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abStract

Carbon isotope exchange between calcite and graphite is a useful and reliable geothermometer 
for medium- to high-grade marbles. However, in rare instances, such as at Naxos, Greece, apparent 
disequilibrium carbon isotope fractionation between calcite and graphite has been previously reported. 
In this study, new results are presented on the morphological features, X-ray diffraction studies, Raman 
spectroscopic studies, and carbon isotope studies of graphite. Three morphologically distinct graphite 
types are identified. The first type is fine grained with distinct polygonal crystal aggregates having 
smooth pinacoid faces. The second type consists of large botryoidal aggregates with typical crystal 
overgrowth features, and the third type is “normal” large platy crystals associated with phlogopite. 
Graphite morphological features using an FE-SEM suggests that the botryoidal aggregates are com-
posed of complexly intergrown and stacked graphite layers, comprised of cone-helix structures. Dif-
ferent types of graphite display distinct Lc(002) and DG values as well as a sharp first-order Raman 
peak at ∼1580 cm–1 with disordered bands. The presence of Raman disordered bands in fine-grained 
well-crystallized graphite is attributed to edge effects. Carbon isotope analysis of graphite reveals 
that marble with fine-grained well-crystallized graphite show a consistent isotope fractionation with 
the calcite, which perfectly match temperature estimates based on the mineral isograds. In contrast, 
coarse botryoidal graphite gives heterogeneous carbon isotope values (about a few per mill) and show 
anomalous carbon isotope fractionation between the calcite and graphite. The graphite associated 
with phlogopite also shows variations in the carbon isotope values. Combining morphologic, crystal-
lographic, and carbon isotopic data we conclude that the variations in carbon isotopic composition 
were caused by the overgrowth of graphite on the preexisting grain and that morphological observa-
tions and structural characterizations of graphite crystals is a key for predicting isotopic equilibration 
during metamorphism.
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introduction

Carbon isotope exchange between calcite and graphite has 
been widely and efficiently applied for estimating the peak 
metamorphic temperature conditions in marbles, because (1) 
only two carbon-bearing phases exist in marbles, (2) diffusion 
of carbon in graphite is extremely slow and restricts retrograde 
isotope exchange, (3) graphite is low in modal abundance, (4) 
the temperature-dependent isotope fractionation is large and 
measurable, and (5) retrograde isotope alterations can be easily 
detected in calcite (Eiler et al. 1993; Valley 2001; Satish-Kumar 
et al. 2002; Dunn 2005). However, in some instances, the be-
havior of carbon isotope exchange between calcite and graphite 
during metamorphism seems to give variable fractionations and 
erroneous temperature estimates (Kreulen and van Beek 1983; 
Arneth et al. 1985). Kreulen and van Beek (1983) claimed that 
the calcite-graphite system may not provide a good thermometer 
for marbles. However, later studies have attempted to understand 
the causes for such deviations from equilibrium temperature-

dependent isotope fractionation and attributed it to either the 
presence of a third carbon-bearing phase, especially a carbon-
bearing fluid (e.g., Satish-Kumar et al. 2002) or physical isola-
tion of graphite from calcite by silicate mineral phases during 
metamorphism (e.g., Wada and Suzuki 1983; Dunn and Valley 
1992). In the former case, the carbon-bearing fluid (mainly CO2) 
will unilaterally and effectively exchange isotopes with calcite, 
which can be potentially identified by coupled C-O isotope 
trends, and may result in overgrowth of preexisting graphite 
if favorable conditions exist for graphite precipitation (Satish-
Kumar et al. 2002). Earlier studies have also identified a carbon 
isotopic shift toward lighter δ13C values for “dull” surfaced 
graphite than for lustrous graphite (e.g., Weis 1980; Kitchen 
and Valley 1995; Satish-Kumar and Wada 2000). Therefore, it is 
essential to evaluate whether graphite (or carbonaceous material 
in low-grade metamorphic rocks) and coexisting carbonate is in 
isotopic equilibrium or not, both in space and time, and if it is 
not the case, then the reasons for such deviations.

In this study, we focus on a detailed morphological, structural, 
Raman spectroscopic, and stable isotopic characterization of 
graphite in marbles from Naxos, a medium-grade metamorphic * E-mail: smsatis@ipc.shizuoka.ac.jp


