
This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the

author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without

limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s

administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,

or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission

may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial

http://www.elsevier.com/locate/permissionusematerial


Aut
ho

r's
   

pe
rs

on
al

   
co

py

Mantle redox in Cordilleran ophiolites as a record of oxygen fugacity
during partial melting and the lifetime of mantle lithosphere

Dante Canil a,⁎, Stephen T. Johnston a, Mitchell Mihalynuk b

a School of Earth and Ocean Sciences, University of Victoria, 3800 Finnerty Rd., Victoria BC V8W 3P6 Canada
b Geological Survey, British Columbia Ministry of Energy and Mines, Victoria, B.C., Canada

Received 2 November 2005; received in revised form 18 April 2006; accepted 24 April 2006
Available online 27 June 2006

Editor: R.W. Carlson

Abstract

We examine controls on mantle oxygen fugacity ( fO2) during the partial melting process that forms mantle lithosphere at
spreading centers. We compare the paleo fO2 at the time of melting inferred by V/Sc systematics of ophiolite peridotites, with the
thermobarometric fO2 recorded by olivine–orthopyroxene–spinel assemblages during simple cooling in relatively young oceanic
lithosphere. Modelling of the V/Sc in the ophiolite peridotites from Alaska, Yukon and British Columbia is permissive of only a
narrow range in log fO2 during melting between NNO and NNO−1 (where NNO is the nickel–nickel oxide buffer), depending on the
choice of partition coefficients for Sc. This result is within uncertainty of the thermobarometric fO2 recorded by most samples (within
1 log unit of NNO−1). The same cannot be said for more complex peridotite residues from continental mantle, where V/Sc
systematics show a narrow paleo fO2 during formation but wide range of thermobarometric fO2 after equilibration in the lithosphere.
In continental mantle with a complex history, thermobarometric fO2 is an ambiguous measure of that attendant during partial melting.
Graphite-saturated melting in a system closed to oxygen controls melt Fe3+/Fe2+and CO2 content, and creates a shift in fO2 of about 2
log units [1] in a peridotite residue. In contrast, for the ophiolite mantle samples in this study, both paleo- and thermobarometric fO2

are near values predicted by carbon–fluid equilibria, yet show no relationship with depletion, suggesting the melt-residue system in
the mantle may be open to oxygen during the partial melting process.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Decades of study of mantle oxygen fugacity ( fO2)
have been motivated by several far-reaching implications
of this intensive variable. For example, fO2 dictates the
form of sequestration of carbon in the mantle [2] and its
dissolution into magmas which degas in the exosphere,
governing the geochemical cycle of atmophile elements

[1]. The stability of sulfides and sequestration of chalco-
phile or siderophile elements from the mantle to produce
prodigious ore deposits may also be controlled by mantle
fO2 [3]. The origin of oxygen in the earth's atmosphere,
a key element in weathering cycles and the evolution of
complex life forms, is tied to the history of mantle degas-
sing, dictated by mantle redox state over time [4,5].

Despite extensive study, however, overarching ques-
tions remain as to what changes mantle fO2 and how well
buffered the mantle system is and by what mechanisms.
Contrasting views abound from different datasets [6–11].
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This stems partly from the fact that many studies base
their estimate of mantle fO2 on that recorded as an inten-
sive variable determined ‘thermobarometrically’ using
mineral assemblages of mantle-derived rocks exhumed to
the surface. Thermobarometric fO2 for mantle samples
from several settings varies by ∼5 log fO2 units. In con-
trast, extensive variables (e.g. bulk composition), based
on the partitioning ofVorCr betweenmantleminerals and
melts, have been used as a proxy for the “paleo fO2” at the
time a residue originally formed, in order to see through
the subsequent complex (billion year) history of mantle
samples [12,13]. The paleo fO2 approach, though not in
itself intended as a test of thermobarometric methods,
shows a narrow range, and little if any change in mantle
fO2 for the past 4 Ga [12–15]. A refinement of the latter
approach uses the observation that Vand Sc have similar
partitioning behaviour between melts and residues during
melting, except that the former is sensitive to fO2, thus
making the V/Sc ratio a more precise measure of the paleo
fO2 for a melt or residue. The V/Sc of residues records an
evenmore restricted range of paleo fO2 (within 1 log unit)
for mantle melts and residues [16,17]. The question thus
remains: Does thermobarometric fO2 of mantle samples
represent a different and varied signal compared to the
paleo fO2 when the residues first formed, and if so how
and why does this difference come about? In addition,
what would such a difference tell us about the behaviour
of oxygen in the mantle during partial melting?

