq. 2):

A ij = min 1, exp 1 k B T i - 1 k B T j (U i -U j ) (2) 
where k B is Boltzmann's constant, i and j are the IDs of two adjacent replicas, T i and T j their temperatures, and U i and U j their potential energies. Unlike conventional Metropolis Monte Carlo simulations, in which only small perturbations of the system have a good acceptance rate, due to the random nature of the attempts, here we can swap the entire configurations with good acceptance rate as they are both well equilibrated (i.e. have low energy), provided that their temperatures are close enough. The probability of accepting an exchange move increases with the degree of overlap between the potential energy distributions of two adjacent replicas i and j. As the equilibrium fluctuations of potential energy depend on T according to (Allen and Tildesley, 1987):

σ U = T k B C V - 3 2 N k B (3)
where σ U is the variance of the potential energy distribution and C V the heat capacity, a non-uniform spacing of the replica temperatures is prescribed, with greater spacing between higher temperature replicas. Also, as the potential energy is extensive (U ∝ N ) and fluctuations scales as:

σ U ∝ √ N (4)
ensuring a constant overlap of the replicas requires having the total number of replicas scaling as √ N .

We used 120 replicas that range from 1000 K to 4000 K with exponential spacing. The temperature of the lower replica has been chosen to remain realistic geologically (lower crustal conditions). In practice, we first define a cubic lattice with random assignation of CH 4 and CO 2 molecules, and we run an MD simulation until complete melting is observed in the isothermalisobaric (fixed NPT, where P stands for pressure) ensemble, at 1000 K and 1 GPa. The resulting hydrothermal fluid, contained in a periodic cubic cell of 39.132 Å width, is then used as the initial configuration of the 120 replicas in the following REMD simulation. Configuration exchange moves are attempted every 10 fs. Simulation results shows an average and relatively uniform success rate of about 20 %. That is, every replica swaps its configuration with one of its neighbors, either at slightly lower or larger temperature, every 50 fs on average, indicative of appropriate temperature spacing.

In this set up, chemical reactions associated with the crossing of large energy barriers typically occur in the high temperature replicas, and percolate through the low temperature ones by successive exchanges. The reaction volumes are closed (no exchange of matter), but they can exchange heat with their virtual surrounding. Hence, in the canonical ensemble where N,V and T are fixed, spontaneous progress of the replicas toward thermodynamic equilibrium corresponds to a minimization of their Helmholtz potential (F), with:

F = U -T S (5) 
where U and S are the internal energy and entropy of the system, respectively.

The internal energy is computed with:

U = E pot + E kin (6)
where E kin is the kinetic energy of the particles (3/2k B T per atom), and E pot = U , where ... indicates an ensemble average, is the potential energy describing the interaction between atoms and molecules. We fix the temperature of each replica using the Nosé-Hoover thermostat [START_REF] Shinoda | Rapid estimation of elastic constants by molecular dynamics simulation under constant stress[END_REF] operated with a 0.05 ps time constant. The equations of motion are integrated with the velocity-verlet algorithm using a time step of 0.1 fs (Swope et al., 1982).

Only a handful of reactive interatomic potentials (U) are available in the literature for systems containing C, H and O atoms (van Duin et al., 2001;[START_REF] Chenoweth | ReaxFF Reactive Force Field for Molecular Dynamics Simulations of Hydrocarbon Oxidation[END_REF][START_REF] Ni | A reactive empirical bond order (REBO) potential for hydrocarbon-oxygen interactions[END_REF][START_REF] Liang | Classical atomistic simulations of surfaces and heterogeneous interfaces with the charge-optimized many body (COMB) potentials[END_REF]Ashraf and van Duin, 2017;Atmani et al., 2017). Here we use the ReaxFF interatomic po- We ran the REMD simulations on an equimolar mixture of methane and carbon dioxide molecules, 500 molecules each, using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [START_REF] Plimpton | Fast Parallel Algorithms for Short-Range Molecular Dynamics[END_REF]. We have used the large computer facilities of the Centre Informatique National de l'Enseignement Supérieur (Montpellier, France) and the Mésocentre de Calcul Scientifique en Acquitaine (MCIA), using 480 CPU cores in parallel (4 CPU per replica). We ran a total of 6 nanoseconds per replica, with a running speed of about one simulated picosecond per hour (wall clock time). The total cost of the REMD simulation is of about 3 × 10 6 CPU hours.

