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INTRODUCTION 

Oxygen fugacity is an important, although elusive, 
parameter of the mantle. It can affect subsolidus and 
supersolidus phase relations as well as determine the 
presence and speciation of a fluid phase; hence it has a 
large influence on diamond formation. There are at 
least three distinct methods that have been used to 
estimate mantle oxygen fugacity: (a) electrochemical 
methods (intrinsic oxygen fugacity); (b) calibration of 
Fe3+/Fe2+ ratios in quenched silicate melts; and (3) 
mineral oxybarometers, particularly olivine-
orthopyroxene-spinel. Efforts over the past twenty 
years have produced much data concerning upper 
mantle oxygen fugacity, and although agreement is not 
universal, a relatively consistent picture is emerging. 
The oxidation state measured for lithospheric upper 
mantle is heterogeneous on a scale of at least four log 
units, where trends in oxygen fugacity have been noted 
to occur with metasomatism (e.g. McCammon et al., 
2001), partial melting (e.g. Bryndzia and Wood, 1990; 
Kadik, 1997) and tectonic environment (e.g. Wood et 
al., 1990; Ballhaus, 1993). Values range from roughly 
FMQ to FMQ-1 for suboceanic abyssal peridotites and 
xenoliths from zones of continental extension (Wood et 
al., 1990), while more oxidised values have been 
recorded for xenoliths from regions of recent or active 
subduction (Parkinson and Arculus, 1999). 

 

 
 

 
 
 
 
 

 
The calibration of an oxybarometer for the olivine-
orthopyroxene-garnet assemblage (Gudmundsson and 
Wood, 1995) enables direct determinations of oxygen 
fugacity to be extended to depths of at least 200 km. 
Although calculation of Fe3+/ΣFe in spinel is marginally 
viable based on stoichiometry assumptions using 
electron microprobe data, the errors associated with the 
calculation for garnet are generally too large to be 
petrologically useful (Canil and O’Neill, 1996; Sobolev 
et al., 1999). Accurate determinations of Fe3+/ΣFe in 
garnet require a technique such as Mössbauer 
spectroscopy, which has restricted the number of such 
investigations. Recent data from Finland (Woodland 
and Peltonen, 1999) and Lesotho (Woodland, 2001) 
show a general decrease in oxygen fugacity with depth, 
which supports suggestions based on the reduced 
volume of Fe3+ in garnet (e.g. Wood et al., 1990; 
Ballhaus, 1995). The addition of a new dataset focusing 
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Figure 1: Variation of oxygen fugacity (relative to FMQ)
with pressure for garnet-bearing peridotites. Symbols refer to 
the present data from the Slave craton (solid circles);
Fennoscandia (open diamonds; Woodland and Peltonen,
1999); and South Africa (open circles and open squares; 
McCammon et al., 2001 based on Mössbauer data of Luth et
al., 1990 and Canil and O’Neill, 1996, respectively). Buffer
curves for IW (Ballhaus et al., 1991) and EMOG/D (Eggler
and Baker, 1982) are given for temperatures corresponding to
a model steady-state conductive geotherm for the Slave craton
(Kopylova et al., 1999). 
on the Slave region of northern Canada (Kopylova and 
McCammon, this volume) provides a more global view 
of oxygen fugacity in the deep lithosphere, and 
motivates a re-examination of the influence of oxygen 
fugacity on diamond formation, particularly with regard 
to observables such as carbon isotopic composition. 

DATA COLLECTION AND RESULTS 

GARNET PERIDOTITES 

e determined the oxidation state of iron in garnet-
earing xenoliths from the Jericho and Gahcho Kue 
imberlite pipes located in the northern and 
outheastern parts of the Slave craton (Canada) using 
össbauer spectroscopy, and used the olivine-

rthopyroxene-garnet oxybarometer (Gudmundsson 
nd Wood, 1995) in conjunction with thermobarometry 
o construct an oxygen fugacity profile through the 
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Slave cratonic mantle (Fig. 1) (see also Kopylova and 
McCammon, this volume). There is a general trend with 
depth to more reduced values of oxygen fugacity, 
reaching nearly to the iron-wüstite buffer for the 
deepest samples. Results from South Africa and Finland 
show similar trends, and Woodland (2001) reported 
oxygen fugacites from Lesotho samples that range from 
FMQ-2 to FMQ-4 over the depth interval 80-225 km. 
 
The data plotted in Fig. 1 represent a range of rock 
types, including garnet harzburgites, garnet lherzolites, 
pyroxenites and megacrysts. Also, equilibration 
temperatures vary with geographic location, where 
samples from Canada are generally cooler than those 
from Finland and South Africa for a given depth, 
reflecting the different thermal structure of the mantle 
beneath the different cratons (e.g. Kopylova et al., 
1999). Such variations cause a degree of data scatter, 
but also serve to illustrate the generally reduced nature 
of such deep samples, regardless of their chemistry or 
magmatic history. Note that effects due to subsequent 
metasomatism or other alteration are probably not 
reflected in the data set, since garnet samples for study 
using Mössbauer spectroscopy were carefully selected 
to avoid such alteration. 