A second important factor obscuring the discussion
on the controls of fO2 are the differences between oce-
anic and continental mantle. The oceanic lithospheric
mantle, represented by abyssal peridotites and ophio-
lites, has a comparatively simple history, being produced
by melt extraction at spreading centers and cooled. In the
case of ophiolites, the lithosphere is obducted within
only tens of million years of its formation [18]. In con-
trast, continental mantle sampled as xenoliths or in mas-
sifs has a billion year history during which it interacts
with melts rising into the continental plates [19,20]. The
vast majority of studies concerning mantle fO2 are based
on thermobarometric data for continental mantle samples
with this protracted history.

In this paper, we examine what controls mantle oxy-
gen fugacity during the production and history of mantle
lithosphere formed at spreading centers and having a
simple cooling history. To achieve this goal, we examine
and compare the paleo fO2 at the time of melting re-
corded by the V/Sc systematics of peridotites with the
thermobarometric fO2 as recorded by mineral equilibria.
Our results derive from a dataset of ophiolite peridotites
from several regions in the northern Cordillera of Alaska,
Yukon and British Columbia, which were sampled at

different spatial scales. Although most ophiolites are in-
terpreted to have been related to convergent margin tec-
tonic settings, their lithosphere is interpreted to have
formed by the seafloor spreading process [18]. Thus, we
chose to examine ophiolite peridotite samples for our
purpose because of their simple history, compared to
continental mantle, allowing us to understand what con-
trols fO2 during the partial melting process, and during
the subsequent cooling and emplacement of mantle lith-
osphere. Our investigation allows us to address the fun-
damental issue of whether oxygen behaves in an open or
closed system during partial melting.

2. Samples and geologic setting

Ophiolites throughout the North American Cordillera
have been the subject of detailed studies in California
and Oregon (see [21], but with fewer detailed studies in
northern British Columbia, Yukon and Alaska. Samples
for this study derive from well-exposed ophiolites in the
northern Cordillera (Fig. 1) which are part of recent
comprehensive field studies [22–25].

2.1. Cascaden Ridge/Livengood

Two elongated ultramafic massifs exposed ∼100 km
north of Fairbanks, Alaska are included in a Devonian
ultramafic–clastic complex in the Livengood terrane [26].

2.2. American Creek

Well-preserved peridotite in a ∼25 km2 massif is
exposed along American Creek in east–central Alaska
[22] and is included in ophiolite of the Permian Seventy
Mile/Slide Mountain terrane in Alaska and Yukon [27].

2.3. Harzburgite Peak

An imbricated sequence of gabbros, sheeted dikes
and spinel harzburgite together with regional aeromag-
netic patterns are interpreted as parts of an ophiolite with
a strike length extending∼100 km throughout southwest
Yukon [23]. Well-preserved, coarse-textured harzburgite
tectonite is exposed over ∼75 km2. The ophiolite is
intruded bymid-Cretaceous plutons, and is older than the
Mississippian strata present in its footwall.

2.4. Lake Laberge

Dark green, fachoidal, talc-serpentine schist is exposed
for 4 km along southern Lake Laberge, Yukon [28].
The schist contains knockers and augen of undeformed
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serpentinized spinel harzburgite. The age and geologic
setting of the ultramafic body is not well constrained;
these rocks are in contact with the Jurassic Laberge Group
sediments, and may belong to serpentinized harzburg-
ites exposed in the Mississippian–Permian Cache Creek
terrane ophiolite further south in Yukon and British
Columbia.