We store and analyze the configurations of all the replicas at regular intervals using a standard clustering analysis. Molecular fragments containing more than 40 carbon atoms define a solid phase. We then determine i) the coordination statistics of carbon atoms, ii) attribute C/O atoms to ring or chain structures, and iii) identify the different edge-sharing ring clusters and bond-sharing chain-clusters of all the solid phases following a procedure described in Atmani et al. (2017Atmani et al. ( , 2020)). Molecular structures are visualized using VMD [START_REF] Humphrey | VMD -Visual Molecular Dynamics[END_REF].

We computed the X-ray diffraction patterns of the solid parts according to the Debye equation:

I(Q) = i j f i f j sin (Qr ij ) Qr ij ( 7 
)
where I is the scattered intensity, Q the scattering vector, f i and f j are the atomic scattering factors of atoms i and j, respectively, and r ij the interatomic distance. The calculations are performed with the Debyer software with appropriate cutoff corrections and accounting for periodic boundary conditions (https://github.com/wojdyr/debyer). Scattering vectors are converted to diffraction angles, 2θ, according to Q = 4π sin θ/λ, adopting λ = 0.1542 nm (Cu K α ).

Unless explicitly stated, all the results presented correspond to the replica of interest (i.e. 1000 K). Note that the so-called REMD "time", monitoring the progress of the simulation, is not a physical time sensus stricto because of the replica exchange procedure. Instead, this metric monitors the evolution of the simulation toward equilibrium. This is analogous to Monte Carlo steps in conventional Metropolis Monte Carlo simulation. In this context, each simulation step represent a transitory metastable equilibrium on the path toward thermodynamic equilibrium.

A simple advancement parameter ξ is used to monitor the evolution of the fluid phase. It is defined as:

ξ = 1 - n CH 4 + n CO 2 n 0 CH 4 + n 0 CO 2 (8)
where n CH 4 and n CO 2 are the numbers of CH 4 and CO 2 molecules present in the replica, respectively, and n 0 CH 4 and n 0 CO 2 their initial numbers (i.e. 500).

Carrying this experiment at fixed T and V is equivalent to assuming the reaction rate is infinitely fast compared to the rate of T and V (and to a lesser extent P) variations associated with migration of a natural fluid. This assumption may not be realistic geologically, of course. However, assuming the process would occur under fixed P and T condition in a natural vein or a shear zone is not geologically realistic either, as all those variables would vary in a natural context.Fundamentally, the choice of natural variables (N,V,T here) only dictates the nature of the thermodynamic potential which carries the critical information on the evolving system. Here, it is the Helmoltz potential. Regardless of the choice of natural variables and the nature of simplifying hypothesis, at the core of any experimental or theoretical work is the belief that what is lost in geological realism is offset by the possibility of gaining mechanistic understanding in the basic chemical process. These insights may pave the way to the design of more elaborate systems in the future. This occurs at the expense of CH 4 (50% loss through phase 2) and CO 2 (90 % loss). A detailed description of these species is given in Fig. S3. Species of two to four carbon atoms exist but are less abundant. This includes stable species like ethane, ethylene and acetylene, but also small radicals like methyl and vinyl. We observe an increase in the chemical diversity, species abundance and size of the individual species with ξ (Fig. S3). This is particularly true of the total number of radical species which increases significantly with reaction progress. The third stage (3) is marked by the nucleation and growth of a polyaromatic nanoparticle (Fig. 2), near-complete disappearance of all the reaction intermediates from stage 2 besides CO, as well as by the Overall, Figure S4 shows that the oxidation state of the system is initially perfectly bimodal, with one pool of CH 4 and CO 2 . Then, the fluid respeciates to species with intermediate oxidation states in between -4 and +4. The transition between stage 1-2 and 2-3 (which are defined in the replica 1000K) involve large changes in overall chemistry of the fluid and solid, 

Results

Speciation of the fluid phase
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as reflected by large changes in the advancement parameter ξ (Fig. 1).

