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Carbon forms very few mineral phases in the Earth's mantle at depths exceeding 200 km. The major phases are native carbon (graphite or diamond) and metal (mainly Fe) carbides (Stagno, Frost, 2010). It is widely accepted now that there is a possibility of metal saturation of the mantle below 150 km (Rohrbach et al, 2007; Frost, McCammon, 2008, Dasgupta, Hirschmann, 2010). Therefore, the presence of carbon in association with iron would allow for the formation of iron carbides. Not much is known about relationship of carbon isotope compositions between named phases. Empirical studies of carbon in meteorites show that cohenite ((Fe,Ni,Co)3C) is depleted in 13С relative to graphite from the same meteorite in a range from 0 to 15‰ (Deines, Wickman, 1973; 1975; Newton, Sugiura, 2000). Carbides are also found as inclusions in diamonds (Kaminsky, Wirth, 2011, Smith et al., 2016). Mikhail et al. (2014) have reported 7‰ depletion in 13C of iron carbide inclusions compared to host diamond from the Jagersfontein mine, South Africa. 
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Looking to the Fe–C phase diagram (Fig. 1) one can see not much possibility for co-crystallization of iron carbides and graphite/diamond from a Fe–C melt within geochemically feasible PTx conditions (Lord et al, 2009). It is possible only within restricted area of peritectic reaction where the L+Fe3C+Dm/Gr association is stable. Early experimental investigation of carbon isotope fractionation in the solid part of the Fe-C phase diagram within the Gr(Dm)+Fe3C and Gr(Dm)+Fe7C3 fields failed to determine the value of isotope fractionation for diamond-carbide pairs because the metastable Fe–Gr eutectic melting, which is approximately 100° lower than the actual Fe-Fe3C eutectic (Strong, Chrenko, 1971). This metastable melting provides carbon re-crystallization via Fe-C melt rather than solid state synthesis of equilibrium diamond and carbide (Reutsky, Borzdov, 2013). On the other hand, extremely slow carbon isotope diffusion in diamond prevents re-equilibration of isotope compositions at solid state conditions.
In our earlier experiments (Reutsky et al., 2015) we had crystallizing Fe-C melt at 6.3GPa and 1600oC with slow cooling down to 1400oC during 3 hrs. Different initial proportion of iron metal (grade 99,998) and graphite (13CVPDB=‑23.0‰) provides crystallization of carbide with or without diamond. After experiments about 20% of Fe-C melt was quenched forming fine iron-carbide aggregate. This allows examination 13C of Fe-C melt from which crystallization took place along with cohenite and diamond crystals.
In carbon-rich compositions diamond crystals were grown first from Fe-C melt at 1600oC within L+Dm stability field. These diamonds had higher 13C values (–20.3 to –22.2‰) than the carbon isotope composition of the starting mixture testifies early crystallization of diamond from Fe-C melt with expected isotope fractionation coefficient (Reutsky et al., 2008). Iron carbide starts to grow later at about 1570oC due to peritectic reaction L+Dm→L+Fe3C. The carbon isotope composition of Fe3C in these experiments changes from ‑26.2 up to ‑24.8‰ along direction of growth.
In carbon-poor compositions the L+Dm field was not crossed and no diamond was found. Fe3C aggregates show measurable isotope trends in directions of growth testifies isotope fractionation during cohenite crystallization. However, in this case the trend of 13C in Fe3C aggregate have opposite direction and starts from ‑24.8 going down to ‑26.8‰. Direct measurements of 13C of iron carbide and quenched Fe-C melt nearby phase’s boundary reveal 2.0(0.5‰ enrichment of crystalline phase by 13C isotope in both carbon-rich and carbon-poor experiments.
In terms of carbon isotopes, the peritectic reaction looks like L1+Dm→L2+Fe3C and L1 differs from L2 in carbon isotope ratio by adding heavy isotope from reacting diamond. Bearing in mind twice as much isotope fractionation at diamond growth in comparison with cohenite, both of the trends represent isotope depletion in accordance with Rayleigh’s equations (Reutsky et al., 2015). 

Next series of experiments for HPHT crystallization of carbon-poor Fe-C melt using a range of 13CVPDB of initial graphite from -52 up to +39 ‰ show the same relationship of crystalline Fe3C and quenched Fe-C melt. In these series we were applying different cooling rates. The scale of cohenite enrichment in heavy carbon isotope relative to the melt varies from 9.3 to 0.6‰ and correlates with crystallization rate. Experiments with different initial 13C but the same cooling rates give equal scale of carbon isotope fractionation, meaning dominated role of kinetics. SIMS technique reveals pronounced down-trends of 13C values in direction of growth of the crystalline iron carbide regardless of actual 13C/12C value.