2.5. Atlin–Nakina and Pinchi Lake

Ophiolite dominantly of mantle harzburgite tectonite,
serpentinite mélange, minor gabbro and volcanics occurs
along a northwest trend in the Cache Creek Terrane [29].
Intrusions in the ophiolite have Permian crystallization
ages [24]. Superb exposures of mantle tectonite occur in
a series of massifs from northwest to southeast: Atlin
(Monarch Mountain), Hard Luck Peaks, Peridotite Peak,

Nahlin Mountain and farther south adjacent to Pinchi
Lake [30–32].

Peridotites in all the localities are coarse or porphyr-
oclastic harzburgite characterized by coarse olivine, or-
thopyroxene commonly with exsolution lamellae of
clinopyroxene, holly-leaf textured spinel and rare clino-
pyroxene. States of preservation vary from nearly 100%
fresh (Peridotite Peak) to complete serpentinization of
olivine (Cascaden Ridge, Lake Laberge). Spinel is al-
ways fresh, and thin ‘ferritchromit’ rims developed on
spinel in heavily serpentinized samples were avoided in
all microbeam studies. The massifs show layering com-
mon to many ophiolite mantle sections [33]. Discordant
dunite bodies are common in all massifs except Harz-
burgite Peak. Sampling was done so as to investigate the
T, fO2 and bulk chemical variations at different scales
(meters to kilometers) within and between massifs.

Fig. 1. Simplified geologic map of the northern Cordillera (after [59]) showing the location of major ophiolites sampled for this study. Grey lines
separate the major morpho-geologic belts.
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3. Methods

3.1. Geothermometry and oxygen barometry

One goal was to investigate in a statistically robust
fashion the T and fO2 recorded thermobarometrically by
spinel within and between peridotite samples and to
examine whether this was a function of cooling history,
or bulk composition. To do so, requires large numbers of
analyses of spinel with a range of grain sizes, presuming
smaller grain sizes will close to chemical exchange at
lower temperature for a given cooling rate [34]. Spinel is
in minor abundance in mantle peridotites (<3–5%) and
thus is not statistically well-sampled in standard thin
sections. For this reason, the silicate portion in cm-sized
pieces (∼3 g) of peridotite samples were dissolved in HF
acid for 24 h. Spinel grains remaining from this process
with a range of diameters (0.1 to 1.2 mm) were hand-
picked under a binocular microscope, mounted in epoxy
and polished. The diameter of each grain was measured
on polished sections using a microscope reticle.

Between 15 and 50 spinel grains from each of 17
peridotite samples were analysed for their major ele-
ments using a Cameca SX50 electron microprobe (EMP)
at the University of British Columbia (UBC). Operating
conditions were 15.0 kVacceleration voltage and a beam
current of 20.1 nA. Analytical conditions were 20 s
counting time on peaks for major elements, 60 s for Ni
and 80 s for V (Table 1 in Appendix A). Natural and
synthetic standards were used for calibration. Data re-
duction was done with the φ(ñZ) method and Fe3+and
Fe2+in spinels were calculated assuming perfect stoichi-
ometry [35].

For olivine–spinel assemblages the FeMg− 1 exchange
was used as a geothermometer and the reaction:

6Fe2SiO4 þ O2
olivine

¼ 3Fe2Si2O6
orthopyroxene

þ 2Fe3O4
spinel

ð1Þ

was used as an oxygen barometer [36–38]. Olivine and
orthopyroxene were not analysed in most samples. The
XFe (Fe / (Fe+Mg)) of the coexisting olivine and ortho-
pyroxene was assumed to be identical of that of the
whole rock, as shown previously for peridotite (e.g.
[39]) and confirmed by olivine and orthopyroxene
analyses for eight samples in this study from Harzbur-
gite Peak and Atlin–Nakina. Because many of the
samples equilibrated at temperatures below the exper-
imental calibration of Ballhaus et al. we report results
from the oxybarometer of Wood [37], which is based on
thermodynamic properties of spinels and should
extrapolate to lower temperature with more confidence.
Nonetheless, both methods [37,38] give results within

0.3 log units of one another for all samples. Tempera-
tures are reported at an assumed pressure of 0.5 GPa,
slightly above that below oceanic crust with a typical
thickness (∼8 km) but the olivine–spinel FeMg ther-
mometer has only a weak pressure dependence (30 °C/
GPa). Accuracy and precision for the Fe3+/∑Fe in spi-
nels calculated from EMP data was tested using 10
secondary spinel standards with Fe3+determined by
Mössbauer spectroscopy [10,40,41] (Table 2 in Ap-
pendix A). The uncertainties in the Fe3+/∑Fe of spinels
result in errors of ±30 °C and ±0.8 log units in absolute
T and fO2, respectively, within the uncertainties of the
thermometer and oxybarometer. Samples repeatedly
analyzed over a three year period gave identical results
(±20 °C, ±0.3 log units) demonstrating the high pre-
cision of the UBC EMP method [42].

