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Abstract  18 

The oxidation state of iron in Earth’s mantle is well known to depths of ~200km, 19 

but has not been measured in samples from the lowermost upper mantle (200-20 

410 km depth) or the transition zone (410-660 km). Here we use Synchrotron 21 

Mössbauer Source spectroscopy complemented by single crystal X-ray diffraction 22 

to make the first measurements of the oxidation state of Fe in inclusions of ultra-23 

high pressure majoritic garnet in diamond. The garnets show a pronounced 24 

increase in oxidation state with depth, with Fe3+/(Fe3++ Fe2+) increasing from 0.08 25 

at ~240 km depth to 0.30 at ~500 km depth. The latter majorites, which come 26 

from pyroxenitic bulk compositions, are twice as rich in Fe3+ as the most oxidised 27 

garnets from the shallow mantle. Corresponding oxygen fugacities are above the 28 

upper stability limit of Fe metal. This observation implies that the increase in 29 

oxidation state is not linked to the putative disproportionation of Fe2+ to Fe3+ plus 30 

Fe metal. Instead, the Fe3+ increases with depth are consistent with the hypothesis 31 

that carbonated fluids or melts are the oxidising agents responsible for the high 32 

Fe3+ contents of the inclusions.  33 

 34 

Introduction 35 

The Earth’s peridotitic upper mantle contains about 6.3wt% Fe1 dominantly stored as 36 



Fe2+  in the main rock forming minerals, olivine, pyroxene, spinel and garnet. Analyses of 37 

these minerals from peridotite xenoliths and less abundant mantle pyroxenites using 38 

Mössbauer spectroscopy indicate that the Fe3+ content of fertile upper mantle is very 39 

low with Fe3+/(Fe3++Fe2+) ~0.0362. In the case of ferric iron, spinel is a major host in the 40 

uppermost mantle and Fe3+ contents of this mineral are sufficiently high to be used to 41 

calculate the oxygen fugacity recorded by mantle peridotites using the olivine-42 

orthopyroxene-spinel oxybarometer3. The results indicate that the subcontinental 43 

lithospheric upper mantle exhibits oxygen fugacities close to the reference FMQ 44 

(fayalite-magnetite-quartz buffer)3,4, while peridotites from close to subduction zones 45 

are about 1 log fO2 unit higher and suboceanic peridotites about 1 log unit lower than 46 

FMQ2. At pressures above 2.8 GPa, spinel is replaced by garnet as the aluminous phase 47 

in peridotite. Mössbauer data on xenoliths from the deeper parts of the lithosphere5 48 

indicate a general increase in Fe3+/(Fe2++Fe3+) of garnet with depth, with values of 49 

around 0.04 corresponding to about 100 km depth while at 200 km depth this ratio is ~ 50 

0.1. When translated to oxygen fugacity, however, these results indicate a decline 51 

relative to FMQ with depth because of the increased stability of ferric iron in garnet at 52 

high pressure6. Extrapolation of the data to higher pressures implies that the FeO-Fe 53 

(IW) buffer curve could be crossed in the mantle at depths below 250 km5, leading to the 54 

possibility of Fe-rich metal being stabilised in the mantle transition zone. This is an 55 

important suggestion, consistent with observations of Fe-rich metallic inclusions in 56 

diamond from depths of the base of the lithospheric mantle7,8 and >360 km9. Similar 57 

deep diamonds contain inclusions of garnet, the major silicate inclusion from the 58 

transition zone. Given the role of garnet as a key host for Fe3+ in the upper mantle, it is 59 

important to determine how the Fe3+ contents and oxygen fugacities recorded by garnet 60 

inclusions in diamond from depths >250 km relate to those derived from upper mantle 61 

xenoliths (from <200 km) and to the apparent stability of Fe-rich alloys and other 62 

indicators of ultra-reduced conditions10 in some very high pressure assemblages. The 63 

purpose of our study was, therefore, to determine how the oxidation state of iron in 64 

garnet (included in diamond) from the mantle varies as a function of depth and to 65 

translate measured oxidation states to oxygen fugacities. 66 

 67 

In order to determine the oxidation state of Fe in garnet inclusions in diamond, we used 68 

single crystal X-ray diffraction analysis combined with Synchrotron Mössbauer Source 69 