Therefore, we searched for systems representative of intermediate values of the advancement parameter ξ in higher T replicas. We identified some of the earliest reaction steps, that is, corresponding to ξ values ranging from 0.002 to 0.027, in the replicas at 1000-1900 K (Table 1). One of the ear- At a larger value of the advancement parameter, ξ = 0.932, which corresponds to the transition between stages (2) and (3) (Fig. 1), we note the coexistence of stable (incl. ethylene, acetylene, etc...) and radical molecules (methyl, vinyl, etc...) of both low and intermediate mass which include cyclic and polycyclic entities (Fig. 3). Some of those radicals are resonance stabilized. At this advancement degree, a large particle, made of few covalently bonded polyaromatic units with some aliphatic content on aromatic edges has formed. It is the nucleus to the larger flake aggregates observed in Fig. 4(a-b,d). chiometry of C 573 H 49 O 3 after 6000 ps, when the particle contains about 60 % of the total carbon in the system (Fig. 2(a-e)). After 1200 ps of simulation, the solid particle forms a nanoparticle mostly (80 %) composed of threefold (sp 2 ) carbon atoms (Fig. 5) arranged in two large edge-sharing ring clusters (shown in orange and red in Fig. 4) and a few short, unsaturated aliphatic chains. As the particle grows and increases its carbon content (Fig. 2), the fraction of threefold carbon atoms increases significantly, reaching about 95 % by the end of the simulation (Fig. 5). The aromatic domains initially grow into one unique ring structure at 2100 ps (Fig. 4(c)). The particle then evolves towards a much denser onion-like structure (Fig. 4(g)), with increased aromatic content (Fig. S5). After 5400 ps, the particule transitions toward a more planar texture, percolating through one of the periodic boundaries of the simulation box, giving rise to a virtually infinite partially bilayered nanoribbon. The rings contained in the structures are dominated by hexagons, with a lesser amount of pentagons and heptagons (Fig. 6). The fraction of hexagons increases from about 45 % to above 60 %. The fraction of pentagons decreases from about 25 to 15 % while the fraction of heptagons remains fluctuating in the 10 to 20 % range, yet always lower than the fraction of pentagons. The result is the formation of carbon layers with positive curvature (i.e. fullerenelike, [START_REF] Los | Formation of multiwall fullerenes from nanodiamonds studied by atomistic simulations[END_REF]; Terrones and Terrones ( 2003)). This particle shows a tendency to graphitization. Indeed, its diffraction patterns at different simulation times (Fig. 7) shows in-plane graphitic order, with peaks at 2θ = 42.4 degrees (100) and 2θ = 77.6 degrees (110), increasing in intensity over simulation time. However, these peaks shift to larger 2θ values, by a few degrees, with respect to their positions for crystalline graphite. We ascribe these shifts to the important curvature of the graphene layers in the nanoparticle. We also occasionally find spectral signatures of interlayer order at low angles, reflecting moderate stacking. Compared to the 002 peak in graphite (26.6 degrees), stacking order is observed at a lower 2θ value, indicating larger interlayer spacings. This feature is expected for disordered carbonaceous solids (turbostratic). Interlayer spacings is around 0.37-0.5 nm, as opposed to 0.34 nm for graphite. At the end of the simulation, the fractions of pentagons and heptagons even, allowing for the development of a planar material [START_REF] Huang | Grains and grain boundaries in single-layer graphene atomic patchwork quilts[END_REF][START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF].

composition and structure of the exsolved nanoparticle

Energetics

Fig. 8 shows that the process of respeciation, C nucleation and growth is overall exoenergetic, typically releasing about 16 kcal/mol per CH 4 -CO 2 pair, that is, the ca. 8000 kcal/mol decrease observed in Fig. 8 divided by the number of pairs, 500). Most of the internal energy decrease occurs during the growth/maturation stage of the nanoparticule (stage 3), and not during internal respeciation of the fluid phase. Over the simulation, P remains within geologically reasonable bounds (ca. 850 to 1100 MPa).