3.2. Bulk rock geochemistry

Samples weighing ∼0.5 kg were trimmed of all sur-
face alteration with a rock saw and crushed to powders in
a disk mill. Major elements, Sc, V, Ni, Cr and Co were
determined for 84 samples by X-ray fluorescence (XRF)
at McGill University, Montreal or St. Mary's University,
Halifax. Sulfur in selected samples was determined by the
LECO™ method at McGill University. Trace elements
were determined in a subset of 52 samples by solution
nebulisation inductively coupled plasma mass spectrom-
etry (ICPMS) at the University of Victoria following the
methods of [43]. 200 mg of powdered sample was
dissolved in HF–HNO3 solution in sealed Teflon vessels
on a hotplate for 24 h, and dried down. Any remaining
residue was attacked with nitric acid, dried down and
brought up to 50 mL solution in 5% nitric solution. Solu-
tions were run on a VG2S+ quadrupole ICPMS. One
sample analysed repeatedly over the course of 2 yrs pro-
duced results within 10%. Some samples were also run
using the same ICPMS methods at the University of
Saskatchewan to test for interlaboratory consistency.
Analytical details are given in Table 2 in Appendix A.
Some of the Vand Sc data appear in the database used by
Lee et al [17] without sulfur, major elements or ther-
mobarometric fO2, which are mainly the subject in this
study.

4. Results

4.1. Temperature history and thermobarometric fO2

Spinels from the ophiolite peridotites record a range
of Fe–Mg temperatures from 850 to 600 °C. Massifs at
Harzburgite Peak and Hard Luck Peak record the highest
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temperatures (850–750 °C). Peridotite Peak records a
wide range of temperatures and American Creek records
consistently low temperatures (<700 °C). The differ-
ences in temperatures between massifs are independent
of grain size (Fig. 2), whereas within some massifs the
temperatures show a correlation with grain size.

The grain size dependence of Fe–Mg temperatures
recorded by spinel can be used as a geospeedometer to
estimate cooling rates of olivine–spinel assemblages [44].
Recent measurements of the Fe–Mg diffusion kinetics of
Fe2+and Mg in aluminous spinel show Ozawa's [44]
curves are likely correct for spinels with Cr#<0.5 [45].
The Cr# (Cr /Cr+Al) of spinels from Cordilleran
ophiolites in this study vary from 0.2 to 0.75 but show
no relationship with temperature between massifs. Using
Ozawa's numerical simulations of cooling rates for
spinels with a Cr# of 0.5 and an initial temperature of
1000 °C, the cooling rates of mantle lithosphere in the
Cordilleran ophiolites range from 10−1 to 10−3 °C/yr for
Harzburgite Peak, HardLuckPeak and Pinchi, to less than
10−3 °C/yr for American Creek and Peridotite Peak. Both
Atlin and Peridotite Peak show a wide range of cooling
rates, possibly related to structures along which the
peridotites were exhumed or exposed shortly after
formation (Fig. 2).

The cooling rates recorded by spinel should be
regarded as maxima for two reasons. Firstly, revisions to
Fe–Mg diffusion coefficients in olivine [46], which are
lower than in spinel, indicates the curves could overes-
timate cooling rates by one or two orders of magnitude

[45]. Secondly, it was assumed that the maximum grain
diameter of the spinels was intersected during polishing of
the grain mounts. In the likely case that not all spinel
grains were intersected at their maximum diameter during
polishing, then the points in Fig. 2 would be shifted to the
right, implying lower cooling rates. The lower estimates
of cooling rates are within the range estimated for lower-
most oceanic crust from the Oman ophiolite, based on Ca
exchange between olivine and clinopyroxene in gabbros
or from cooling half space models for oceanic lithosphere
[47,48]. Revised estimates for lowermost crust in the
Oman ophiolite, based on new measurements for Ca dif-
fusion in olivine [49] are constrained to about 10−4 °C/yr
(L. Coogan, pers. comm. 2005).Nonetheless, the different
grain size dependence of T estimates for different mas-
sifs suggest they underwent different cooling histories,
though the absolute value of the cooling rate is at present
uncertain.