(SMS) spectroscopy (beamline ID18 at the European Synchrotron Radiation Facility, 70 

Grenoble). The diamonds were polished to expose the garnet prior to analysis. We 71 

obtained spectra (Extended Data Figs. 1-2 and Extended Data Table 1) of 13 small (0.1-72 



0.3 mm in diameter) majoritic inclusions in diamonds from the Jagersfontein kimberlite 73 

(South Africa) (Extended Data Fig. 3). The inclusions were initially studied by X-ray 74 

diffraction at the Extreme Conditions Beamline (ECB), P02.2, at the PETRA III 75 

synchrotron, Hamburg and confirmed as predominantly monophase garnet single 76 

crystals or (in very few cases) as aggregates of single crystals (Extended Data Tables 2-77 

4). There is good agreement between determinations of Fe3+/(Fe2++Fe3+) using 78 

Mössbauer spectroscopy and single crystal X-ray refinement as well as calculations 79 

based on composition assuming stoichiometry (Extended Data Table 5). In several 80 

samples an unexpectedly high content of ferric iron was detected (up to 30% of total 81 

iron) and requires further detailed consideration. 82 

 83 

In the commonest case of a single garnet inclusion there is no unique geobarometer 84 

enabling pressure to be unequivocally determined. However, at pressures beyond 7.5 85 

GPa coexisting pyroxene dissolves progressively into garnet as the majoritic 86 

components (Mg,Fe)4Si4O12 and Na2MgSi5O12 . The concentrations of these components 87 

in majoritic garnet give an equilibrium pressure provided pyroxene is present in the 88 

source11.  In the absence of pyroxene in the source, the derived pressure is a minimum 89 

estimate. In subducted basaltic lithologies the pyroxene to garnet transformation 90 

produces a garnetite of ~95% majoritic garnet and ~5% stishovite at about 500 km 91 

depth12,13, while in rocks with peridotitic composition majoritic garnet forms a 92 

bimineralic rock with the high-pressure form of (Mg,Fe)2SiO4 (wadsleyite or 93 

ringwoodite)14. There are, however, significant compositional differences between 94 

garnets from the two end-member lithologies, with the (Mg,Fe)4Si4O12 substitution 95 

dominating in peridotitic rocks while basaltic or eclogitic compositions produce garnet 96 

with considerable amounts of Na2MgSi5O12 component (Fig. 1). Perhaps surprisingly, the 97 

compositions of most inclusions from diamond appear to come from a third rock type, 98 

pyroxenite, which is intermediate in composition between peridotite and eclogite15. 99 

Pyroxenite lenses are common in mantle peridotites16 and considered to be produced by 100 

reaction between peridotitic and eclogitic compositions, possibly through the agency of 101 

carbonated melts17,18. Although following the “peridotitic” trend of Fig 1, pyroxenitic 102 

garnets are lower in Cr2O3 and Mg# (=Mg/Mg+Fe) and higher in CaO than peridotitic 103 

garnets. The garnet inclusions we have studied are, in common with most other majorite 104 

inclusions, pyroxenitic in composition in that they follow the peridotite “trend” on a plot 105 

of M2+ versus (M4++M5+)  (Fig. 1), but are low in Cr2O3(0.03-0.34 wt%) and Mg# (0.65-106 

0.81) and high in CaO (4.62-11.2 wt%). As far as we are aware, no majoritic garnets of 107 

peridotitic composition have yet been reported as inclusions in diamond from the 108 



mantle transition zone. This implies a genetic connection, explored in more detail 109 

elsewhere17,18 between the minor mantle rock type pyroxenite, and the diamond host. 110 

