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Abstract. Synthetic spinel harzburgite and lherzolite as- 
semblages were equilibrated between 1040 and 1300~ C 
and 0.3 to 2.7 GPa, under controlled oxygen fugacity 
(fo2). fo2 was buffered with conventional and open dou- 
ble-capsule techniques, using the Fe -FeO ,  W C -  
WO2-C,  N i -N iO ,  and F%O4-Fe203 buffers, and 
graphite, olivine, and PdAg alloys as sample containers. 
Experiments were carried out in a piston-cylinder appa- 
ratus under fluid-excess conditions. Within the P -  T -  X 
range of the experiments, the redox ratio Fe 3 +/~ Fe in 
spinel is a linear function offo~ (0.02 at IW, 0.1 at WCO, 
0.25 at NNO, and 0.75 at MH). It is independent of 
temperature at given A log(fo2), but decreases slightly 
with increasing Cr content in spinel. The Fe 3 +/~ Fe ra- 
tio falls with increasing pressure at given A log(fo2), con- 
sistent with a pressure correction based on partial molar 
volume data. At a specific temperature, degree of melting 
and bulk composition, the Cr/(Cr + A1) ratio of a spinel 
rises with increasing fo2. A linear least-squares fit to 
the experimental data gives the semi-empirical oxygen 
barometer in terms of divergence from the fayalite-mag- 
netite-quartz (FMQ) buffer: 

A log(fo2) FMQ = 0.27 + 2505/T- 400P/T-- 6 log (zl~~ Iv) 

--  3200(1 - - X ~ l ~ e ) 2 / Z - {  - 21og(X~Pe2 +) 

+ 4 log (X}P~ +) + 2630 (X~)2/T. 

The oxygen barometer is applicable to the entire spec- 
trum of spinel compositions occurring in mantle rocks 
and mantle-derived melts, and gives reasonable results 
to temperatures as low as 800 ~ C. 

Introduction 

Oxygen fugacity (fo2) is a fundamental but little known 
intensive variable in mantle processes. It influences the 
PIT position of a mantle solidus and the composition 
of mantle-derived melts and fluids, and constrains man- 
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tle-core equilibria and a number of geophysical proper- 
ties of the mantle (Arculus 1985; Haggerty 1986; Green 
et al. 1987; Taylor and Green 1987). 

An important source of information on oxidation 
states is the ferric/ferrous iron ratio in mantle spinels 
and ilmenites. Provided the thermodynamic parameters 
are known and activity/composition relations can be as- 
sessed, fo~ may be calculated from heterogeneous redox 
equilibria such as 6 FezSiO4 (olv) + 02 (fluid) = 3 Fe2Si206 
(opx) + 2Fe304 (sp) (the fayalite-ferrosilite-magnetite or 
FFM buffer; Mattioli and Wood 1988), or an analogous 
reaction involving hematite solid solution in ilmenite 
(Eggler 1983). In practice, however, fo2 calculations from 
these equilibria are hampered by uncertainties in the ac- 
tivity/composition relations of magnetite component in 
spinel. Since magnetite solid solution is low in mantle 
spinels, typical analytical errors translate into consider- 
able fo2 uncertainties. In addition, spinels become highly 
ordered below about 800 ~ C and size differences among 
the trivalent cations require considerable corrections for 
nonideal mixing. 

We have synthesized spinel lherzolite assemblages 
under P -  T- fo2 conditions representative of the Earth's 
upper mantle. Since the experimental compositions and 
conditions cover the range in spinel solid solution and 
possible oxidation states in the mantle, problems with 
the activity/composition relations of magnetite in spinel 
do not arise. We formulate a semi-empirical oxygen ba- 
rometer by adopting regular ionic solution models for 
olivine and spinel, and an ideal two-site mixing model 
for orthopyroxene, and then fitting the interaction pa- 
rameters with our experimental data. The model is appli- 
cable to a variety of mantle-derived rocks and spinel- 
bearing primitive melts. 

Experimental technique 

Fu11 detaiIs of starting mix preparation and experimental tech- 
niques are given by Green and Ringwood (1967) and Jaques and 
Green (1980). Starting compositions used in this study are two 
fertile MORB pyrolite mixes (Falloon and Green 1987) with bulk 
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Table 1. Starting compositions 

MPY30a MPY55a S1297 b 

SiO2 35.10 39.07 37.58 
TiOz 0.17 0.07 - 
A12Oa 18.45 7.58 4.10 
Cr2Oa 6.63 8.06 t6.08 
F%O3 0.37 2.12 1.68 
FeO 7.21 8.05 8.36 
MgO 26.84 30.51 32.20 
CaO 5.16 4.44 - 
Na20 0.21 0.10 - 

Cr/(Cr + AI) 0.19 0.42 0.73 

Normative compositions (wt%) 
Olivine 18 30 25 
Orthopyroxene 24 30 50 
Clinopyroxene 21 15 - 
Spinel 29 20 25 
Melt 8 5 - 

H20 saturated solidi at 1GPa /NNO( in  ~ 
~970 ~970 1040 

MPY30 and MPY55 are modified MORB pyrolites (Falloon and 
Green 1987), b S1297 is a refractory model harzburgite 

Cr/(Cr + Al) ratios of 0.19 and 0.42, and a refractory model harzbur- 
gite with a Cr/(Cr+A1) ratio of 0.73 (Table 1), all prepared from 
spectroscopically pure oxides. The starting compositions are en- 
riched in pyroxene, spinel, and melt components relative to MORB 
pyrolite or natural harzburgite, to promote multiple phase satura- 
tion and large spinel grains at moderate degrees of melting. 

All experiments were performed in a 0.5 in. piston-cylinder 
apparatus. Run conditions were 1040 to 1300~ and 0.3 to 
2.7 GPa, with NaCI, NaCl-pyrex, talc, and talc-pyrex assemblies 
as pressure media. Temperatures were recorded with Pt/Pt90Rhlo 
thermocouples and controlled automatically to within • 1 7 6  of 
the nominal tempera~mre. A pressure correction of -- 10% of the 
nominal Ioad pressure was applied to runs in tatc sleeves. Atl experi- 
ments reported are fluid-saturated and well above the 
HzO-saturated solidi. Typical run products are shown in Fig. 1. 

Buffering offo ~ was achieved with the double-capsule technique 
(Huebner 1971), using both welded and open inner sample capsules. 
The oxygen buffers are iron-wfistite (IW), WC-WO2-graphi te  
(WCO), N i - N i O  (NNO), and F e 3 0 4 - F % O  3 (MH), and 
fo2-equations are summarized in Table 2. Nominal fo2 values are 
corrected to run pressure by a standard pressure correction based 
on molar volume data. All fo2 values reported here are normalized 
to the F M Q  buffer and quoted as A log(fo2) FMQ. 

