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Clinopyroxene (cpx) and garnet are well known for 
their ability to incorporate large amounts of water (e.g., 
Bell and Rossmann, 1992). However systematic studies 
of the water content in these minerals have shown that 
the lowest concentrations are typically found in 
samples from the highest pressure regions, i.e., in 
diamond-bearing eclogite xenoliths (e.g., Matsyuk et 
al., 1998; Koch-Müller at al., 2004). Whether or not 
these low water concentrations indeed reflect 
conditions during eclogite formation, however, 
depends on factors such as the nature of hydrogen 
incorporation in the structures and how easily it is lost. 
Motivated by the importance (and challenge) of 
quantifying the nature of volatiles during eclogite 
formation, we are undertaking a systematic study of a 
suite of eclogite xenoliths from kimberlites to correlate 
major element concentrations, structural parameters, 
iron oxidation states, and hydrogen concentrations, in 
order to assess the degree to which these parameters 
were preserved during exhumation, and hence 
determine the likely conditions under which the 
eclogites were formed. 

Fig. 1. Variation of cation vacancy with H2O concentration in 
omphacitic cpx according to data reported by Smyth et al. (1991) 
(S91) and Katayama and Nakashima (2003) (KN03). 

 
The sample suite comprised nine handpicked separates 
of unaltered cpx and garnet extracted from eclogite 
xenoliths (some diamondiferous) from the 
Zagadochnaya and the Udachnaya kimberlites, both in 
the Yakutia craton (Russia). In the first stage of the 
study we collected single crystal X-ray diffraction data 
for each cpx sample, and made full structure 
refinements incorporating constraints from chemical 
analyses (electron microprobe) and iron oxidation state 
(Mössbauer spectroscopy). Further details of the 
procedure and results from the refinements are given in 
Nestola et al. (2007), and show that three of the 
samples (U947, Ud2290, and 90-394) have a 
significant number of vacancies on cation sites. 

Fig. 2. Polarised FTIR spectrum of cpx U947 indicating 
absorbance for the three principal directions. 

 
We focus on cpx U947 which contains the largest 
number of cation vacancies (0.051 per 6 oxygen 
atoms). Various studies have reported a correlation for 
omphacitic cpx between cation vacancies and hydrogen 
content (Fig. 1); hence we measured the hydrogen 
concentration of cpx U947 using Fourier-transform 
infrared (FTIR) spectroscopy. The water content was 

derived from integral absorbances measured by taking 
polarized spectra with the electrical field vector 
parallel to the three axes of the indicatrix. Only one 
band was seen with maximum absorption parallel to γ, 
as is usual for omphacites (Skogby, 2006) (Fig. 2). 
The total H2O content was determined to be 89 ppm 
(wt) using the integral extinction coefficient reported 
by Bell et al. (1995). This value is clearly less than 
predicted by Fig. 1, raising the possibility that 
hydrogen was lost during exhumation. 
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The most likely dehydrogenation mechanism is 
 
Fe2+ + OH- → Fe3+ + O2- + ½ H2  (1) 
 
(e.g., Ingrin and Skogby, 2000); hence we can use the 
Fe3+ concentration to determine the maximum amount 
of hydrogen that could have been lost. We used a new 
method to determine accurate site occupancies of cpx 
by collecting Mössbauer spectra at multiple 
temperatures and fitting them simultaneously with 
centre shift constraints based on the second-order 
Doppler shift and area constraints based on differences 
in recoil-free fraction (Fig. 3). Based on the observed 
Fe3+/ΣFe value of 15.8%, we calculate that the 
maximum amount of water that could have been lost 
according to reaction (1) is 380 ppm, which is 
significantly less than the amount predicted by Fig. 1. 
The cation vacancies are therefore stabilised by a 
different mechanism than hydrogen incorporation. 
 

