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Carbon Isotopes
Carbon has two stable isotopes with their following abundances:

12C = 98.89%

13C = 1.11%

Measurements are made relative to a standard belemnite sample known as PDB (belemnitella americaca) from the Cretaceous Peedee formation, South Carolina. This standard is used because its 13C and 18O values are close to those of average marine limestone. The original material of the PDB standard is now exhausted and current standard are a carbonatite (NBS-18) and a marine limestone (NBS-19). The ratio 13C/12C is measured in parts per thousand in a similar way to that of oxygen isotopes:

  δ13C0 / 00 = 
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Carbon isotopes are measured as CO2 gas and precision is normally better than 0.1 ‰. 
Variations of δ13C in nature
Carbon occurs in nature in its oxidized form (CO2, carbonates and bicarbonates), as reduced carbon (methane and organic carbon) and as diamond and graphite. The range of carbon isotope compositions in natural substances is summarized in Figure given below. Meteorites have a wide range of carbon isotope compositions. Mantle values, determined from the isotopic study of carbonatites, kimberlites and diamonds, are in the narrow range. The mean value of δ13C about –6‰ is often used for the mantle. MORB has a mean value of δ13C =        –6.6‰. Seawater has by definition a δ13C value of close to 0‰ and marine carbonate has a narrow range of values between –1 and +2‰ whilst marine bicarbonate values are between –2 and 1‰.

Biologically derived (organic) carbon is isotopically light, i.e., depleted in δ13C. The conversion of inorganic carbon through a CO2-fixing mechanism into living, organic carbon entails the preferential concentration of the light 12C isotope in organic carbon. This process is chiefly controlled by reaction kinetics which favour the light isotope. The net effect of the fractionation is that relative to mantle-derived carbon (δ13C ~ –6‰) there are two complementary reservoirs. Biological materials on the one hand are strongly depleted in δ13C (–20 to –30‰; the mean value of the terrestrial biomass is –26±7‰) whereas seawater and marine carbonates (δ13C ~ 0) are enriched.
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(The ranges of δ13C values in natural, carbon-bearing samples)

Controls on the fractionation of carbon isotopes
The fractionation of carbon isotopes is controlled by both equilibrium and kinetic process. Equilibrium fractionation processes in many cases are strongly temperature-dependent. Kinetic fractionation is important in biological systems such as the fixing of CO2 as organic carbon and the evolution of methane from anaerobic fermentation of organic matter during diagenesis. In these cases the fractionation is controlled by reaction rate and the greater readiness of the lighter isotope to react. Where the reaction involves both carbon and oxygen, the kinetic effect will influence the isotopes of both elements in a similar way and a correlation between δ18O and δ13C is expressed.
Carbon and Oxygen Isotope Studies in Carbonates δ13C vs δ18O Plot

A combined study of carbon and oxygen isotopes in carbonates is a powerful means of distinguishing between carbonates of different origins. Figure mentioned on the next page shows the compositions of terrestrial and meteoritic carbonates plotted on a δ13C–δ18O diagram. Compositions are plotted relative to the PDB standard, although the SMOW standard is increasingly used for δ18O measurements in carbonates. The conversion from PDB to SMOW is given below:
δ18OV-SMOW = 1.03091 δ18OPDB + 30.01

and

δ18OPDB = 0.97002 δ18OV-SMOW – 29.98
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(δ13C–δ18O diagram showing composition of carbonates from a variety of environments)

But it is important to mention that –

δ18O in marine carbonate on PDB scale is zero, and

δ18O in seawater on the SMOW scale is also zero.

The two are related by equation given on page 5 and the two are in equilibrium at approximately 16.9oC.

The δ13C–δ18O diagram is particularly useful in understanding the processes involved in the formation of sedimentary carbonates and especially the process of limestone diagenesis. A study of carbon isotopes allows the origin of carbon in the carbonate to be determined and can distinguish between marine, organic and methane-related carbon. A study of oxygen isotopes in sedimentary carbonates can be used to determine the origin of fluids in equilibrium with the carbonates, and provide an estimate of the temperature of carbonate formation using equation given on page 5. Temperature determination may give the original seawater temperature or the temperature of diagenesis.