One of the most important prerequisites for successful oxygen 
buffering is that the capsule material is inert to both buffer sub- 
stance and sample material, and that iron loss to the sample con- 
tainer is avoided. The conventional double-capsule technique where 
the sample is sealed in an inner precious metal capsule meets this 
requirement only at very high fo2 where iron loss is minimal (Grove 
1981). We have used inner metal capsules only in combination 
with the MH buffer. The sample plus 5 wt% HzO is welded shut 
in an inner PdsoAg5o or Pd25AgTs capsule which is placed in a 
magnetite-hematite (1:9) mechanical mixture containing about 
2 wt% H20, and then sealed in an outer PdsoAgs~ or Pt capsule. 
Buffering is achieved by hydrogen exchange between buffer and 
sample through the inner semi-permeable capsule walls, and equi- 
librium is reached usually after about 24 hours in the presence 
of hydrous melt. Most MH-buffered runs were carried out for 
> 60 hours, and even at these long run times iron loss to the PdAg 
sample container proved to be negligible. Magnetite/hematite ratios 

Fig. 1A-C. Backscattered electron images of typical run 
products. A Olivine, orthopyroxene, and spinel coexisting with 
meIt (1300 ~ C/1 GPa after 6 h run time). B Olivine (dark gray 
with rounded spinel inclusions), orthopyroxene (gray), spinel 
(light gray), and melt along grain boundaries (1280 ~ C/2.5 GPa 
after 24 h run time). C Olivine (gray) and euhedral spinel in 
glass containing quench pyroxenes (1060 ~ C/1 GPa after 72 h 
run time). All runs under fluid-excess conditions. Note 
progressive maturation of textures with run time. Scale applies 
to all photographs 
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Table 2. Oxygen buffers used in this study 

Buffer Equation (fo~ in loglo units) Reference 

IW 14.07- 28784/T- 2.04 log T+ 
530P/T+0.03P 

WCO 14.33-29105/T- 1.56 log T+ 
660P/T 

FMQ 82.75+0.00484 T-- 30681/T-- 
24.45 log T+940P/T-O.O2P 

NNO 12.78-25073/T-1.1 logT+ 
450P/T+0.025P 

MH 14.26- 24949/T+ 200P/T- 
0.05P 

(O'Neitl 1987a) 

(Taylor and Foley 1989) 

(O'Neill 1987a) 

(O'Neill 1987b) 

(Schwab and Kfistner 1981) 

T in Kelvin, P in GPa; pressure corrections from standard molar 
volume and thermal expansion data 

progressively increased to about 1 : 1 after run times of 3 days, but 
buffer exhaustion was never observed. 

Experiments with the WCO buffer used the technique described 
by Taylor and Foley (1989). The sample is contained in a graphite 
container surrounded by the buffer substance, and then sealed in 
an outer PdsoAgso or Pt capsule, The buffer material is a mechani- 
cal W - W O 3 - C  (29:1:70) mixture, which reacts in-situ to give 
WO2, WC, and graphite. The equilibrium fluid is H z O -  CH 4 (Tay- 
lor and Green 1987) and is generated by in-situ combustion of 
4 to 6 mg stearic acid added to the buffer. Redox equilibrium is 
achieved by direct fluid exchange between buffer and sample within 
about 8-12 h. 

Experiments with the IW buffer were carried out in inner cap- 
sules of pure iron, which are enclosed in a welded outer Pt capsule. 
To speed up attainment of chemical equilibrium, the sample was 
spiked with about 5% metallic iron. The equilibrium fluid at IW 
conditions is predominantly CH4-H20,  which is generated by 
thermal decomposition of about 5 mg stearic acid added to the 
sample. 

Oxygen buffering is traditionally most difficult in the intermedi- 
ate fo2 region around FMQ, where graphite is no longer stable 
but the Fe 3 +/~ Fe ratios are too low to permit the use of metal 
capsules without risking iron loss. Experiments with the NNO 
buffer have therefore been carried out in sample crucibles made 
of San Carlos olivine (Fo9o). The sample material (6 to 10 rag) 
is contained in small (l.6 by 1 ram) olivine cylinders with a central 
bore, covered by an olivine lid, surrounded by a thin lining of 
olivine powder, packed firmly in the buffer substance (Ni:NiO in 
the ratio 1:5), and then welded in an outer Pt capsule. The fluid 
(around 1 gl) is pure HzO and added to the sample or buffer by 
microsyringe. Olivine capsules have several advantages in this fo~ 
range. Redox equilibrium is achieved more rapidly than with the 
conventional double-capsule technique, i.e. within 3-6 h above 
1100~ and about 8 h at 1040 ~ C, because the fluid equilibrates 
directly with both buffer and sample. Iron loss problems are elimi- 
nated as sample and capsule material are in equilibrium. Run times 
are only limited by the buffering capacity of the buffer substance, 
which is a function of the difference in the characteristic fn2 of 
the buffer and fH2 imposed by the graphite furnace. Chemical reac- 
tion between the buffer, the olivine capsule, and the fluid phase 
are negligible. Sample contamination was never encountered be- 
cause of exceedingly low Ni-solubility in H20-rich fluids. Disadvan- 
tages of olivine capsules are, however, that the total amount of 
water partitioning into the sample, and thus the degree of melting 
and asio2, are more difficult to control than in welded metal cap- 
sules. 

Analytical techniques 

All phases were analysed with a Cameca SX50 electron probe mi- 
croanalyser calibrated with natural mineral standards (PAP data 

reduction). Analytical conditions are 15 kV accelerating voltage 
and 20 nA beam current, using a PET crystal for Ca and Ti, LiF 
for Cr and Fe, and TAP for the elements Si, A1, and Mg. Counting 
times varied between 10 and 30 s on both peak and background, 
depending on concentration levels and count rates for individual 
crystals. 

Calculation of ferric iron in spinel 

Ferric i ron in spinel was calculated f rom electron micro-  
probe  analyses assuming perfect stoichiometry.  To mini- 
mize potential  systematic errors inherent  in this method,  
the cal ibrat ion was mon i to red  against  an  internat ional  
chromite  s tandard  ( U S N M  117075; Jarosewich e ta l .  
1980) and two synthetic spinels with different Cr /  
(Cr + A1) ratios synthesized in equil ibrium with metallic 
i ron at 1200 and 1250~ at 0.4 GPa.  It  is reasonable  
to assume that  spinels in equil ibrium with metallic i ron 
will be virtually Fe 3+ free. The calculated F e 3 + / ~ F e  
ratio of  these spinels is 0.02 _+ 0.02. Assuming  an analyti-  
cal precision of  _+ 1 wt% relative for mos t  oxides, we 
believe that  the accuracy  and precision with which we 
can calculate ferric i ron in spinel is about  0.02 cat ions 
per four oxygens. 

Recently,  doubts  have been raised as to whether  fer- 
ric i ron calculated f rom electron mic roprobe  analyses 
will be accurate. McGui re  et al. (1989), W o o d  and Virgo 
(1989), D y a r  et al. (1989), and Canil et al. (1990) have 
checked stoichiometric F e 3 + / ~  Fe ratios in spinel with 
M6ssbauer  spectroscopy,  and concluded that  p robe  
analyses are not  accurate  enough  for reliable Fe 3 + calcu- 
lation. We have re-evaluated the original Fe 3§ data  in 
these papers  and  consider that  their reservations are un- 
founded (see also Lucas  et al. 1988; Matt iol i  et al. 1989). 
Expressed in terms of  calculated A log(fo2) the differ- 
ences between stoichiometric ferric iron and Fe 3 + as an- 
alysed with M6ssbauer  in all these studies are less than  
0.4 log units, and the differences are r a n d o m  (Fig. 2). 
Only  two analyses fall outside the error  margin  we con- 
sider acceptable for a reasonable  mic roprobe  analysis. 
Fo r  the part icular  case of  spinel composi t ions,  the result 
hardly  justifies the conclusion that  ". . .  calculated Fe 3 + 
values based solely on s toichiometry and electron micro- 
probe  measurements  are inconsistent and generally inac- 
cura te"  (Dyar  et al. 1989). 