Oxygen fugacities recorded thermobarometrically
by spinel vary from ∼NNO+1 at American Creek, to
∼NNO−2 at Atlin. Most massifs, however, cluster with-
in 1 log fO2 unit between NNO and NNO−1 and exhibit
no grain size or T dependence with this variable (Figs. 2,
3, Table 1 in Appendix A).

Many samples are serpentinized to varying degrees,
but care was taken to avoid spinel grains that have al-
tered to ‘ferritchromit’ or magnetite as a result of this
process. Furthermore, serpentinization proceeds at tem-
peratures (<400 °C) well below those at which primary
spinel could reasonably be expected to alter its ferric/
ferrous ratio according to reaction Eq. (1). Our samples

Fig. 2. Plot showing olivine–spinel FeMg−1 exchange temperature for
different grain sizes of spinels in different ophiolite massifs. Lines
show cooling rates (in °C/yr) from diagrams of Ozawa [44]. Data for
Buffalo Pitts orogenic peridotite are from [55], all other data from this
study.

Fig. 3. Plot showing the log fO2 recorded by olivine–orthopyroxene–
spinel assemblages relative to nickel–bunsenite buffer (NNO) versus
grain sizes of spinels in different ophiolite massifs. Data for Buffalo
Pitts orogenic peridotite are from [55], all other data from this study.
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show no correlation of thermobarometric fO2 with
alteration indices such as LOI (Fig. 4).

4.2. Geochemistry

In order to accurately constrain and examine the paleo
fO2 both within and between ophiolite mantle massifs
we used V/Sc systematics. The quality and consistency
of analytical data is critical to the use of V/Sc ratios as a
fO2 proxy. For this reason, we compared V and Sc data
using ICPMS method between laboratories. Further-
more, as most data in the literature for peridotites is
collected using XRF [17,50] we also wished to compare
interlaboratory consistency between ICP and XRF data
for these key elements.

Our results show that the V/Sc of seven duplicate
samples are within 3 to 10% between the Saskatchewan
and Victoria ICPMS labs, and two samples run in the
Victoria lab are within 1% (Table 2 in Appendix A).
Comparison of ICPMS with XRF results shows signifi-
cant differences. ICPMS produces higher V contents
and a more restricted range of Sc, leading to a narrower
range of V/Sc compared to XRF (Fig. 5). In addition, the
array of V/Sc as a function of depletion as determined
by XRF gives a more scattered and opposite trend than
ICPMS (Fig. 6A). With ICPMS data, intra-and inter-
massif variability is small and the samples from all
ophiolites form a tight cluster of V/Sc mostly between 3
and 5 (Fig. 6B). In the remainder of this paper, we use

and apply the more precise V and Sc contents from
ICPMS analysis. Serpentinization (as measured by loss
on ignition) also shows no correlation with V/Sc (Fig. 4).

The level of depletion in the ophiolite peridotites is
evaluated using Al2O3, because it is insensitive to serpen-
tinization or seafloor weathering [51,52]. All the ophiolite
peridotites from this study are depleted, containing less
than 2%Al2O3 (average of 1.3wt.%) typical ofmost other
peridotites from ophiolites, modern ocean floor, fore-arcs
or intraplate oceanic mantle [50]. Whole rock Al2O3 does
not depend on the degree of serpentinization, and shows a
good correlation with MgO, Vand Sc, and the proportion
of V partitioned into spinel relative to the whole rock
(Fig. 7A,B). CaO is more prone to mobilizition during
serpentinization [51] explaining some scatter in a few
samples from depletion trends with Al2O3 (Fig. 7C).