 111 

Figure 1. Chemical composition (in cations per 12-oxygen formula unit) of majoritic garnet 112 

inclusions in diamonds worldwide (literature data from ref. 15). Inclusions studied here from the 113 

Jagersfontein kimberlite are shown by red circles. In order to compare compositions with those of 114 

previous studies, all iron has been calculated as Fe2+.  115 

 116 

Our measurements show an increase in Fe3+/(Fe2++Fe3+) with increasing amount of 117 

majorite substitution and hence pressure (Fig. 2). Assuming the presence of pyroxene in 118 

the pyroxenitic diamond substrates, garnet compositions yield pressures of formation of 119 

7.7-17.9 GPa using the Beyer and Frost majorite geobarometer11. These are minimum 120 

pressures, however, because the majoritic garnet equilibrium with pyroxene has not 121 

been demonstrated. Interestingly, Figure 2 shows that Fe3+/(Fe2++Fe3+) is extremely 122 

well correlated with calculated pressure, increasing from 0.08 at 7.7 GPa to values 123 

between 0.30 at 16 GPa and 0.27 at 18 GPa. Note that at least 4 of these 13 garnets were 124 

formed at (minimum) pressures of 13 to 18 GPa and, therefore crystallised in the 125 

transition zone (410-660 km depth). It is also interesting to note that our measured 126 

Fe3+/(Fe2++Fe3+) values define a clear extension of the trend apparent in the data from 127 

peridotite xenoliths crystallised at lower pressures and that Fe from the transition zone 128 

garnets is at least twice as oxidised as in any garnet from xenoliths of subcratonic 129 

lithospheric mantle.  130 

 131 



 132 

 133 

Fig. 2. Ferric iron contents of majoritic garnets from Jagersfontein diamonds compared to 134 

lithospheric garnets from peridotite xenoliths. All ferric iron contents determined by Mössbauer 135 

spectroscopy5,19-23. 136 

 137 

 In order to estimate the oxygen fugacities represented by these Fe3+- bearing inclusions 138 

we looked for the simplest equilibrium available containing the fewest number of 139 

activities undefined by garnet composition: 140 

 141 

2Ca3Al2Si3O12 +4 / 3Fe3Al2Si3O12 +2.5Mg4Si4O12 +O2 = 2Ca3Fe2Si3O12 +10 / 3Mg3Al2Si3O12 +4SiO2 (1)  142 

   Garnet                Garnet                Garnet                      Garnet               Garnet          143 

 144 

In this case we need to define the activity of SiO2, which we assumed was slightly (0.01 145 

log units) above the forsterite-enstatite equilibrium and hence consistent with the 146 

garnets being close to equilibrium with peridotite. Although we recognise that this is a 147 

crude assumption, we show below that it yields (correctly) oxygen fugacities consistent 148 

with the stability of metallic Fe in experiments performed in iron capsules on similar 149 

compositions by Rohrbach et al24. We took thermodynamic data for equilibrium (1) 150 

from the database of Holland and Powell and Holland et al25,26 and calculated oxygen 151 

fugacities for pressures given by the Beyer-Frost geobarometer11 at temperatures 152 

corresponding to a mantle adiabat with a potential temperature of 1350°C27 (Methods). 153 

Results (Fig. 3) indicate that the analysed garnets correspond to oxygen fugacities 154 

from~0.26 log fO2 units below to about 3 log fO2 units above the Fe-FeO (IW) buffer, 155 



implying that they were not in equilibrium with Fe metal and not oxidised by 156 

disproportionation of Fe2+ to Fe3+ plus Fe0 (Methods). We checked our calculation 157 

method and assumptions using data from experiments in which garnets were 158 

synthesised in equilibrium with Fe metal and their Fe3+ contents measured24. In this 159 

case (Fig 3), 4 of the 5 experiments give calculated oxygen fugacities, as expected, just 160 

below Fe-FeO equilibrium. This test indicates that our methods are reasonably accurate 161 

and our conclusions justified, even though uncertainties in activity expressions imply 162 

about 1 log unit of uncertainty in absolute fO2. Note that any actual error in activity 163 