W o o d  and Virgo (1989) suggest that  s toichiometric  
Fe 3 + values can be improved  by checking the cal ibrat ion 
against a secondary  Fe 3 § spinel s tandard  previously an- 
alysed with M6ssbauer  spectroscopy.  We believe that  
this me thod  is likely to in t roduce addit ional  errors. (1) 
M6ssbauer  spectroscopy requires relatively large sample 
sizes of  a r o u n d  200 mg  for typical mant le  spinels with 
10 wt% total  iron, and single grains, later selected as 
secondary  standards,  need no t  be representative of  the 
bulk F e a + / ~ F e  ratio. (2) The interpretat ion of  
M6ssbauer  spectra for spinel is disputed and the errors 
are potential ly large (Dyar  et al. 1989); a proper  p e a k  
assignment  requires detailed knowledge of  site occupan-  
cies of  divalent and trivalent i ron that  is f ragmentary  
at best for intermediate C r - A 1  spinels. (3) If  an  electron 
mic roprobe  cal ibrat ion is cont inuously  checked against 
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Fig. 2. A log(fo~ ) calculated from stoichiometric ferric iron com- 
pared with A log(fo~) based on M6ssbauer Fe ~+. The stippled field 
about the 1:1 "best-fit" line illustrates typical uncertainties in cal- 
culated A log(fo~) that are due to analytical errors of _+ 1.5% rela- 
tive, assuming that the errors have a cumulative effect on stoichio- 
metric Fe 3+ (i.e. -1.5 wt% RO, + 1.5 wt% R203 and vice versa) 

a well-defined spinel standard with a composition close 
to that of the sample - a standard that is not included 
in the calibration - we have difficulties envisaging how 
a probe analysis could be corrected to fit the M6ssbauer 
result unless there is reason to suspect nonstoichiometry 
in spinel. 

A t t a i n m e n t  o f  e q u i l i b r i u m  

Since all experiments reported here are synthesis experi- 
ments, it is important  to assess whether equilibrium com- 
positions were produced. Oxide mixes are known to be 
more reactive than natural minerals and often produce 
metastable phase assemblages and phase compositions. 
Equilibrium can only be demonstrated if mineral mixes 
are used as starting materials and if equilibrium is ap- 
proached from compositionally opposite directions. For  
complex C r - A 1 - F e  3+ spinels however, this requires 
a multidimensional approach if all exchange vectors are 
to be reversed. 

To test whether equilibrium was reached we have 
re-ground and then re-equilibrated previously synthe- 
sized lherzolite assemblages under the same or different 
P/T and fo2 conditions and degrees of melting. The re- 
sults of such "reversals" suggest that C r - A 1  and Mg 
- Fe z + equilibrium within spinel and between spinel and 
silicates are easily reached with synthesis experiments 
provided a melt is present; in fact, the reversals under 
different PIT condition gave slightly larger composition- 
al ranges than the synthesis runs. The redox ratio of 
a given spinel proved to be difficult to reverse, and two 
attempts are described below. 

The starting material for the Fe3+/~  Fe reversal at- 
tempts was a lherzolite assemblage with about 10% melt, 
synthesized from MPY30 at 1280~ 2.5 GPa  and 
A log (fo2)= - 2 . 3  (WCO). The run product  was reground 
under acetone to grain sizes around 5 gin, and two ali- 
quots were re-equilibrated in olivine capsules with the 
N N O  buffer under H20-saturated conditions at 900 ~ C/ 
1 GPa  and 1060 ~ C/1 GPa for four and three days, re- 
spectively. The reversal run at 900 ~ C was below the soli- 
dus and left a previously homogeneous starting spinel 
zoned with aluminous rims, possibly because of recrys- 
tallisation of Al-rich glass inherited from the previous 
synthesis run. The K~v-~P- Fo did reset to the lower temper- 
ature whereas the Fe 3 +/~" Fe ratio in spinel showed little 
change. The reversal at 1060~ gave largely homoge- 
neous spinels coexisting with olivine and hydrous melt 
(pyroxenes eliminated). Spinel was reset to the new PIT 

~olv-+p (lower temperature) conditions with respect to ~DM~-F~ 
and X~P~ (higher degree of melting in the reversal run). 
The Fe3+/~  Fe ratio however, remained unchanged and 
totals based on a perfect spinel stoichiometry are con- 
sistently around 98.5 wt%. 

A possible explanation is that oxidation of Cr--A1 
spinel produces cation deficiencies according to the 
oxidation reaction 4Fe 2+ - ' ~  4 ~ 3+ (Fe304 )  -~  k ) 2 ( f l u i d )  ~ l ~ e ( ? - F e / O 3 )  

2 -  + 20(fluld ) and vacancies in the octahedral sublattice. To 
maintain charge balance every third Fe 3 + ion is expelled 
from the lattice into the coexisting melt or fluid (Lindsley 
1976) and spinel becomes relatively enriched in oxygen. 
Ferric iron and totals will then come out systematically 
too low if an ideal R O : R 2 0  3 (1:1) stoichiometry is as- 
sumed. 

To test this suggestion, oxygen was analysed directly 
with the electron microprobe, using a synthetic PC1 crys- 
tal calibrated on pure quartz (Table 3). Analytical condi- 
tions were 5 kV accelerating voltage and 40 nA beam 
current, at counting times of 40 sec on both peak and 
background. The quartz standard was included in each 
experimental mount  to ensure a uniform carbon coating 
thickness, since carbon is an efficient absorber at low 
X-ray energies. Relative to the starting spinels (T-2856) 
the reversal products (T-2931) are distinctly richer in ox- 
ygen, with a mean excess (A) oxygen (i.e. the difference 
between oxygen analysed and oxygen expected from stoi- 
chiometry) of + 1.6 wt% absolute (Table 3) 1. The result 
implies that the reversal spinels are cation deficient and 
metastable with respect to the coexisting silicates. 