 
 
 
Laboratory experiments have shown that non-
stoichiometric clinopyroxene can be stabilised under 
nominally anhydrous conditions at both high pressure 
(Wood and Henderson, 1978; Gasparik, 1986) and 
ambient pressure (Okui et al., 1998), where charge 
balance is achieved primarily through substitution of 
Al3+ for Mg2+ on the M1 site and causes a contraction 
of the M1 site volume compared to stoichiometric 
clinopyroxenes with the same composition (Oberti and 
Caporuscio, 1991). The structure data from sample 
U947 shows a similar trend (Fig. 1 in Nestola et al., 
2007); hence we conclude that the high vacancy 
concentration in cpx U947 is stabilised by Al3+ 
substitution for Mg2+ on the M1 site to maintain charge 
balance, and did not involve significant hydrogen 
substitution in the structure. 

Before we can conclude that water fugacity was low 
during the last equilibration conditions of sample 
U947, however, there are other factors which must be 
considered (e.g., Matsyuk et al., 1998). These include 
the solubility of water in co-existing phases and the 
relevant partition coefficients. To assess these factors, 
we first need to estimate the P,T conditions under 
which sample U947 last equilibrated. These are 
calculated to be 978°C and 3 GPa based on Fe/Mg 
exchange between garnet and cpx (Ellis and Green, 
1979) and the observation that Udachnaya sample 
U947 contains no diamond. At these P,T conditions the 
solubility of water in omphacitic cpx is significantly 
higher than our observed value of 89 ppm (e.g., Koch-
Müller et al., 2004), and similarly the solubility of 
water in pyrope is also higher (Lu and Keppler, 1997). 
Although water has long been known to be 
incompatible during mantle melting processes 
(reviewed by Kohn and Grant, 2006), the temperature 
of last equilibration is too low for partial melting. We 
therefore conclude that sample U947 indeed 
equilibrated under conditions of low water fugacity, 
although not necessarily in the absence of a fluid. 
 
We can calculate the composition of a C-O-H fluid in 
equilibrium with the eclogite assemblage at these P,T 
conditions using the approach outlined by Holloway 
(1987) based on the equations of state by Belonoshko 
and Saxena (1992). We used the EXCEL spreadsheet 
described by Huizenga (1985) with fugacity 
coefficients calculated using the Fortran program 
SUPERFLUID (Belonoshko et al., 1992) and assumed 
carbon activity to be 1.0. 
 

 

 
Fig. 3. Mössbauer spectra of cpx U947 at two different 
temperatures. The spectra were fit simultaneously using inter-
spectrum centre shift and area constraints based on the 
temperature of data collection. Fe3+ absorption is indicated in red 
and constitutes 15.8% of the area. 

 
 

Fig. 4. Fluid speciation as a function of oxygen fugacity relative to 
the fayalite-magnetite-quartz (FMQ) buffer at 3 GPa and 978°C, 
corresponding to the last equilibration conditions of sample U947. 
The shaded region indicates the corresponding oxygen fugacity 
range determined for fluid inclusions from garnet xenoliths in 
Udachnaya kimberlite by Tomilenko et al. (1997). IW indicates the 
iron-wüstite buffer. 

The results (Fig. 4) show a strong dependence of fluid 
composition on oxygen fugacity, in accordance with 
many previous calculations (e.g., Wood et al., 1990), 
and show that the mole fraction of H2O decreases 
strongly with decreasing oxygen fugacity. It is 
therefore tempting to speculate that sample U947 
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equilibrated under conditions of low oxygen fugacity, 
no more than 2-3 log bar units above the iron-wüstite 
(IW) buffer. This low oxygen fugacity is consistent 
with the relatively low Fe3+/ΣFe values that we found 
for cpx (15.8%) and garnet (2.9%) compared to typical 
mantle values (McCammon, 2005). The conclusion 
that oxygen fugacity was low is also supported by a 
detailed study of fluid inclusions in natural and 
synthetic diamonds as well as garnets from mantle-
derived xenoliths in kimberlite pipes of Yakutia that 
concluded based on compositional data and 
thermodynamic modelling that oxygen fugacities were 
similarly low, no more than two log bar units above IW 
(Tomilenko et al., 1997). 
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