expressions will lead to all points moving in the same direction, thus preserving the 164 

trends of Figure 3. 165 

 166 

Fig. 3. Calculated oxygen fugacities of the majoritic inclusions and of garnets crystallised in 167 

coexistence with Fe metal24 relative to the EMOD and Fe-FeO (IW) buffers. See text and Methods for 168 

details of the calculation and error estimates.   169 

 170 

Since Fe2+ disproportionation appears not to be responsible, the source of the oxidising 171 

agent which generated the high Fe3+/(Fe2++Fe3+) ratios of the transition zone garnets is 172 

of considerable interest. It has previously been suggested that the pyroxenite substrates 173 

in which the garnets and their host diamonds crystallised were generated by reaction 174 

between subducted eclogite and peridotite aided by carbonate melt17,18 and that 175 

diamond and oxidised majoritic garnet are products of this interaction. For this reason 176 

we compare our results (Fig. 3) to a carbon-carbonate equilibrium relevant to the 177 

deeper upper mantle:  178 

 179 



2MgCO3 +Mg2Si2O6 = 2Mg2SiO4 +2C+2O2 (EMOD) (2) 180 

magnesite    enstatite         olivine    diamond 181 

  182 

We used tabulated thermodynamic data25,26 and corrected for the effect of the phase 183 

change from olivine to wadsleyite at ~14 GPa. Figure 3 shows that our inclusions are in 184 

the (reduced) diamond stability field and that they approach EMOD with increasing 185 

pressure, which means that oxidation of Fe2+ during reduction of carbonate in a fluid or 186 

melt phase is a plausible mechanism for generating the Fe3+ present in the garnets, as 187 

also suggested in a recent study28. The inclusions have δ18OVSMOW values between +8.6 188 

and +10‰29, consistent with a protolith which contains a substantial proportion of 189 

subducted oceanic crust, although is no longer eclogitic. The LREE depleted and fairly 190 

flat chondrite normalised MREE-HREE patterns30 of the majoritic garnet inclusions 191 

suggest that during subduction, their protolith was chemically depleted in incompatible 192 

trace elements, including LREE, during partial melting in the garnet stability field.  193 

 194 

In conclusion, we have shown that, in the upper mantle and transition zone, there is a 195 

systematic increase with depth in the oxidation state of iron in garnet from pyroxenitic 196 

bulk compositions. Although the volumetric proportion of pyroxenite in this part of the 197 

mantle is unknown, we note that these are the only available garnet inclusions that 198 

demonstrably come from the mantle transition zone and are hence the only indication of 199 

oxygen fugacity and oxidation state in this region of the mantle. The deepest samples 200 

(from~500 km depth) have Fe3+/(Fe3++Fe2+) of 0.30, more than double the ferric iron 201 

content of any garnet from the shallower (<200 km) peridotitic mantle. These ferric iron 202 

contents correspond to oxygen fugacities above the Fe-FeO (IW) buffer, which means 203 

that the high Fe3+ contents were not generated by disproportionation of Fe2+ to Fe3+ and 204 

Fe0. With increasing depth relative oxygen fugacities increase and approach the carbon-205 

carbonate equilibrium, suggesting that carbonate was the oxidising agent responsible 206 

for generating the high Fe3+ of these mantle garnets. 207 
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METHODS 315 

Samples. The garnet inclusions in diamonds investigated in this study originate from the 316 
Jagersfontein kimberlite in South Africa (more details about the host diamonds, 317 
compositions, rare earth element (REE) patterns etc. are given in Ref. 30). The inclusions 318 
were released by crushing the host diamonds, mounted in epoxy disks with 0.7 mm thickness 319 
supported by brass rings and then polished. All measurements described here were performed 320 
on the samples mounted in epoxy. The size of the inclusions studied vary from about 60 µm 321 
in diameter and 20 µm thick to 300 µm in lateral dimensions and about 300 µm thick. 322 