We tentatively conclude that redox equilibria in com- 
plex C r - A 1  spinels are difficult to reverse within reason- 
able experimental run times. Sintered oxide mixes and 
synthesis experiments apparently offer the best chance 
for achieving redox equilibrium, despite problems in ac- 
tually demonstrating it. Criteria for equilibrium are ho- 
mogeneous grains, Cr/(Cr + A1) and Fe 3 + /~  Fe ranges 
in spinel of < 5, and T,-o~-+v _ ~,~D~+-~o ranges of < 2 %  across 
an experimental charge. Equilibrium will be achieved 

1 Silica in some spinel analyses is due to a slight change in beam 
alignment when switching voltages from 5 to 15 kV during an ana- 
lytical routine; it does not contribute toward analysed oxygen. Er- 
rors in other elements due to this effect are within the precision 
of the analyses 
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Table 3. Oxygen analysis of spinels 

Sample No. T-2856 T-2931 USNM b 117075_+ 1 stdev 
Synthesized spinels Reversed spinels (n = 4) 

SiO2 0.73 0.59 0.32 0.30 0.15 0.42 0.13 0.58 0.064-0.06 
A1203 47.5 46.0 46.8 45.2 40.6 44.4 39.6 38.3 9.9 _+ 0.03 
Cr203 22.2 23.4 23.4 23.3 28.7 23.7 29.8 30.1 60.8 +0.42 
Fe203 1.21 1.19 0.95 1.45 1.83 1.53 1.71 1.71 3.36_+0.11 
FeO 7.64 7.86 7.88 8.25 8.76 8.37 9.28 9.14 10.0 +_0.13 
MgO 20.7 20.3 20.6 19.8 19.3 19.6 18.8 18.5 t5.3 _+0.0I 
Total 99.9 99.4 99.9 98.4 99.4 98.0 99.3 98.3 99.4 +_0.41 

Cations (4 oxygens) 
AI 1.51 1.47 1.48 1.46 1.33 1.45 1.31 1.29 0.37___0.00 
Cr 0.47 0.50 0.50 0.51 0.63 0.52 0.66 0.68 1.54+_0.00 
Fe 3 + 0.02 0.02 0.02 0.03 0.04 0.03 0.04 0.04 0.08 _+ 0.00 
Fe 2+ 0.17 0.18 0.18 0.19 0.20 0.19 0.22 0.22 0.27_+0.00 
Mg 0.83 0.82 0.82 0.81 0.80 0.81 0.78 0.78 0.73+_0.00 
Mg# 0.83 0.82 0.82 0.81 0.80 0.81 0.78 0.78 0.73+_0.00 
Chrome # 0.24 0.25. 0.25 0.26 0.32 0.26 0.33 0.34 0.80 _+ 0.00 
Ferric# 0.12 0.12 0.10 0.14 0.16 0.14 0.14 0.14 0.23+_0.01 

Oxygen 
Stoich. a 40.1 39.6 39.8 39.0 38.5 38.7 38.2 37.8 33.3 +_0.ll 
Analysed 40.7 40.5 40.1 40.1 39.6 41.0 40.0 39.6 33.6 _+0.46 
A oxygen +0.6 +0.9 +0.3 +1.1 +1.1 +2.3 +1.8 +1.8 +0.3 

Stoichiometric oxygen computed on a silica-free basis assuming perfect RO:R203 (1:1) spinel stoichiometry, b Chromite standard USNM 
117075 from Jarosewich et al. (1980) 

with synthesis experiments, provided run times are suffi- 
ciently long and melt is present. 

Results 

Since all starting compositions are relatively enriched 
in low-melting compounds, most runs experienced large 
degrees of melting only a few degrees above their water- 
saturated solidi. A typical run contains large equant oliv- 
ine grains, subordinate orthopyroxene, clinopyroxene, 
euhedral spinel octahedra, and about 10 to 30% intersti- 
tial glass with occasional quench pyroxenes, bubbles of 
a separate fluid phase, in addition to graphite in IW 
and WCO runs (Fig. 1). Despite relative pyroxene enrich- 
ment it proved difficult to keep pyroxenes on the liquidus 
(and control asio2 ) especially in olivine capsules. This 
poses a potential problem for oxygen barometry, since 
as~o~ in the melt and ant in spinel are inversely related 
through the F M Q  equilibrium. If other variables are 
constant a drop in asio~ causes an increase in ferric iron 
in spinel. However, repetitions of or thopyroxene under- 
saturated experiments at lower degrees of melting (with 
orthopyroxene present) did not give different Fe 3 + /~  Fe 
ratios in spinel, suggesting that as~o~ variations due to 
excessive melting are small. Experimental spinel, olivine, 
and orthopyroxene compositions (averages based on at 
least ten analyses) are given in Table 4. 

The redox ratio Fe 3 + /~  Fe in spinel 

The compositional parameter most sensitive o f fo  ~ is the 
F e 3 + / ~ F e  in spinel (c.f. Hill and Roeder 1974). Within 

the P - T - - X - - f o 2  range covered by our experiments, 
the ratio exhibits a simple near-linear relationship with 
A log(fo2 ), with a correlation coefficient of 0.98 (Fig. 3). 
The redox ratio is found to be insensitive to temperature 
within analytical error (Fig. 4) if spinel is equilibrated 
along f o 2 - T  paths parallel to FMQ. A similar T--fo2 
relationship was noted for redox equilibria in silicate 
melts (Carmichael and Ghiorso 1986), implying that the 
KSp-liq is temperature independent. D F e  2 + - F e  3 + 

The redox ratio in spinel is slightly dependent on 
pressure. For  all starting compositions, F e 3 + / ~ F e  in 
spinel falls with increasing pressure at given A log(fo2), 
runs with the WCO buffer being an apparent exception 
(Fig. 5). This pressure dependence is entirely consistent 
wit a standard pressure correction based on molar vol- 
ume changes. Assuming the K~Fellq_Fe3+ is pressure 
independent (or less pressure dependent than the 
Fe 3 + /~  Fe ratio in spinel), then ferric/ferrous iron equi- 
libria in silicate melts can also be expected to fall with 
increasing pressure at constant A log(fo2). 

Finally, the Fe 3 + /~  Fe ratio in spinel is composition- 
ally dependent and falls with increasing Cr/(Cr + A1) ra- 
tio at given A log(fo2) (Fig. 5), suggesting substantial in- 
teraction between Cr and Fe a § in the octahedral sublat- 
tice. In absolute terms however, both Fe 2+ and Fe 3+ 
in spinel increase with increasing Cr content at given 
T and A log(fo~). 

The C r / ~  R 3 + ratio in spinel 

The main variables controlling the C r / ~ R  3+ ratio in 
spinel are fo~, pressure, composition of coexisting phases, 
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Table 4. Experimental results 

Run No Experimental conditions 

Mix T ~ P (GPa) A logfo 2 Time 
(hours) 

Spinel b 

Ti A1 Cr Fe 3+ Fe z+ Mg 

(cations to 4 oxygens) 

1. Fe--FeOexperiments(spec-pureiron capsules) 

3041 MPY30 1200 0.5 -3.63 
3067 S1297 1250 0.4 -3.59 

2. W C - W O 2 - C  experiments(graphite capsules) 

72 0.003 1.449 0.557 0.002 0.370 0.663 
50 0.007 0.500 1.468 0.020 0.537 0.400 

2769 MPY30 1050 0.9 -2.36 48 0.001 1.359 0.626 0.013 0.136 0.864 
2809 S1297 1050 1.0 -2.37 48 0.001 0.419 1.541 0.037 0.373 0.628 
2890 MPY30 1260 1.0 -2.06 12 0.001 1.396 0.583 0.018 0.158 0.844 
2833 MPY30 1230 2.2 -2.29 24 0.001 1.395 0.579 0.023 0.127 0.874 
2896 MPY30 1100 2.5 --2.56 50 0.010 1.170 0.787 0.024 0.224 0.786 
2856 MPY30 1280 2.5 -2.28 22 0.002 1.472 0.504 0.020 0.176 0.826 
2839 MPY30 1240 2.7 -2.36 28 0.001 1.327 0.641 0.029 0.167 0.835 