Discussion

Fluid speciation and Energetics

We have identified several distinct periods in the process of elemental C to 3 (top side of Fig. 9), leads to the activation of the fluid by formation of small molecules of intermediate oxidation states, with progressive accumulation of highly reactive intermediates (ie. radicals, resonance stabilized aromatic hydrocarbons). This activation step displays little change in internal energy, which suggests that this period is chiefly driven by irreversible entropy production within the system. Indeed, the Helmholtz potential F for our closed system (maintained at V and T constant) is:

dF = dU -T dS (9) 
Hence, spontaneous evolution of the system means F decreases toward a minimum, that is, proposed here comes from analyzes of the 1000 K replica, except the ξ = 0.93 states which is based on the analysis of the 1709 K replica at 600 ps (see Fig. 3)

dU -T dS = δQ -T dS < 0. ( 10 
.

Because dU = 0 during this period, the decline of dF is chiefly driven by irreversible entropy production within the system.

Interestingly, the speciation of our fluid during this period displays intriguing similarities with a mechanism proposed recently by Johansson et al. for the gas-phase nucleation of soot particles from small hydrocarbons [START_REF] Johansson | Resonance-stabilized hydrocarbon-radical chain reactions may explain soot inception and growth[END_REF]. This mechanism, based on a chain of reactions (CHRCR, clustering of hydrocarbons by radical chain reaction) that selfgenerates radicals and resonance-stabilized radicals, has been invoked by the authors to explain the fast kinetics of the soot nucleation process. The basic principle is that sharing electron density between unpaired electrons of radicals and other bonds (e.g. pi bonds) in the molecule makes resonancestabilized radicals more stable than other radicals, but those remain more reactive than other molecules such as CH 4 and CO 2 in the medium. Likewise, our simulations suggest that chain-radical reactions could also be the key to the hydrothermal carbon precipitation in nature. Despite a different starting composition than [START_REF] Johansson | Resonance-stabilized hydrocarbon-radical chain reactions may explain soot inception and growth[END_REF], we have identified resonance stabilized radicals in the fluid, and found that they accumulate until a threshold is reached (between stage 2 and 3) where clustering of hydrocarbons and nucleation of a particle occurs. Interestingly, our experimental system does differ from the atmospheric-pressure laminar premixed ethylene-oxygen flame investigated by [START_REF] Johansson | Resonance-stabilized hydrocarbon-radical chain reactions may explain soot inception and growth[END_REF]. Our fluid contains CO 2 (as oxidant) instead of dioxygen for [START_REF] Johansson | Resonance-stabilized hydrocarbon-radical chain reactions may explain soot inception and growth[END_REF], and our transformation operates at high pressure. The similarities in the evolution of both systems seem to reflect some fundamental properties of high-T COH fluids that transcend the particulars of the systems.

Experimental validation of the pathways identified here is conceivable.

The protocol of [START_REF] Johansson | Resonance-stabilized hydrocarbon-radical chain reactions may explain soot inception and growth[END_REF] to measure these species on particles extracted from flames.