Mössbauer spectroscopy. Mössbauer absorption spectra were collected at ambient 323 
temperature at the Nuclear Resonance beamline (ID18) at the European Synchrotron 324 
Radiation Facility (Grenoble, France) using a Synchrotron Mössbauer Source (SMS)31. The 325 
experiment was conducted in transmission geometry and folded spectra contain 512 326 
channels. The typical beam size was 16 × 20 µm2 full width at half maximum (FWHM). The 327 
line width of the SMS was determined before and after collection of each spectrum of the 328 
sample by measuring the reference single line absorber (K2Mg57Fe(CN)6). More information 329 
about sample mounting and alignment procedure is given in Ref. 32. Each spectrum was 330 
collected for 4 to 12 hours. 331 

The Mössbauer spectra were fitted using MossA software33 version 1.01a with the full 332 
transmission integral assuming a Lorentzian-squared line shape of the SMS. The fitted 333 
parameters were centre shift (CS), FWHM, intensity (area), quadrupole splitting (QS), and 334 
component intensity ratio of the main doublet (a12, where the asymmetry is due to the 335 
Goldanskii-Karyagin effect for iron located in the distorted cubic X-position of the garnet 336 
structure, see Ref. 34; there is no effect for iron in the octahedral Y-site). The centre shift 337 
values are reported relative to α-iron at ambient conditions. Iron cations in two 338 
crystallographically distinct sites in the garnet structure may have different recoil-free-339 
fractions (“f-factors”)35,36. The Debye approximation was used to correct for the different f-340 
factors, where values of the effective Debye temperatures for X- and Y-sites were taken from 341 
Refs. 35 and 36. Additional absorption in the JF-22A spectrum was fit to a quadrupole 342 
doublet and assigned to Fe2+ in clinopyroxene based on the hyperfine parameters. 343 
X-ray optical components at the ID18 beamline, contain very small amounts (ppm level) of 344 
iron. Generally, this amount of iron does not affect SMS spectra due to the strong signal from 345 
the sample. However, due to small size of the samples studied and the low natural abundance 346 
of 57Fe, the signal from the sample was sufficiently weak that spectral contamination from 347 
iron in the X-ray optical components could be detected. In order to account for this effect at 348 
each experimental run (i.e., for different combinations of X-ray optical components), SMS 349 
spectra were measured without any sample so that Mössbauer absorption due to the optical 350 
components could be accurately determined for each of the garnet SMS spectra. 351 
X-ray diffraction. X-ray diffraction (XRD) measurements were performed at the Extreme 352 
Conditions Beamline P02.2 at PETRA III (Hamburg, Germany)37. Data were acquired with a 353 
PerkinElmer XRD1621 flat panel detector, X-ray beam-size 5 × 8 µm2 (FWHM), and 354 
wavelength λ = 0.29464 Å. XRD “wide-scan” images were collected during continuous 355 
rotation of the samples from –20 to +20° on the omega axis; single crystal data collection 356 
experiments were performed by narrow 0.5° scanning ω-scanning in the range from −35° to 357 
+35°. Data integration and absorption corrections were performed with CrysAlisPro38 358 
software version 171.38.43. Refinement was performed using the JANA200639 version from 359 
25.10.2015. 360 
XRD data analysis. Analysis of diffraction patterns shows that all garnet inclusions studied 361 
are single crystals, mostly mono-domain, where only samples JF-58B and JF-22A contain 362 
more than two domains (but all with the same lattice parameters within the measurement 363 
uncertainty). Within the detection limits of X-ray diffraction, all samples except for three are 364 
monomineralic. Samples JF-44B and JF-58B show the presence of a small amount of 365 
polycrystalline phase(s) (strongest intensity of impurity powder diffraction lines are within 366 