3. N i - N i O  experiments (olivine capsules) 

2944 MPY30 1100 0.3 0.79 50 0.002 1.285 0.596 0.114 0.189 0.811 
2905 MPY55 1100 1.0 0.57 25 0.008 0.653 1.158 0.173 0.346 0.662 
2935 MPY55 1060 1.0 0.57 70 0.007 0.615 1.226 0.144 0.328 0.679 
2936 MPY30 1060 1.0 0.57 70 0.003 1.247 0.619 0.128 0.199 0.804 
2629 S1297 1300 1.0 0.57 8 0.001 0.201 1.651 0.146 0.276 0.725 
2835 S1297 1220 1.0 0.58 12 0.001 0.211 1.677 0.109 0.316 0.685 
2926 $1297 1060 2.5 0.09 62 0.002 0.514 1.342 0.140 0.384 0.617 
2929 $1297 1080 2.5 0.09 70 0.002 0.364 1.488 0.145 0.383 0.612 
2886 MPY30 1100 2.5 0.10 25 0.001 1.407 0.479 0.111 0.204 0.798 
2939 $1297 1150 2.5 0.12 48 0.002 0.265 1.607 0.125 0.347 0.640 
2883 MPY30 1250 2.5 0.16 8 0.000 1.206 0.715 0.079 0.155 0.846 
2887 MPY30 1250 2.5 0.16 8 0.000 1.334 0.592 0.075 0.151 0.849 

4. Fe30 4 --FezO 3 experiments (PdAg and olivine capsules) 

2918 MPY30 1050 1.0 5.17 48 0.002 0.956 0.539 0.500 0.124 0.878 
2921 S1297 1040 1.0 5.17 72 0.001 0.326 1.143 0.527 0.151 0.851 
2933 MPY55 1080 1.0 5.18 68 0.005 0.347 0.977 0.666 0.180 0.825 
2795 MPY30 1150 1.0 5.19 12 0.000 0.629 0.548 0.823 0.177 0.823 
2853 $1297 1220 1.0 5.20 12 0.001 0.094 1.267 0.638 0.194 0.806 
2923 MPY30 1050 2.5 4.29 24 0.001 0.718 0.616 0.664 0.214 0.755 
2942 S1297 1150 2.5 4.37 70 0.001 0.300 1.202 0.496 0.175 0.823 
2955 MPY30 1150 2.5 4.37 66 0.002 1.137 0.570 0.289 0.097 0.905 
2958* MPY30 1140 2.5 4.37 68 0.002 0.938 0.519 0.539 0.177 0.825 
3029* MPY30 1080 2.5 4.31 72 0.000 0.231 0.483 1.284 0.399 0.602 

* 2958:10 wt% Fe203, and 3029:20 wt% Fe203 added to the starting mix. These runs and the IW experiments are not included 
in the calibration 
" Compositional ranges reported as two standard deviations on the ratios Cr # = Cr/(Cr + A1), Fe # = Fe 3 +/~. Fe, Mg # = Mg/(Mg + Fe z +) 
b Silica in all spinel analyses <0.15 wt% 

Oxygen fugacities calculated for run temperatures; O'NW = O'Neill and Wall (1987), MW = Mattioli and Wood (1988) 
d (_) Orthopyroxene undersaturated, n.a. orthopyroxene not analysed 

and  the degree of fusion. Progressive mel t ing causes a 
sharp increase in C r / ~  R 3 + of residual spinel (c.f. Jaques 
and  Green  1980). Tempera tu re  var ia t ions  at cons tan t  
degree of mel t ing (variable an2o) affect C r / ~ R  3+ indi-  
rectly th rough changes in a lumina  contents  in coexisting 
pyroxene.  The effect of pressure at given T and  A log (fo2) 
within the spinel lherzolite field is to lower C r / ~ R  3+ 
ratios by abou t  10% (1 to 2.5 GPa), in accordance with 
previous exper imental  evidence (Jaques and  Green  1980). 

F o r  a given bulk  compos i t ion  C r / ~ R  3+ of spinel 
decreases with increasing fo2, while the Cr/(Cr + A1) rat io 
rises significantly (c.f. Hill  and  Roeder  1974). This is a 
consequence of preferential  subs t i tu t ion  of Fe 3 + for A1 

with increasing availabi l i ty of ferric iron. A G  O for AI 
- F e  3+ mixing in spinel is significantly larger t han  for 
C r - F e 3 + ;  the pseudob ina ry  j o in  M g A l z O 4 - F e 3 0  4 is 
characterized by a wide solvus with a consolute  tempera-  
ture between 900 and  1000 ~ C (Matt iol i  and  W o o d  1988), 
whereas chromite  and  magnet i te  appear  to be miscible 
in all p ropor t ions  down  to 600~  (Evans and  Fros t  
1975). Spinels in equi l ib r ium with the M H  buffer are 
compara t ive ly  enr iched in  chromite  (Cr/(Cr + A1) up to 
0.65) and  magnesioferr i te  components ,  even in the mos t  
a luminous  s tar t ing mix MPY30.  

The degree to which ferric i ron can replace A1 is 
l imited by the exceptional ly high (Cr + A 1 ) / ~ F e  ratios 
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[ ]  low pressure runs (0.3 to 1 GPa) 

�9 high pressure runs (2.2 to 2. 7 GPa) 

Fig. 5. Fe 3 +/~ Fe versus Cr/(Cr + AI) in spinel. Error bars (included 
where larger than the symbol size) are two standard deviations 

(or high modal spinel contents) in the,starting composi- 
tions. Therefore, two experiments were carried out where 
the MPY30 starting mix was doped with 10 and 20 wt% 
hematite (runs 2958 and 3029, Table 4). The maximum 
Cr/(Cr +A1) ratio in spinel observed is 0.68 (run 3029), 
despite a low Cr/(Cr + A1) ratio in the starting mix and 
small degrees of melting. In natural systems where lower 
normative chromite contents permit greater composi- 
tional variability in spinel, oxidized high-temperature 
spinels are expected to have a high Cr/(Cr+ A1) ratio 
and will be rich in magnetite and magnesioferrite com- 
pared with more reduced spinels. Differentiation trends 
under oxidizing conditions will trend toward ferrite and 
ulvospinel enrichment without much change in Cr/ 
(Cr+A1) ratio, quite contrary to differentiation trends 
under low fo~ which lower Cr/(Cr + A1) ratios. The high- 
temperature magnesioferrite component of oxidized spi- 
nels will, however, be quickly eliminated by down-tem- 
perature FeMg_ 1 exchange with olivine and pyroxene, 
and converted to magnetite. Natural examples of high 
temperature crystallization under oxidizing conditions 
are Cr-magnetites in Alaskan-type intrusions (Irvine 
1967) and the magnesiochromite-ferrite-ulvospinel differ- 
entiation series typical of some island arc magmas (Arcu- 
lus and Wills 1980; see below). 