Our simulated fluid differs in some critical ways from graphite forming geological fluids, and this suggests that some aspects of our interpretative model would require sensitivity analysis. For example, it is unlikely that geological fluids will be composed of pure CO 2 and CH 4 , although fluids with very high CO 2 and CH 4 activities do form by decarbonation reactions or organic matter maturation at high temperatures (Tissot and Welte, 1984;[START_REF] Connolly | C-O-H-S fluid composition and oxygen fugacity in graphitic metapelites[END_REF]. Natural fluids would always be hydrous to a certain extent, and contain a range of non-volatile components such as silica, alumina etc. The New Hampshire graphite deposit [START_REF] Rumble | Hydrothermal graphite in New Hampshire: Evidence of carbon mobility during regional metamorphism[END_REF] contains intergrowth of graphite and tourmaline, a borosilicate. Although water is indeed absent at the start of our simulation, H 2 O forms rapidly in the process and even becomes a dominant species during growth of the nanoparticle. This shows that the presence of water may not represent a fundamental obstacle to the growth of the nanoparticle, which is an interesting insight. The question now is whether there is a certain threshold of water concentration beyond which the formation of highly reactive radicals, which we claim drive the polymerization of aromatic domains, is slowed down or inhibited. This will require further investigations testing the role of different initial H 2 O concentrations in the fluid while maintaining C oversaturation.

Macroscopic rate of the transformation

Even though no rigorous information on the kinetics of the process can be derived from the REMD simulation, the sequence of metastable equilibrium states obtained through replica exchange still proves informative. In particular, our system displays a dramatically discontinuous distribution of advancement degree per increment of simulation time at 1000K (cf Fig. 1).

Specifically, stages 1, 2 and 3 show modest changes in bulk speciation. By contrast, the two transitions between those stages involve dramatic changes in bulk fluid speciation over comparatively short simulation times. This is to the extent that the detailed chemistry prevailing during those transitions do not appear in the 1000 K replica. This observation suggests, at least qualitatively, that the kinetics involved during those transitions is much faster than the one prevailing during period of fluid maturation (stage 2, and 1 to a lesser extent) and the period of solid particle growth (stage 3). In other words, these results suggest that the reaction pathways is highly non-linear, ie. involves discrete transitory periods where reactivity and bond-forming events are dramatically accelerated. Further REMD work, with modified simulation parameters (maximum temperature, number of replica and exchange frequency) would be required to confirm this observation.

Solid carbon nucleation and development of anisotropy

The initial activation period is followed by the nucleation of small polycyclic aromatic flakes, and their aggregation into a fullerene-like, or onion-like, structure. The growth of the nanoparticle (bottom side of Fig. 9) is associated with a decline of the Helmholtz potential of the system (Fig. 8).

Although the sign of the TdS term (Eq. 9 and 10) cannot be assessed, the entropy of our system certainly decreases at this stage as is usually observed during solid formation.

Taken together, these results provide insight into the emergence of anisotropy in high pressure fluids. In particular, the aromatic carbon sphere formed in our system resembles those typically obtained in hydrothermal synthesis experiments. For example those of [START_REF] Li | Hydrothermal synthesis, characterization, and KOH activation of carbon spheres from glucose[END_REF] who worked with a glucose solution as reactant in an autoclave at ∼ 200 • C, and [START_REF] Kueter | Experimental carbonatite/graphite carbon isotope fractionation and carbonate/graphite geothermometry[END_REF] who worked with tartaric acid and sucrose 900 to 1500 • C and 10 kbar. In both cases, homogeneous catalysis predominates. We note that the transition from hydrogenated flakes, to fullerenic structures and finally to graphene/graphite is expected from energetic considerations in vacuum (Fig. S6), and certainly enhanced by i) the hydrophobic interactions between the particle and water, the flake aggregates having a larger surface area than the fullerenic or onionlike structure; and ii) the presence of pentagonal rings that favor curvature (see above).