Fig. 5. Comparison of V, Sc and V/Sc for peridotites from this study
determined by XRF and ICPMS methods.

Fig. 4. Plot showing the degree of serpentinization, measured using
loss on ignition (LOI) versus Al, V/Sc and thermobarometric fO2

(relative to nickel–bunsenite buffer (NNO)) for samples from this
study. Uncertainties in thermobarometrc fO2 plotted at 1ó confidence
level. Sample from American Creek labelled AC.
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There is no correlation of depletion with thermobaro-
metric fO2 (Fig. 7D).

5. Discussion

5.1. The fO2 record during the formation of mantle
lithosphere

A plot of Sc versus V/Sc shows that Cordilleran
ophiolite peridotites with varying levels of depletion
from all locations cluster within a remarkably narrow
range of V/Sc (Fig. 6B). The array of V/Sc ratios can be
used to estimate the paleo fO2 of these peridotites dur-
ing formation, by comparison with fractional melting
trends calculated as a function of fO2 using partition
coefficients (D) for V and Sc between olivine, ortho-

pyroxene, clinopyroxene, spinel and melt [17,50]. These
calculations assume that the peridotites formed as resi-
dues mostly in the spinel peridotite stability field, as
expected for most ophiolites.

The melting model of Lee et al [17] uses peridotite
melting reaction stoichiometries from the pMELTs al-
gorithm [53] and shows that the V/Sc in the ophiolite
peridotites are consistent with melting at conditions of
NNO to NNO−1 (note the Quartz–Fayalite–Magnetite
‘QFM’ buffer is within 0.1 log fO2 units of NNO at P–T
conditions near the mantle solidus). The model of Canil
[12,50], uses experimentally-derived peridotite melt-
ing reaction stoichiometries, and produces similar resi-
due trends, but shifted by about 1 log fO2 unit higher
(Fig. 6C). As both partial meltingmodels use the sameDV

values [12], the difference in results is mainly attributable

Fig. 6. Plot showing the variation in V/Sc with depletion (Sc) for peridotites from this study. A. Comparison of trends using ICPMS and XRF data, B.
all ICPMS data plotted according to individual massifs, C. all massifs shown together compared with trends for residues produced by fractional partial
melting at 1.5 GPa at different log fO2's (shown relative to nickel–bunsenite buffer (NNO)) using the model of Lee et al [17](solid line) and Canil
[50]. D. All massifs shown together compared with trends for residues produced by fractional partial melting at 1.5 GPa at different log fO2's using
the model of Lee et al (shown relative to nickel–bunsenite buffer (NNO)). Note the V/Sc of most peridotites fall with in a narrow range of fO2

(hatched field) during melting (NNO to NNO−1). The residue trends in C. and D. were calculated using the assumed PUM starting material
containing 17 ppm Sc and 82 ppm V. Data for Buffalo Pitts orogenic peridotite are from [55].
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to choices for DSc. The Canil model [50] uses the lowest
DSc for olivine, orthopyroxene and clinopyroxene from
experiments onmafic/ultramafic systems whereas the Lee
et al [17] version uses empirical parameterizations ofDSc

for olivine and orthopyroxene and ‘average’ values for
clinopyroxene from one experimental study. This com-
parison shows that the V/Sc systematics in peridotites can
be modeled to no better than 1 log fO2 unit (Fig. 6C) until
Sc partitioning in mantle phases is better constrained by
new experiments.

Limitations on the knowledge of the exact starting
composition are common to all inverse petrologicmodels,
and also affect the absolute fO2 conditions depicted by the
V/Sc array for the peridotites (Fig. 6C,D). Use of a starting
material with lower V/Sc than primitive upper mantle
(PUM) would place the ophiolite peridotites along an
array consistent with more reducing paleo fO2 conditions
during formation. Furthermore, if XRF data for Vand Sc
were used in the modeling, a more reducing fO2 range
during melting could also be interpreted from the data
(Fig. 6A,C). Because of the large scatter in publishedXRF
data for V/Sc on peridotites, and inability to properly
evaluate interlaboratory accuracy [15], the ICP methods
are deemed a more confident measure of V/Sc for use
in paleo fO2 estimates. Regardless of different starting
source compositions, or the use of XRF data, or the ap-
plication of different melting models, the range of fO2's to
produce the V/Sc in the ophiolite residues by partial
melting remains restricted to within 1 log fO2 unit.