Oxygen barometry 

The wide Cr /~  R 3 + and Fe 3 + /~  Fe ranges covered with 
our experimental data allow the formulation of an oxy- 
gen barometer that is largely based on empirical experi- 
mental data. fo~ for the fayalite-ferrosilite-magnetite 
(FFM) buffer is given by 

log fo~ (FFM) = AS~ R)-  AH~ RT) 
--PA V/(2.303 R T) - 6 log (a~ ~) + 3 log (a~g ~ ) 
+2 log (a~tnel), 

and fo~ relative to the F M Q  buffer by 

A log(fo~) FMQ = (A SOFM-- A SV0MQ)/(2.303 R) 

--(A HOFM -- A HFOMQ)/(2.303 R T)-  P (A VFF M -- A VVMQ)/(2.303 R T) 
6 olv opx spinel - log(ae~)+31og(aes )+21og(amt ) 

(where R is the gas constant). A linear least-square fit 
through the experimental data gives the semi-empirical 
oxygen geobarometer: 

A log (fo~) vMQ = 0.27 + 2505/T- 400 P/T-- 6 log (X}12) 

- 3200(1 - X}~'J)Z/T+ 2 log (X~ +) + 4 log (X~,Pe~ +) 
+ 2630 (X~I)Z/T, 

where P is in GPa, Tin  K, X~3+ and X~I the Fe 3+ /~Fe  
~ d 4 ~ e ~ R  3,+ ra!ios in spinel, and xxu176 and X}Pe2 + the 

/t t lvig) ratios in olivine and spinel. To sim- 
plify calculations, orthopyroxene is cancelled against the 
ideal part of afa~ This simplification will introduce a 
slight systematic error in calculated fo2 because 
KMg-Feol . . . . .  departs from unity (Sack and Ghiorso 

opx gopx / g o l v ]  is about -0 .25 at 1989), i.e. 6 1og(XveM1 * ~-FeM2/XXFe) 
an average run temperature of 1150~ and volv_n 1 l X F e  - -  ~ , . x .  

The A (AS ~ term (0.27) includes a correction for this ef- 
fect. The pressure dependence of the F e 3 + / ~ F e  ratio 
is calculated with partial molar volume data of Berman 
(1988), and the wolv interaction term is assumed to V r M g - F e  

be 7000 Jmol-  1 (Koch-Mueller et al. 1989). Finally, the 
A(AH~ term and the regular solution interaction 
parameter for R 3 + mixing in spinel are fitted simulta- 
neously with the experimental data. 

The above equation is specifically designed for upper 
mantle-derived rocks. It should not be applied to assem- 
blages significantly more iron-rich than olv XVe =0.15, 
above which the simplifications regarding orthopyrox- 
ene cancellation cannot be expected to be valid. Caution 
is advised for Cr-rich spinels in the garnet lherzolite and 
diamond stability fields where nonstoichiometry due to 
magnesiowfistite or Cr 2-- substitution in spinel may be 
a problem, especially at high X~] and low fo~ (Ballhaus, 
unpubl, data; Haggerty 1979). Although orthopyroxene 
does not apear in the above equation, it is emphasized 
that calculated A log(fo~ ) values are strictly only valid 
if as~o~ is buffered by the presence of both olivine and 
orthopyroxene. However, the barometer gives reason- 
able results also for orthopyroxene-undersaturated rocks 
provided calculated fo~ are corrected for that effect. The 
correction required rarely exceeds -0 .2  log units and 
is approximately three times the shift in as,o~ relative 
to orthopyroxene saturation within the asio~ range of 
mantle divided melts (for calculation of as~o~ from oliv- 
ine-orthopyroxene equilibria see O'Neill and Wall 1987). 
as~o~ estimates for typical melt compositions are given 
by Ghiorso and Carmichael (1988). 

Equilibration temperatures can be calculated with ol- 
ivine-spinel thermometry (see below), or any other ther- 
mometer with proven reliability for mantle assemblages. 
The choice of the thermometer is not critical, in view 
of the small temperature dependence relative to the 
FMQ buffer, but a careful evaluation of equilibration 
temperatures is advisable because of the limited tempera- 
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ture range of calibration. The fact that our oxygen ba- 
rometer does not require knowledge of cation ordering 
in spinel simplifies its use but poses constraints on any 
application at low temperature where spinels become 
progressively ordered. Application to natural assem- 
blages suggests that the barometer gives reasonable re- 
sults down to temperatures around 800 ~ C. It tracks 
down along f o ~ - T  paths that are essentially parallel 
to F M Q  and virtually identical to paths obtained with 
the more complex thermodynamic calibrations (O'Neill 
and Wall 1987). This does not prove accurate perfor- 
mance at low temperature but does suggest that our 
empirical model is no less reliable in the low temperature 
region. The precision within the calibration range (esti- 
mated from the standard error of regression) is +0.4 
log units (above FMQ), and about -+ 1.2 to 1.5 log at 
WCO. 

r  

i 

Z 
o 

I -  

200 

All experimental  runs 

100 [ ]  + 

0 [] 

-~ 00 ~ q:~ 

[] Drl 
-200 , , , 

0 .2  0 .4  0 .6  0 .8  1 .0  

XCr (spinel)  

Fig.& The difference between calculated FeMg_ 1 exchange 
(O'Neill and Wall 1987) and experimental temperatures, plotted 
against the Cr/(Cr + A1 + Fe 3 +) ratio in experimental spinels. Linear 
regression line included for reference. Errors bars illustrate two 
standard deviations 

Olivine-spinel FeMg_ 1 exchange thermometry 

Our data provide high precision M g - F e  olivine-spinel 
partitioning relations in a compositional and fo= range 
where experiments are scarce, and thus offers the oppor- 
tunity to test and improve existing olivine-spinel 
FeMg_ a exchange thermometers (e.g. Roeder et al. 1979; 
Fabri6s 1979; O'Neill and Wall 1987). The thermometer 
of O'Neill and Wall gives the closest agreement with 
run temperatures, although in its present form it tends 
to underestimate run temperatures progressively with 
decreasing X ~  (Fig. 6). Agreement with experimental 
temperatures can be significantly improved if A G  o for 
chromite-ferrite exchange and C r - F e  3 § size mismatch 
are raised to 9000 and 12000Jmol -~, respectively, and 
the TAZo~v parameter to 7000 Jmol - t .  The corrected r r M g - F e  

and simplified version of the O'Neill-Wall olivine-spinel 
exchange thermometer then reads: 