PERIDOTITIC INCLUSIONS IN DIAMOND 

 

 
 

 

 

Oxygen fugacity determinations from peridotitic 
inclusions in diamond are consistent with the data 
shown in Fig. 1. Results have been reported based on 
the olivine-orthopyroxene-spinel oxybarometer for a 
number of diamond localities: Dokolwayo (Kaapvaal 
craton) (Daniels and Gurney, 1991); River Ranch and 
Venetia (Limpopo mobile belt) (Kopylova et al., 1997; 
Deines et al., 2001), Mir (Yakutian craton; Simakov, 
1998 from data of Sobolev et al., 1976) and Argyle 
(North Australian craton; Kadik, 1997 from data of 
Jaques et al., 1991). All data show oxygen fugacities 
that range from FMQ-3 to FMQ-5 at an assumed 
pressure of 50 kbar. 

ECLOGITES AND ECLOGITIC INCLUSIONS 

There are limited data for oxygen fugacity estimates of 
eclogitic xenoliths and eclogitic inclusions in diamond, 
because the bimineralic eclogite system lacks sufficient 
constraints to allow direct determination of oxygen 
fugacity using mineral oxybarometers. Results are 
available from electrochemical measurements of 
kyanite crystals from diamond-bearing high-alumina 
eclogites from Udachnaya (Yakutian craton; Kadik et 
al., 1993), and show predominantly reduced values with 
a single more oxidised result (Fig. 2). Evidence that 
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Figure 2: Variation of oxygen fugacity (relative to FMQ)
with pressure for eclogite xenoliths (open circles; Kadik, 
1997) and eclogitic inclusions in diamonds (solid circle;
Simakov, 2002 based on Mössbauer data of McCammon et
al., 1998). Buffer curves for IW (Ballhaus et al., 1991), 
DCDD (Luth, 1993) and EMOG/D (Eggler and Baker, 1982)
are given for temperatures corresponding to a model steady-
state conductive geotherm for the Slave craton (Kopylova et
al., 1999). The horizontal line indicates the point of zero 
carbon isotopic fractionation at 50 kbar and 1200°C (Deines, 
1980). 
supports the credibility of the data comes from a similar 
investigation of Udachnaya peridotites (Kadik et al., 
1990), where values of FMQ-3 to FMQ-6 were 
obtained at 50 kbar, more or less consistent with other 
peridotite data in Fig. 1. Although the garnet-
clinopyroxene oxybarometer cannot provide exact 
oxygen fugacities since silica activity is unconstrained, 
a formulation by Simakov (2002) gave a relatively 
oxidised value for eclogitic inclusions in diamonds 
from George Creek (off-craton mobile belt, Colorado-
Wyoming Province) based on Mössbauer data of 
McCammon et al. (1998) (presumably silica was 
assumed to be saturated, which would give a maximum 
value for oxygen fugacity). Other indications of 
relatively oxidising conditions come from observations 
of fluid inclusions in eclogitic diamonds, where 
oxidised species such as CO2, carbonate and water have 

een identified (reviewed by Navon, 1999). 

he potential for eclogitic diamonds to form in more 
xidising environments was recognised by Luth (1993), 
ho examined the reaction of dolomite + coesite to 

orm diopside + diamond + oxygen (DCDD), which 
efines the most oxidising conditions under which 
iamond can exist in eclogite. As seen in Fig. 2, this 
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reaction lies several log units above the enstatite-
magnesite-olivine-diamond-oxygen (EMOD) equilibri-
um, which defines the upper stability for diamond in 
harzburgite (Eggler and Baker, 1982). 
 
Although more work is needed to determine oxygen 
fugacity for the eclogite paragenesis, existing evidence 
suggests that there is a wider range of redox conditions 
recorded for eclogite xenoliths and diamonds compared 
to the peridotite paragenesis. 

DISCUSSION 

FLUIDS AND MANTLE REDOX CONTROL 

The general picture of the Archean cratonic mantle 
derived from oxygen fugacity determinations of garnet-
bearing xenoliths is the reduction in oxygen fugacity 
with depth in deep garnet-bearing lithosphere. Local 
heterogeneities due to processes such as subduction or 
magmatism probably exist, as reflected by the large 
range of oxygen fugacities recorded by mantle samples 
from different environments, but the overall picture is 
of a general decrease in oxygen fugacity with depth. 

Figure 3: Carbon isotope fractionation (1000 ln αV-D) 
between a vapour phase and diamond in the system C-H-O at 
50 kbar from Deines (1980). The size of the isotope effect (in 
permil) has been indicated along the curves. Oxygen 
fugacities were recalculated relative to FMQ (formulation of 
Ballhaus et al., 1991), and buffer curves corresponding to IW 
(Ballhaus et al., 1991), DCDD (Luth, 1993) and EMOG/D 
(Eggler and Baker, 1982) are indicated. 