Hydrothermal calcites formed by water-rock interaction at a mid-ocean ridge a wide range of compositions on δ13C–δ18O diagram chiefly as a function of differing water/rock ratios.
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Figure 6: Schematic §'®0 and 8'°C variations diagram showing secondary magmatic processes that affect
the stable isotopic concentration in carbonatites.
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Fig. 6. (a) 6'%0 and 6"*C plot. Taylor’s PIC box after Taylor et al.
(1967), modified PIC box after Deines (1989) and Keller and Hoefs
(1995), and normal mantle values after Kyser (1990) and Keller and
Hoefs (1995). (b) 60 and ¥St/*°St;iim plot. This diagram also
shows primary mantle values and hypothetical mixing model (after
James, 1981).




Carbon Isotopes in CO2
Since CO2 is an important component of igneous, metamorphic and mineralizing fluids, it is useful to try and use the isotopic composition of the carbon to discover the original source of the CO2. Studies of this type have concentrated on CO2 released from fluid inclusions and on carbonate minerals formed in equilibrium with CO2-rich fluids. From the δ13C–δ18O diagram we might attempt to differentiate between CO2 derived from organic carbon, from the mantle and from marine carbonate on the basis of the δ13C values.
CO2 dissolved in igneous rocks
It has recently been realized that CO2 exsolved from igneous melts is an important route for accessing mantle CO2. Step-heating experiments on oceanic basalts produce two fractions of CO2, one below 600oC with δ13C values around –25‰, the other at above 600oC with δ13C values between –5 to –8‰. Experimental studies showed that there is a fractionation of about 4‰ at about 1200oC between carbon dissolved in a basaltic melt and CO2. There are two possible interpretations of the low-temperature light-isotope carbon fraction: (1) it is organic contamination or (2) it is a residue remaining after CO2 fractionation and outgassing.
CO2 in metamorphic fluids

The decarbonation of a marine limestone during metamorphic leads to lower (more negative) δ13C values in calcite and CO2 which is correspondingly enriched in δ13C. The metamorphism of biogenic, non-carbonate carbon, on the other hand, leads to a loss of methane and higher (less negative) δ13C values in the residual carbon or graphite.

A popular model for the origin of granulites is the pervasive influx of CO2 at depth in the Earth’s crust. This model is based upon the observation that many granulites contain abundant CO2-rich fluid inclusions.
Metamorphic graphite is produced by the infiltration of, reaction with and mixing of carbon bearing fluids. For example, hydrothermal vein graphite in high-grade gneisses in New Hampshire is formed by the mixing of two fluids, one carrying originally derived carbon whilst the other contained carbonate carbon. Similarly, Ivrea zone pelites generally contained graphite from an organic source, although higher δ13C values in the vicinity of marble bodies suggested that some of the graphite came from marble-derived fluids.
CO2 in gold-mineralizing fluids

Carbonate minerals precipitated in association with Archaean lode gold deposits are thought to result from the CO2-rich nature of the auriferous fluids and as such are an indicator of the source of the gold-bearing solutions. There are two schools of thought, one favouring a metamorphic origin for the CO2-rich fluids whilst the other favours a mantle origin. Carbon isotopes have been used in an attempt to resolve this controversy. On this basis it is concluded that CO2 in the gold-bearing fluids is metamorphic in origin and that although originally mantle-derived and deposited in fault zone, it was subsequently reworked during metamorphism.
Carbon isotope thermometry

As we know that the fractionation of 13C between species of carbon is in many cases strongly temperature-dependent. Two of these fractionations have been used as thermometers in metamorphic rocks. For example, graphite coexists with calcite in a wide variety of metamorphic rocks and is potentially a useful thermometer at temperatures above 600oC. Other example is – the carbon isotope composition of CO2 in fluid inclusions and that of coexisting graphite can also used as a thermometer.
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