T= (6530 + 280 P + 7000 + 108 P) �9 (1 - 2 X~2) - 1960 

. ( X ~ g - X ) ~ + ) + 1 6 1 5 0 . X ~  + 25150 

. ( X ~  + + X~r~]))/(R In K Mg v ....... + 4.705) 

where T is in K, X~  the number of Ti cations in spinel 
to 4 oxygens, K ~ the ratio t~Mgl+, X)pe2+)/ 

sp  (X~ iv * XMg), and all other notations as above. 
The failure of the O'Neill-Wall thermometer to pre- 

dict accurately the experimental temperatures could 
point to a systematic error in our  calculated Fe 3 + / ~  Fe 
ratios (c.f. Wood and Virgo 1989). However, the same 
systematic relationship is identified when the O'Neill- 
Wall thermometer is applied to C r - A 1  spinels from 
mantle xenoliths (Fig. 7A). This, and the fact that the 
improved thermometer version gives temperatures that 
are virtually independent of X ~  (Fig. 7B) strongly 
suggests that the systematic error suspected in Fig. 6 
is inherent in the thermometer of O'Neill and Wall 
(1987). We conclude that the redox and FeMg_~ equi- 
libria in our experiments are internally consistent and 
accurate. 
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y = - 5 9 . 4  + 2 1 5 x  A 

r l  
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O ' N e i l l  a n d  W a l l  

I I I I 
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I-- 
.,~ 0 

-250 

y =  - 5 .9  + 2 0 x  B 

Z + + 

o,~[,. :~or . +  + ~" :, + r  + + +  
+ ; ~ .  L " + + 
+ + + 

B a l l h a u s  e t  al.  

-500 ~ i r r 
0 .0  0 .2  0 .4  0 .6  0 .8  1 .0  

Cr/(Cr+AI) spinel 
Fig. 7A, B. Comparison between the O'Neill-Wall olivine-spinel 
thermometer (A) and the version suggested in this paper (B). A T 
is the deviation of individual calculated FeMg_ 1 temperatures from 
the mean olivine-spinel temperature of 154 olivine-spinel pairs from 
spinel lherzolite xenoliths worldwide (c.f. Fig. 10 C), plotted against 
Cr/(Cr + A1) in spinel. Linear regression equations are included in 
the Figures to quantify systematic errors as a function of Cr/ 
(Cr + AI) 

Comparison with alternative oxygen barometers 

Mattioli and Wood (1988) calibrated magnetite activities 
along the join MgA120+-Fe30+  between 800 and 
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Fig. 8. The olivine-orthopyroxene-spinel oxygen barometer ver- 
sions of O'Neill and Wall (1987), Mattioli and Wood (1988), and 
this study applied to the experimental data listed in Table 4. The 
Mattioli-Wood version is limited by its authors to spinels with 
FeCr204 + FeA1204 <_-30%, and only a few experiments meet that 
requirement 
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Fig. 9. Calculated versus experimental fo~ for experimental spinel 
compositions of Dungan eta]. (1979), Fisk and Bence (1980), and 
Murck and Campbell (1986). Where no olivine compositions re- 
ported, equilibrium X} ~v calculated with the olivine-spinel ther- 
mometer equation given in this paper; asJo~ fixed at 0.45 for MORB 
and 0.38 for the Jimberlana samples, and calculated fo~ values cor- 
rected accordingly. Error margins constructed as in Fig. 2. Olivine 
undersaturated superliquidus runs (e.g. Murck and Campbell 1986) 
are not plotted because of too large as~o~ uncertainties 

1000 ~ C, by equilibrating synthetic M g A 1 2 0 4 - F % O r  
solid solutions with hematite in a solid-electrolyte cell 
and measuring the shift in chemical potential of oxygen 
relative to the MH buffer as a function of X~t. The baro- 
meter is then derived by fitting a regular solution model 
to their activity data, assuming a standard cation distri- 
bution calculated for 950~ (O'Neill and Navrotsky 
1984). The version of O'Neill and Wall (1987), on the 
other hand, is entirely thermodynamically derived. 
O'Neill and Wall calculated ideal magnetite activities 
from the O'Neill-Navrotsky (1984) cation distribution 
model, with nonideality contributions from size mis- 
match and reciprocal solution effects. Since all these pa- 
rameters are calculated simultaneously for each individ- 
ual spinel analysis, their model is potentially applicable 
to a wider T - X  range than the Mattioli-Wood version. 

Mattioli and Wood's (1988) model gives a relatively 
poor fit to our experimental data. It is too sensitive to 
small changes in ferric iron contents in spinel in the re- 
duced region (<  F M Q -  2) (Fig. 8), and is apparently not 
applicable to spinels with Fe 3 +/~, Fe ratios much lower 
than 0.15. Above F M Q + I  it systematically overesti- 
mates fo= by at least two to three log units relative to 
the experimental conditions. The temperature depen- 
dence relative to the F M Q  buffer is also larger than 
supported by our data, and fo2 calculated for a given 
suite of natural spinels define fo~ - T arrays that are con- 
siderably steeper than F M Q  (c.f. the "mantle average 
array" of Mattioli et al. 1989). 

The O'Neill-Wall (1987) version gives a slightly better 
fit. For  much of the experimental T - X - f o 2  region, 
agreement between calculated and experimental fo~ is 
within 1.5 log units, and for the most aluminous spinels 
at WCO and N N O  within 0.5 Iog units. At MH,  how- 
ever, the model breaks down and underestimates fo2 by 
about two log units. Correction for C r - F c  3 + size mis- 

match is too small, and chromites come out up to 1.5 log 
units lower than Al-spinels at given A log(fo2). If the 
excess energies for C r - F e  3 + interaction and chromite- 
ferrite exchange are raised to the higher values suggested 
above, the performance of the oxygen sensor significantly 
improves; systematic errors encountered under strongly 
oxidizing (MH) conditions, however, remain unaffected 
by these adjustments. 

Application to previous experimental data 
and natural rocks 

In order to test our oxygen barometer we apply it to 
published synthetic spinel compositions and natural spi- 
nels from mantle rocks and mantle-derived melts. 

Previous experimental spinel compositions 

Dungan et al. (1979), Fisk and Bence (1980), and Murck 
and Campbell (1986) have crystallized spinel at 105 Pa 
from basaltic melts under controlled fo2. Unfortunately, 
for many of their runs olivine compositions are not re- 
ported and all runs are orthopyroxene-undersaturated, 
and thus asio~ values are unconstrained. Therefore, equi- 
librium olivine compositions are estimated by inverting 
the olivine-spinel thermometer given in this paper and 
solving for olivine composition at run temperature, asio2 
values are estimated for the bulk compositions from 
Ghiorso and Carmichael (1987) and calculated fo= cor- 
rected as described above. The results are shown in 
Fig. 9. 

Agreement between calculated and experimentaI fo2 
is excellent given the uncertainties in olivine composition 
and aslo_,. Most runs plot within 0.5 log units of the 
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experimental values, and almost all well within the un- 
certainty ranges that are due to errors in electron micro- 
probe analyses. Three runs only fall significantly off the 
best-fit line, of which two are in an fo~ region where 
the errors in calculated A log(f�9 are at least +2  log 
units. 

Application to natural data 

Finally, the oxygen barometer is applied to suites of typi- 
cal mantle rocks and mantle-derived melts (Fig. 10A to 
D). fo2 values for primitive basalts are calculated using 
the most magnesian olivine and spinel compositions re- 

ported for each suite. Where orthopyroxene is absent 
asio2 values are estimated according to values given by 
Ghiorso and Carmichael (1987), and calculated fo2 
values are corrected as described above. 

