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Metastable equilibrium in the C-H-O system: Graphite deposition in crustal fluids

Dionysis i. Foustoukos*

Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road NW, Washington, D.C. 20015, U.S.A.

AbstrAct

The presence of graphite in natural environments is linked to the redox and thermal conditions 
of C-H-O fluid/graphite equilibrium in hydrothermal veins and metasomatic contacts. A time-series 
experimental study was performed to investigate the graphite undersaturated C-H-O system at 600 
°C and 1000 MPa, and with fO2 ranging from highly reducing (10−23) to highly oxidizing (104). A non-
volatile intermediate carbon phase exhibiting the Raman spectral features of poorly ordered graphite 
was formed as the system evolves toward equilibrium as a function of run duration. The thermometric 
empirical expressions using the G and D bands in the spectra of graphite failed to accurately estimate 
the experimental temperature. Thus, the existing Raman geothermometers appear inadequate to address 
graphite formation under conditions of metastable equilibria and to account for kinetic effects such 
as, for example, the degree of crystallinity. The presence of poorly ordered graphitic carbon at all the 
redox conditions investigated suggests that the disordered structure of the mineral attains an extensive 
thermodynamic stability field, and that it may be more readily deposited than crystalline graphite. 
Metastable graphitic carbon could, therefore, function as a precursor and substrate for the formation 
of the well-ordered phase. Such metastable graphite may provide an intermediate state that facilitates 
subduction of carbonaceous material, while imposing constraints on the formation mechanisms and 
the 13C/12C isotopic systematics of deep seated carbonaceous fluids and minerals such as diamonds.
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introDuction

Phase equilibrium relationships in the C-H-O system govern 
the distribution of carbon-bearing volatiles and minerals in natu-
ral systems. Numerous experimental and theoretical studies have 
been performed to describe the systematics of C-H-O equilibrium 
at a range of temperatures and pressures corresponding to crustal 
and mantle conditions (e.g., Connolly 1995; Eggler and Baker 
1982; French 1966; Frost 1979; Frost and Wood 1995; Holloway 
1984; Jakobsson and Oskarsson 1990, 1994; Matveev et al. 1997; 
Mysen et al. 2011; Ohmoto and Kerrick 1977; Saxena and Fei 
1987; Ulmer and Luth 1991; Zhang and Duan 2009; Ziegenbein 
and Johannes 1980). These studies, for the most part, are focused 
on deriving the thermodynamic properties of species and on 
modeling phase relationships under equilibrium conditions. 
The distribution of C-H-O species in natural systems, however, 
may also be controlled by metastable equilibrium that involves 
disequilibrium volatile concentrations (e.g., CH4, CO2, H2, CO) 
and the deposition of graphitic carbon with different degrees 
of crystallinity (i.e., the deviation from the structure of pure 
graphite described by in-plane crystallite size Lα and stacking 
height Lc of the carbon layers) (Luque et al. 2009; Morgan et al. 
1992; Pasteris and Chou 1998; Ziegenbein and Johannes 1980).

Thus, the reaction rates associated with establishing equilib-
rium among C-H-O fluids and graphite could be considered an 
important part of understanding complex natural processes such 

as hydrothermal deposition of graphitic carbon, the phase stabil-
ity along the pathways of carbon subduction, and the extent of 
13C/12C isotopic fractionation along redox and thermal gradients 
relevant to metasomatic and/or metamorphic events (Duke and 
Rumble 1986; Rumble and Hoering 1986; Satish-Kumar et al. 
2011). Furthermore, constraining the thermodynamic stability 
field of graphitic carbon along the subduction geotherm has 
important implications for the cycling of carbon in the Earth’s 
interior. In effect, establishment of metastable equilibrium within 
the C-O-H-graphite system could support the role of graphite 
as another sink of carbon in addition to carbonates (Frezzotti et 
al. 2011), especially if graphitic carbon functions as source of 
carbon for eclogitic diamonds.

It is, therefore, of a great interest to relate graphite formation 
to the speciation of the coexisting C-H-O fluids, and thus, to 
constrain the redox and thermal conditions of graphitic carbon 
deposition in hydrothermal veins and metasomatic contacts 
(Brasier et al. 2002; McKeegan et al. 2007; Papineau et al. 2011; 
Satish-Kumar et al. 2011; van Zuilen et al. 2003). Accordingly, 
graphite-C-H-O geothermometers have been developed by 
correlating the degree of mineral crystallinity with the Raman 
spectral characteristics of the ordered (G) and disordered (D) 
bands of graphitic carbon [i.e., integrated peak areas, full-width 
half height (FWHH)] (Beyssac et al. 2002; Busemann et al. 2007; 
Cody et al. 2008; Wopenka and Pasteris 1993). The significant 
limitation of these empirical models, however, is the assumption 
of equilibrium among phases. The absence of reaction kinetic 
data and consideration of the possible metastability of the C-* E-mail: dfoustoukos@ciw.edu