 
Such behaviour strongly suggests that mantle oxygen 
fugacity in cratonic peridotitic lithosphere is highly 
influenced (or even controlled) by iron equilibria. The 
relatively oxidised nature of the upper garnet-bearning 
lithosphere has been attributed to the high concentration 
of Fe3+ in modally minor phases such as spinel and 
clinopyroxene due to the limited ability of olivine to 
incorporate Fe3+ (e.g. O’Neill et al., 1993), and the 
reduction in oxygen fugacity with depth can be 
attributed to the reduced volume of Fe3+ in garnet 
(Wood et al., 1990; Ballhaus, 1995). The composition 
of fluids in equilibrium with peridotitic mantle is 
therefore likely dominated by CH4 (e.g. Woermann and 
Rosenhauer, 1985), and fluids infiltrating the region 
would be subject to either oxidation or reduction, 
depending on their initial oxygen fugacity and relative 
concentration. 
 
In contrast to the behaviour of peridotitic mantle, the 
oxygen fugacity in eclogitic mantle may have fewer 
controls. The bimineralic eclogite assemblage has an 
additional degree of freedom, so is more likely to be 
influenced by the composition of incoming fluids. 

CARBON ISOTOPE FRACTIONATION 

Carbon isotopic composition patterns observed in 
mantle xenoliths and diamonds have puzzled scientists 
for decades (see Navon, 1999 and Deines, 2002 for a 

review). The large range of carbon isotopic signatures 
in eclogitic diamonds (+3 to -35‰) compared to those 
from peridotitic diamonds (generally between +1 and 
-10‰ with a mean of -4.6‰) has been attributed to 
various processes, including biogenic input through 
subduction, primitive mantle heterogeneity, and high-
temperature fractionation of mantle carbon. While a 
detailed discussion of this topic is beyond the scope of 
this paper, it is relevant in the context of this work to 
examine the effect of oxygen fugacity on carbon 
isotope fractionation. 
 
Deines (1980) calculated the carbon isotope 
fractionation between vapour and diamond as a 
function of pressure, temperature and oxygen fugacity, 
and demonstrated that there is a large region in fO2-T 
space at 50 kbar where fractionation is negligible. We 
have recalculated the fractionation curves relative to the 
FMQ buffer formulation of Ballhaus et al. (1991), 
which enables a comparison of oxygen fugacity values 
from the present study. Fig. 3 supports the observation 
of Deines et al. (2001) for Venetia diamonds that nearly 
all values for peridotitic xenoliths and diamond 
inclusions fall within the region of negligible 
fractionation. The behaviour for eclogitic parageneses 
is different, however, since while some values fall 
below FMQ-3, which defines the zero fractionation 
limit at 50 kbar and 1200°C (Fig. 2), the presence of 
more oxidised values recorded from eclogitic samples 
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SUMMARY implies the possibility of greater carbon isotope 
fractionation in the eclogitic system. 

We have compiled a worldwide dataset of oxygen 
fugacity for the deep cratonic lithosphere to 200 km 
based on new data, existing data and recalculations of 
literature analyses using the Gudmundsson and Wood 
(1995) oxybarometer. The global picture shows a 
significant decrease in oxygen fugacity with depth 
through the cratonic garnet-bearing peridotitic mantle, 
fully consistent with the reduced volume of Fe3+ in 
garnet. Results from peridotitic inclusions in diamonds 
show a similar trend, suggesting that peridotitic 
diamonds formed under relatively reducing conditions. 
In contrast, examination of the limited data available 
for eclogitic xenoliths and eclogitic diamond inclusions 
suggests that a greater range of redox conditions existed 
during the formation of eclogitic diamonds. Combined 
with the dependence of carbon fractionation on oxygen 
fugacity, these observations suggest a scenario for 
diamond formation involving Rayleigh fractionation 
that could account for observed variations in carbon 
isotopic composition. Existing evidence provides 
tantalising hints of such a process, but further progress 
in this area requires more comprehensive studies of 
diamonds and their inclusions. 

SCENARIOS FOR DIAMOND FORMATION 

The stability of diamond in the eclogite system at 
higher oxygen fugacities compared to the peridotite 
system may provide a mechanism to account for 
observed carbon isotopic compositions. As illustrated in 
Fig. 3, diamonds formed at higher oxygen fugacities 
experience a higher carbon isotope fractionation. In a 
closed system, such fractionation factors are not 
sufficiently large to generate the observed δ13C 
distributions (e.g. Deines, 1980), but open-system 
degassing of CO2 (Rayleigh fractionation) could easily 
produce large variations. Such a process was proposed 
by Cartigny et al. (1998) to account for δ13C values in 
eclogitic diamonds from Jwaneng, since variations in 
δ15N argued against a substantial biogenic or recycled 
contribution. 
 
If oxygen fugacity were a significant factor in carbon 
fractionation during diamond formation, a relation 
should be observed between diamond δ13C and the 
oxygen fugacity recorded by the mineral inclusions. In 
a study of diamonds and their inclusions from Venetia, 
Deines et al. (2001) found no obvious relationship 
between carbon isotopic composition, oxygen fugacity 
and temperature in peridotitic diamonds. They were 
unable to measure oxygen fugacity for the eclogitic 
diamonds, however, and did note that the peridotitic 
diamond with the lowest δ13C content (-18‰, compared 
to a mean near -4.6‰) was also the diamond whose 
inclusions recorded one of the highest oxygen 
fugacities. 
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