Abyssal spinel peridotites (Dick and Bullen 1984; 
Dick 1989) range from mildly reduced ( F M Q - 2 )  to 
moderately oxidized around FMQ (Fig. 10A). Samples 
above Cr/(Cr + A1) ratios of 0.45 are plagioclase-bearing 
and might have experienced some oxidation during de- 
compression or alteration. The extensive data set of Dick 
(1989) does suggests slight regional variations in oxida- 
tion state in suboceanic mantle, but fo2 ranges of > 5 
log units as calculated by Bryndzia et al. (1989) for a 
similar sample set are clearly exaggerated in view of our 
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results, and attributed to problems with the Mattioli- 
Wood oxygen barometer. 

Calculated fo2 values for MORB (Ayuso et al. 1976; 
Sigurdsson 1977; Sigurdsson and Schilling 1976; Dun- 
gan et al. 1979; Bryan et al. 1981; Dick and Bryan 1978; 
Furuta and Tokuyama 1983; Natland et al. t983; Thy 
1983; Batiza and Vanko 1984; Neumann and Schilling 
1984; Davis and Clague 1987; Natland 1989) show good 
agreement with abyssal peridotites, the presumed resi- 
dues from MORB (Fig. 10B). The results agree well with 
oxidation states calculated from whole-rock ferric/fer- 
rous iron ratios (Christie et al. 1986). It is interesting 
to note that spinels from enriched MORB are statisti- 
cally more oxidized than spinels from depleted MORB, 
suggesting that the enriched component (le Roex i987) 
is oxided relative to primitive oceanic lithosphere (i.e. 
FMQ and higher). The most aluminous MORB spinels, 
i.e. those usually regarded as high pressure megacrysts 
(Sigurdsson and Schilling 1976; Green et al. 1979; Fisk 
and Bence 1980), give fo2 values that are up to one log 
unit lower than coexisting low pressure magnesiochro- 
mites. The interpretation of these spinels as high pressure 
phenocrysts would carry the connotation of progressive- 
ly lower fo2 with depth, and oxidation during ascent 
by H 2 - C H 4  degassing or decompression. 

An interesting relationship is evident between calcu- 
lated fo~ and the degree of fertility of spinel lherzolite 
nodules (Fig. 10C). Fertile, unmetasomatized lherzolitic 
mantle samples (Kyser et al. 1981; Preg et al. 1986) ap- 
parently are moderately reduced, perhaps recording oxi- 
dation states typical of undepleted continental litho- 
sphere. The large group of slightly metasomatized spinel 
lherzolites and harzburgites with variable degrees of 
LREE and LIL enrichment and occasional pargasitic 
amphibole (Sachleben und Seck 1980; Kurat et al. 1980; 
Fujii and Scarfe 1982; Brearley et al. 1984; Della Giusta 
et al.. 1986. Furnes et al. 1986; Gutmann 1986; Francis 
1987; Canil et al. 1990) is more oxidized and defines an 
oxidation trend toward FMQ. Extensively metasoma- 
tized samples with Ti- and Mn-enriched ct~romites, 
abundant phlogopite and K-richterite (Reid et al. 1975; 
Jones et al. 1983; Dawson and Smith 1988; Winterburn 
et al. 1990) give oxidation states well above FMQ. It 
is apparent that the metaxomatizing agents (e.g. Green 
and Wallace 1988) are oxidizing relative to primitive lith- 
osphere. 

Spinels from primitive island are basalts and cumu- 
late nodules therein (Irvine 1973; Arculus 1978; Tatsumi 
and Ishizaka 1982; Conrad and Kay 1984; Ramsay et al. 
1984; Johnson et al. 1985; DeBari et al. 1987; Dick and 
Bullen 1984; Nye and Reid 1986; Nye and Turner 1990; 
Barsdell and Berry 1990; S. Eggins, unpubl, data from 
Vanuatu) as well as Alaskan-type intrusives (Irvine 1967) 
are systematically enriched in magnesiochromite and 
magnetite components relative to MORB, and are highly 
oxidized (Fig. 10D). fo2 values are calculated for an aslo2 
fixed at 0.32, appreciating the fact that the melts parental 
to these spinels are mostly nepheline-normative pricrites 
and ankaramites. Even at such low asio2 most island 
arc spinels plot significantly above the NNO buffer, sup- 
porting conclusions reached previously that oxidation 
states in arc lavas are high (Arculus and Wills 1980; 
Arculus 1985). 

Concluding remarks 

Application of our oxygen barometer to typical mantle 
rocks and mantle-derived primitive melts reveals the fol- 
lowing trends. Undepleted, fertile mantle regions and 

�9 their partial melts are moderately reduced (around 
F M Q - 2 ) .  Depleted mid-ocean ridge bhsalts (MORB) 
and abyssal peridotites plot around F M Q - 1 ,  possibly 
characterizing typical fo2 conditions of the uppermost 
oceanic lithosphere. "Enriched" MORB and metasoma- 
tized spinel harzburgites are systematically more oxi- 
dized between FMQ and FMQ + 1. Spinels from island 
arc basalts and Alaskan-type intrusives are the most oxi- 
dized and plot consistently around FMQ + 2. 

Our results have important implications for the un- 
derstanding of mantle processes: (1) Mantle metasoma- 
tism appears to be coupled with oxidation. If fo2 values 
calculated for the most metasomatized samples are taken 
as a reasonable lower limit, then the enriched component 
may be as oxidized as FMQ + 1 to FMQ +2. (2) If fo2 
conditions calculated for arc magmas (FMQ + 2) repre- 
sent oxidation states in the mantle sources, then sul- 
phides may be unstable beneath volanic arcs (c.f. Carroll 
and Rutherford 1987) and chalcophile elements will be- 
have incompatibly during partial melting. It follows that 
primitive island arc magmas can be expected to be en- 
riched in chalcophile elements, and it is certainly no coin- 
cidence that Alaskan-type ultramafic intrusives (Barron 
et al. 1990; Nixon et al. 1989), the subvolcanic equiva- 
lents of arc picrites and ankaramites, often host signifi- 
cant platinum-group element deposits. Reduced carbon 
is similarly unstable but carbonate or carbonatitic melts 
may occur. (3) Recycling of relatively oxidized litho- 
sphere at convergent plate boundaries may cause secular 
variations in oxidation state (Arculus 1985) and may 
be the major control for the large-scale fo~ structure 
of the Earth's mantle (c.f. Haggerty 1986; Green et al. 
1987; Ballhaus et al. 1990). In this context, the low oxida- 
tion states in diamond-bearing lithosphere may be inter- 
preted as a relict from earlier stages of the Earth's history 
when conditions in the Upper mantle were generally 
more reduced (Arculus 1985), with diamonds forming 
where oxidized recycled material (CO2-rich silicate or 
carbonatitic melts; Wallace and Green 1988) interacts 
with reduced (IW) lithosphere (in contrast to Kesson 
and Ringwood 1989). Alternatively, the presence of dia- 
monds may be indicative of lithosphere reduction by 
continuing outgassing of reduced C H 4 - H 2  fluids from 
deeper mantle, as suggested by Green et al. (1987) and 
Taylor and Green (1988). 
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