0.5% of the (420) diffraction line of garnet). Sample JF-84A contains single crystal domains 367 
of clinopyroxene (space group C2/c, a = 9.650(4), b = 8.828(2), c = 5.2481(11) Å, β = 368 
106.91(3), V = 427.8(2) Å3). However, its relative phase fraction is negligible and its presence 369 
does not affect the structure refinement of XRD data. The contribution to the Mössbauer 370 
spectrum is negligible within the statistics of the data. 371 
The structural analysis of garnets is a well established method to study the distribution of 372 
elements over different crystallographic sites. For this study the amount of iron in the 373 
different structural positions is particularly relevant. Accurate structure refinements provide 374 
an average atomic scattering factor in the different crystallographic sites, thus imposing 375 
constraints on the types and amounts of elements in the sites. Silicate garnets have the 376 
general formula X2+

3 Y3+
2(SiO4)3 and crystallize in the cubic structure (Ia3̅d space group). 377 

The octahedral Y-site is usually populated by a trivalent cation (Al3+, Fe3+, Cr3+) and at high 378 
pressure could accommodate (as in majorite) Si4+ (balanced by Mg2+, in particular). Divalent 379 
cations (Mg2+, Ca2+, Fe2+, Mn2+, etc.) occupy the distorted X-site. Natural samples have 380 
complex chemical compositions. Even if one assumes that the contributions by Na, Mn, Cr, 381 
and Ti to diffraction intensity is negligible (total up to 3 at% in some samples), it is not 382 
possible to simultaneously refine the occupancies of four different atoms (Mg, Fe, Al, Si) in 383 
the Y site and three atoms (Ca, Mg, Fe) in the X-site. Based on the known crystal chemistry 384 
of silicate garnet, all structural positions may be assumed to be fully occupied and charge 385 
(valence) balanced. Unambiguous refinements of iron occupancy in the X- and Y-sites are 386 
not possible and require information about the amount of other components from chemical 387 
analysis. We tested different combinations of constraints for sample JF-22a, and all give the 388 
same outcome within uncertainty (0.5%). In the final model, we performed structural 389 
refinements of all garnets with the following composition constraints: (i) each 390 
crystallographic site of garnet is fully occupied, (ii) only O, Si, Mg, Al, Fe and Ca are 391 
considered and the presence of other elements is neglected, (iii) in the Y-site, Mg, Si and Al 392 
are refined as a single “Al” atom (X-ray scattering by equiproportional mixture of Si and Mg 393 
approximately the same as scattering by Al), and (iiii) the amount of Ca in the X-site is fixed 394 
based on the microprobe data.  395 

Overall, there is good (within 3) agreement between determinations of Fe3+ content in all 396 
garnets studied by Mössbauer spectroscopy and X-ray diffraction as well as calculations 397 
based on composition assuming stoichiometry. We note that the Fe3+ content derived from 398 
Mössbauer spectroscopy is systematically higher than the amount obtained from X-ray 399 
diffraction data. The reasons for this minor inconsistency could be simplifications 400 
(assumptions) made during the structural refinements and/or complications in the analysis of 401 
overlapping components in SMS spectra (in particular the impurity signal from iron in the X-402 
ray optical components). 403 
Thermodynamic calculations. All end-member thermodynamic data for our calculations, 404 
except that of the Fe-FeO (IW) reaction were taken from the work of Holland and Powell and 405 
Holland et al25,26. We used the equilibrium: 406 

2Ca3Al2Si3O12 +4 / 3Fe3Al2Si3O12 +2.5Mg4Si4O12 +O2 = 2Ca3Fe2Si3O12 +10 / 3Mg3Al2Si3O12 +4SiO2 (1)
 407 

   Garnet                    Garnet                 Garnet                      Garnet                     Garnet      408 

to estimate the oxygen fugacities at which the garnet inclusions were formed. Since the 409 
inclusions do not contain a SiO2 phase we need to estimate the activity of this component. 410 
We approximated this activity using end-member data for the reaction: 411 

       Mg2SiO4     + SiO2 = Mg2Si2O6  (2) 412 
Olivine/wadsleyite                 Enstatite 413 