One important question is whether the formation of a onion-intermediate is somehow imposed by the isotropic stress in our system. Interestingly, graphitic onion rings are also ubiquitous in metamorphic sediments where organic matter has been subjected to prograde (up-T path) and in-situ graphitization, as reported for graphitic materials of the Italian Alps (Beyssac et al., 2002b). In these natural examples, however, it is likely that heterogeneous catalysis on mineral surfaces drive the graphitization process, and anisotropic stress during prograde metamorphism may be the rule. This suggest that regardless of the very different conditions and catalytic pathways between prograde graphitization and hydrothermal graphitization, in nature and in experimental settings, there may be some commonalities in the intermediate states of the systems. In particular, these observations suggest that the spherical geometry of C materials may be a fundamental intermediate texture in the process of graphite formation. In this context, we have shown that the flattening of our fullerene-like macromolecules (see Fig. 4(h)) occurs spontaneously in the REMD simulation. Although the exact mechanism remains out of reach, this spontaneous transformation means that it is energetically favored (Fig. 8). Further work is required to determine whether onion-like structures could kinetically evolves to graphite in nature in the absence of anisotropic strain.

Conclusion

We have used REMD to simulate the reactivity of a graphite saturated COH fluid at elevated T and P. We have been able to monitor the conversion of a binary 1:1 CO 2 :CH 4 fluid into a percolating, partially bilayered, graphene sheet (Fig. 9) according to the overall reverse hydrolitic disproportionation reaction:

500 CO 2 + 500 CH 4 → C 573 H 49 O 3 + 579 H 2 O + 357 CO + 299 H 2 + ... (11) 
The process involves significant molecular reorganization at all scales. A multitude of highly reactive intermediates form in the process, and they may be key to fast kinetics of PAH and graphite nucleation and growth from light carbon molecules. We observed an accumulation of light and heavier radical and resonance stabilized radical species leading up to the first nucleation of our solid particle. The particle develops a fullerene like texture before evolving to a planar and partly bilayered (turbostratic) texture.

More generally, whether the pathways described here would change or be inhibited by the presence of non-volatile elements, such as Si, Al, B, Na etc, various CH 4 -CO 2 ratio, or by non-isostatic stress and heterogeneous catalysis in natural fluids will need to be tested. However, key aspects of our system's evolution are reminiscent of the process thought to prevail in soot formation at atmospheric P [START_REF] Johansson | Resonance-stabilized hydrocarbon-radical chain reactions may explain soot inception and growth[END_REF]). This opens up intriguing possibility for experimental validations of our pathways.

Our work provide mechanistic insight into one of the pathway that contribute to regulate the return flux of petrogenic carbon gases from the lithosphere to the atmosphere (Galvez, 2020a;[START_REF] Rothman | Thresholds of catastrophe in the Earth system[END_REF]Galvez, 2020b;[START_REF] Mason | Remobilization of crustal carbon may dominate volcanic arc emissions[END_REF]. The forming of graphitic solids from gaseous molecules is indeed different than the traditional, prograde, graphitization process in sedimentary basin. This mechanistic insight may in particular help understand why hydrothermal graphite veins formed from CO 2 -CH 4 fluids often show textural evidence for fast growth [START_REF] Rumble | Hydrothermal graphite in New Hampshire: Evidence of carbon mobility during regional metamorphism[END_REF]. It is fascinating to see how much remains to be known on the mechanism of formation of graphitic carbons in nature.

More generally, our work illustrates the power of REMD to investigate the evolution and thermodynamics of complex geological fluids, for which classical MD approaches require unrealistic computational time. This paves the way to new investigations over a larger compositional range representative of various crustal and planetary environments.