Difference of carbon isotope composition between diamond and residual melt in our experiments is within 6–7‰ which fits well results of Mikhail et al. (2014) for diamond-carbide inclusion relationship. This similarity can suggest crystallization of sample, investigated by S.Mikhail with co-workers, near the peritectic region of Fe-C diagram.
Documented differences of 13C values between carbide and quenched melt near the crystallization interface along with gradual depletion of Fe3C by heavy carbon isotope indicate selective 13C capture by crystallizing cohenite. Isotope profiles within crystalline Fe3C aggregate also indicate that carbon isotope diffusion does not provide compositional relaxation of isotope heterogeneity under the experimental conditions near the melting point. These observations provide basis for consideration of Fe-C crystallization as one of mechanisms for generation of carbon isotope heterogeneity in the mantle. Crystallization of Fe-C melt in the Earth’s mantle is suggested being responsible for genesis of extra-large diamonds (Smith et al., 2016). If correct, significant amount of iron carbide crystallized from this melt also can present in the mantle. If the melt was able to migrate while crystallize, the last portions of carbide can be significantly depleted in heavy carbon isotope in comparison with initial isotope ratio. This mechanism can be applicable for early Earth differentiation when metal (mainly iron) melts had oozed through the forming silicate mantle. Because carbon is virtually insoluble in minerals (Shcheka et al., 2006), at metal-silicate interface it goes to metal. Thus, significant part of primordial carbon should have gone into the Earth’s core dissolved in metal melts (Dasgupta, 2013, Chi et al., 2014). Some fraction of this carbon has remained in the silicate mantle in the form of accessory phases, including graphite and diamond. Both minerals are heavier in carbon isotope composition compared to Fe-C melt and its crystallization provides depletion of the melt by 13C isotope. Partial crystallization of the metal-carbon melts to carbide leads to further depletion of residual liquid in 13C isotope even at high temperature and high pressure. Accounting potential amount of the melt and carbide, the core-forming metal melts can be extremely isotopically light in comparison with initial carbon isotope ratio. Carbon reservoirs differing in isotope composition could be generated by iron carbide and diamond crystallization during the primary differentiation of the Earth, even if it was initially well-homogenized. The carbon isotope ratio in these reservoirs should significantly lowering with depth. The existence of such reservoirs is widely discussed on the basis of carbon isotope compositions of mantle xenoliths and diamonds (Cartigny, 2010; Deines, 2002; Stachel et al, 2009).

Particular form of carbon depends on the metal/C ratio and metal composition of certain region of the mantle. At depth greater than 250-300 km a Fe-Ni-C melt phase assumed to be present (Rohrbach et al., 2014). The presence of nickel lowers the eutectic temperature of the Fe-C system and blocks the formation of carbides. Therefore, such a composition restricts the occurrence of carbides in the mantle. However, metasomatized crustal slabs low in nickel could be good example for potential source of iron carbides in association with diamond and melts (Rohrbach et al., 2014). On the other hand, nickel, as well as sulfur and silicon, lowers the solubility of carbon in metal melt (Dasgupta et al., 2013, Chi et al., 2014). Increasing pressure with depth decreases carbon solubility in Fe-Ni-C alloy as well (Narygina et al., 2011). At equal metal/C ratio, increasing Ni-content and depth provides an increase in carbon saturation and a lowering of the carbon amount needed for diamond nucleation. In case of sulfur-rich melt the temperature over 1600°C is required for diamond nucleation (Palyanov et al., 2006). Silicon carbide also can occur at great depth, where carbon is depleted in heavy isotope. It can explain systematically low 13C of SiC found in kimberlites (Shiryaev et al., 2008, Trumbull et al., 2009).
Considering the carbon abundance and metal/C ratio, Dasgupta and Hirschmann (2010) have shown that the assemblage of (Fe, Ni) carbide+Fe-Ni metal can be stable from ca. 50 to 500 ppm C at Fe0 contents up to 1wt. %, which corresponds to OIB source mantle. In contrast, the MORB source mantle, with 10-30 ppm C and the same Fe0 content, must hold all of the carbon as light alloying elements in metals. Our data on carbon isotope fractionation provides evidence that iron carbide and carbon-bearing metal must be isotopically distinct carbon reservoirs.
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Figure 1. (a) Iron rich part of the Fe-C diagram at 5 GPa (Lord et al., 2009) modified to show the L+Dm field at 5.5 GPa (Strong, Chrenko, 1971). L – field of Fe-C melt; Gr – graphite; Dm – diamond; Fe – iron; Fe3C and Fe7C3 – corresponding carbides. (b) Particular region of experiments. Open circles – initial compositions of the mixture and first portion of melt Expected change of melt composition is shown with arrows. 





Figure 2. Kinetic dependence of carbon isotope fractionation at Fe3C crystallization from Fe-C melt. Black diamonds – 13Ccarbide-13Cmelt values, Open squares – initial 13C compositions of particular experiments.
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