Coexistence of olivine and enstatite, as in a mantle peridotite, defines the activity of SiO2. In 414 
this case we used stishovite as our SiO2 end member so that SiO2 activities are expressed 415 
relative to this standard state. Since we do not observe olivine and orthopyroxene in the 416 
garnet inclusions we arbitrarily raised SiO2 activity by 0.01 log units relative to olivine 417 
(wadsleyite above 13 GPa) stability. 418 



Using a standard state of the pure phase at the pressure and temperature of interest we 419 
followed the methods of Stagno et al40 to compute activities of the Ca3Al2Si3O12, 420 
Fe3Al2Si3O12, Mg3Al2Si3O12 and Ca3Fe2Si3O12 components from the compositions of the 421 
garnet inclusions. For the majorite component Mg4Si4O12 we computed activities from the 422 
garnet compositions using 2 possible expressions: 423 

RT lnaMg4Si4O12

gt = RT ln4xMg
c3 xSi

o2 +RT lngMg4Si4O12

gt

RT lnaMg4Si4O12

gt = RT ln4xMg
c3 .xMg

o xSi
o +RT lngMg4Si4O12

gt

 (3) 424 

In equation 3, 
xMg
c , xMg

o , xSi
o

 refer to the atomic fractions of Mg and Si in the cubic (c) and 425 
octahedral (o) sites and the factor 4 normalises so that pure Mg4Si4O12 has activity 1.0. The 426 
first expression assumes stoichiometric substitution of Mg4Si4O12 into garnet so that there are 427 
equal mole fractions of Mg and Si on the octahedral site. The second expression is more 428 
realistic in allowing for different fractions of Mg and Si on the octahedral sites, but is 429 
impossible to compute exactly because the partitioning of Fe2+ and Mg between cubic and 430 
octahedral sites cannot be determined exactly by either stoichiometry or XRD. 431 

The activity coefficient, 
gMg4Si4O12

gt

was calculated using the regular solution parameters from 432 
Holland et al25. Note, however, that these contain no reciprocal terms40 and no terms 433 
involving Fe3+. 434 

We used our analyses to assign atoms to sites in the normal way: 435 

Cubic: Ca, Mg, Fe2+, Mn 436 
Tetrahedral: Si 437 
Octahedral, Al, Cr, Fe3+, excess Si from tetrahedral and excess (Mg+Fe2+) from cubic. 438 

We then computed activities using both expressions (3) and, since the octahedral site is 439 
smaller than the cubic site assumed either that all of the excess cubic site atoms were Mg 440 
(smaller than Fe2+) or that they were 75% Mg and 25% Fe2+. Use of the first activity 441 
expression in (3) yields the highest oxygen fugacities and it is these, which are shown on 442 
Figure 3. Use of the second expression with all “excess” cubic atoms as Mg yields values on 443 
average 0.6 logfO2 units lower, while the allocation of 75% of the excess cubic atoms to Mg 444 
and 25% to Fe2+ means that average oxygen fugacities are 0.9 logfO2 units lower than shown. 445 
However, the addition of activity coefficient terms, currently unknown, for octahedral site 446 
interactions involving Mg, Si and Fe3+ would, we believe, tend to shift calculated oxygen 447 
fugacities to values higher than shown. Hence we consider that the simpler activity 448 
expression of (3) provides a reasonable compromise. In support of this conclusion we 449 
observe that 4 of the 5 iron metal-saturated experiments of Rohrbach et al24 plot correctly in 450 
the Fe stability field of Figure 3 and that only one of our 13 inclusions plots just into the Fe 451 
stability field. It should also be noted that, although the absolute uncertainties must be of the 452 
order of 1 log unit in fO2, errors in the activity expressions would shift all points up and 453 
down by similar amounts, thus preserving the trends observed in Figure 3. 454 

Data for the IW (Fe-FeO) buffer41 at 1 atmosphere were fitted to 1/T to enable extrapolation 455 
to high temperature. They were extrapolated in pressure using the Murnaghan equation of 456 
state with volumes, thermal expansion coefficients and bulk moduli from a Handbook of 457 
Physical Constants42. 458 
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