Research data

All data used to produce the Figures are available as 

  tential(van Duin et al., 2001) with the parameter set used in Atmani et al. (2017, 2020) to investigate the thermal evolution of cellulose and lignin, showing good agreement with pyrolysis experiments regarding both the mass-loss and the nature of the formed volatile species. The C-C and C-H interactions, taken from Srinivasan et al. (2015) (C-C) and Shin et al. (2016) (C-H) have been trained against heats of formation for graphite, fullerene and hydrocarbons and the equations of state for graphene, graphite and diamond. This ReaxFF parameter set has been identified by de Tomas et al. (2016) as accurate for the description of the graphitization process. Furthermore, these H/C parameters were used in recent studies of polymer carbonization (Mao et al., 2020; Kowalik et al., 2019) showing good agreement with experiments. For the C-O interactions we used the full training set from Chenoweth et al. (2008), including single/double/triple C-O bond dissociations, distortion curves for all C/H/O valence and dihedral angle distortions and a wide range of combustion-relevant reaction energies and barriers. To this data set, DFT data of 101 C 4 O 2 H 4 isomers were added (Fig. S1), covering a wide range of C/O/H chemical features, including alcohols, carboxylic acids, ketones, aldehydes, ethers, epoxides and peroxides. Overall, the considered parameter set is similar in quality to the popular Chenoweth et al. (2008) parameters for the initinal training set, and considerably improves over it on the description of the graphene/graphite equations of state and the aforementioned C 4 O 2 H 4 data set. Note that a very similar training set was used in the recently published ReaxFF combustion force field update (Ashraf and van Duin, 2017). The full ReaxFF training set material, including the geometries used, the training set data, as readable by the standalone ReaxFF code and the training set results are provided in the supplementary material.

Fig. 1

 1 Fig. 1 shows an overview of the fluid phase composition in the replica of interest (1000 K), which can be decomposed into three stages. The first stage lasts for about 500 ps of simulation during which the fluid remains an equimolar mixture of CH 4 and CO 2 molecules. During stage 1, reactions take place in the higher temperature replicas and evolved replicas slowly diffuse down to lower temperatures through successive exchanges. It takes about 500 ps to reach the 1000K replica. Fig. S2 shows examples of the exchange dynamics over the final 1500 ps of simulation. The second stage lasts for about 600 ps and involves the formation of water, and of a large amount of molecules of intermediate C oxidation state including CO, methanol (CH 3 (OH)), methylene glycol (CH 2 (OH) 2 ), formic acid (HCOOH) and formaldehyde (H 2 CO).

Figure 1 :

 1 Figure 1: Abundance of the main fluid species in the 1000 K replica during the REMD simulation. For sake of simplicity, we only show the molecules that are abundant in the fluid, ie. those with more than 25 occurrences at each time. Reactive, intermediates and products are displayed in blue, orange and green, respectively. (a) CH 4 , (b) CO 2 , (c)CH 3 OH, (d) CH 2 (OH) 2 , (e) H 2 CO, (f) HCOOH, (g) CO, (h) H 2 , (i) H 2 O.Note that the conversion of CO 2 to CO is partly due to the adopted ReaxFF parameters, which have been selected for their accuracy in accounting for solid carbon phases(Srinivasan et al., 2015).However, these parameters tend to underestimate the stability of CO 2(Atmani et al., 2017). Numbers (red) and vertical dashed lines (grey) indicate three different stages in the simulation with the corresponding values of the advancement parameter: ξ = 0 (1); 0.66 ≤ ξ ≤ 0.8 (2) and ξ ≥ 0.975 (3).

Figure 2 :

 2 Figure 2: Evolution of the solid phase in the 1000 K replica during the REMD simulation. (a) Carbon, (b) Hydrogen, (c) Oxygen, (d) H/C ratio, (e) O/C ratio. Numbers (red) and verical dashed lines (grey) are as in Fig. 1.

  liest reaction occurring in our systems, ie. for ξ = 0.002, corresponds to the formation of a methyl methanoate molecule from a pair of our starting chemicals CH 4 and CO 2 molecules. Further reaction progress leads to the progressive formation of radical species including methyl (CH 3 • ) and hydroxycarbonyl (O --C • -OH) along with numerous neutral compounds, including H 2 O, CO, H 3 C -O -CH 3 and CH 3 OH.

Fig. 4 Figure 3 :

 43 Fig.4shows snapshots of the solid present in our low T replica at different simulation times, and Fig.5shows the evolution of the carbon atoms coordination numbers (related to hybridization states). At the onset of stage 3, the stoechiometry of the nanoparticle is C 365 H 160 O 9 , and reaches the sto-

Figure 4 :

 4 Figure 4: Snapshots of the solid content in the 1000 K replica at different simulation times. C, H and O atoms are displayed with cyan, white and red balls and sticks, respectively. Ring clusters are displayed with colored sticks, one color per cluster. The periodic simulation cell is shown in blue.

Figure 5 :

 5 Figure 5: Evolution with REMD time of the fractions of two-fold (squares), three-fold (circles) and four-fold (triangles) carbon atoms. These numbers correlates with fractions of C atoms with sp, sp 2 and sp 3 hybridizations, respectively.

Figure 6 :

 6 Figure 6: Evolution with REMD time of the fractions of pentagons (squares), hexagons (circles) and heptagons (triangles).

Figure 7 :Figure 8 :

 78 Figure 7: Simulated XRD patterns for the solid content at different REMD times from 1200 ps (bottom) to 6000 ps (top) by steps of 300 ps. Patterns are normalized to the number of atoms in the solid. Grey vertical lines indicate the locations, from left to right, of graphite 002, 100 and 110 peaks. Nascent layer stacking order is highlighted for some configurations using asterisks in the 20 degrees area.
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  Fig. 1.

Figure 9 :

 9 Figure 9: Proposed mechanism of graphite formation from a binary CO 2 -CH 4 fluid based on REMD data. All the states

  text files in the electronic annex. A description of the different files is given at the end of the supporting information document. The full ReaxFF training set material, including the geometries used the training set data and the training set results are provided in basic .txt format. The ReaxFF parameters, which can directly be used with LAMMPS, are also provided. gas generation around igneous sills in sedimentary basins. Geochim. Cosmochim. Acta 74 (24), 7179-7195. Aarnes, I., Svensen, H., Polteau, S. and Planke, S. (2011b) Contact metamorphic devolatilization of shales in the Karoo Basin, South Africa, and the effects of multiple sill intrusions. Chem. Geol. 281 (3), 181-194. Allen, M. P. and Tildesley, D. J. (1987) Computer Simulation of Liquids. Oxford University Press, Oxford. Ashraf, C. and van Duin, A. C. (2017) Extension of the ReaxFF Combustion Force Field toward Syngas Combustion and Initial Oxidation Kinetics. J. Phys. Chem. A 121 (5), 1051-1068. Atmani, L., Bichara, C., Pellenq, R. J.-M., Van Damme, H., van Duin, A. C. T., Raza, Z., Truflandier, L. A., Obliger, A., Kralert, P., Ulm, F. J. and Leyssale, J.-M. (2017) From cellulose to kerogen: molecular simulation of a geological process. Chem. Sci. 8, 8325-8335. Atmani, L., Valdenaire, P.-L., Pellenq, R. J.-M., Bichara, C., Van Damme, H., van Duin, A. C. T., Ulm, F. J. and Leyssale, J.-M. (2020) Simulating the Geological Fate of Terrestrial Organic Matter: Lignin vs Cellulose. Energy & Fuels 34 (2), 1537-1547. Berner, R. A. (1982) Burial of organic carbon and pyrite sulfur in the modern ocean; its geochemical and environmental significance. Am. J. Sci. 282 (4), 451-473. Beyssac, O., Goffé, B., Chopin, C. and Rouzaud, J. N. (2002a) Raman spectra

Table 1 :

 1 Reactivity observed at 105 ps for the replicas in the 1000-1900 K temperature range. Are given the advancement parameter ξ, reactives, products and replica temperature T.

	Products
	Reactives
	ξ

  could be modified by changing the nature of the oxidant side of laminar premixed coflow burner. Instead of O 2 , which is irrelevant in the lithosphere, a mixture of CO 2 /H 2 O may be introduced instead. This could be mixed with a CH 4 -H 2 fuel as H 2 may be abundant in deep crustal fluids. Then, solid products may be collected and analyzed with a vacuum ultraviolet aerosol mass spectrometer (VUV-AMS)
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