The use of Vabundances as a proxy for fO2 has been
cautioned on the basis that that metasomatism may have
overprinted the redox signal encoded in this element
[10,54]. It should be noted that Vand Sc are moderately
(not highly) incompatible elements, and both empirical
evidence from metasomatically veined mantle in out-
crop, and model calculations, show their abundances are
not sufficiently disturbed to affect the outcome of the V/
Sc ratio [50]. Metasomatism also cannot explain the
narrow range in V/Sc for mantle residues from a variety
of ages and geologic settings.

The relationship between paleo- and thermobaro-
metric fO2 is made more clear by comparing these two
parameters in rocks for which both were measured.
Because paleo fO2 modelling uses whole rock Vand Sc,

Fig. 7. Correlation of depletion (Al2O3) in ophiolite peridotites with A.
MgO, B. V, Sc, V/Sc, and the proportion of V in spinel (measured by
EMP) relative to whole rock, C. CaO and D. thermobarometric fO2 for
ophiolite peridotites from this study. In D. the uncertainties are given at
2ó confidence, and the shaded region represents the range of paleo fO2

derived from V/Sc systematics (Fig. 6D). Sample from American
Creek labelled AC. Data for Buffalo Pitts orogenic peridotite (BPP) are
from [55].
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we averaged the data from spinels from each sample to
reflect whole rock thermobarometric fO2 in this com-
parison. With the exception of two samples, the narrow
range of paleo fO2 recorded by V/Sc is reflected by an
equally narrow range in thermobarometric fO2 (Figs. 3,
6D), both within and between different ophiolite massifs.

To further test the compatibility of the V/Sc results
with thermobarometric fO2, we examined an example of
continental mantle from an orogenic peridotite massif
(Buffalo Pitts) for which Vand Sc ismeasured in the same
ICP laboratory, and for which, compared to the ophiolite
peridotites, had a longer history and more complex
emplacement [55]. Despite its continental mantle affinity,
a less depleted composition and a more protracted em-
placement history into the crust, the V/Sc ratio (and paleo
fO2) of the Buffalo Pitts massif is equally narrow, but its
trend with depletion (Sc) is unlike that for the ophiolite
peridotites, showing a negative slope, requiring a lower
fO2 during melting according to the melting models
(Fig. 6B,D). Interestingly, the thermobarometric fO2 for
this continental mantle massif is also lower (NNO−2 to
NNO−4, Figs. 2, 3) than the ophiolite peridotites, some-
what reflective of its different array in the V/Sc diagram
(Fig. 6).

For the relatively young ophiolite peridotites with
simple cooling histories, the thermobarometric fO2 are
representative of that attendant during the formation of a
residue recorded by V/Sc. In contrast, the results for the
Buffalo Pitts massif show that for ancient continental
mantle, the thermobarometric fO2 is not necessarily re-
flective of the fO2 during their formation. This case
explains the surprisingly narrow range in V/Sc observed
for numerous continental mantle xenoliths from diverse
settings and having a range of thermobarometric fO2's
of almost 5 log units [17]. In continental mantle, with a
longer-lived history, the thermobarometric fO2 record is
an ambiguous, and most likely fallacious measure of the
fO2 attendant during melting to form a residue.

5.2. Oxygen behaviour during partial melting

The majority of ophiolite samples show no correla-
tion of thermobarometric or paleo fO2 with depletion
(Fig. 6D). This requires that fO2 (relative to a solid
buffer) remain constant during partial melting. A similar
relationship of constant relative fO2 is well known for
lavas along a liquid line of descent [56] and has been
interpreted to mean that the system was open to oxygen
during crystallization and differentiation [57,58]. It
appears mantle residues can behave in a similar manner,
and ‘breathe’ in order to maintain a constant relative fO2

during partial melting to produce a residue.

One possibility is that an incompatible element with a
capacity to control the O budget during the partial melt-
ing process modulates the ambient fO2 in the residues
recorded thermobarometrically or by whole rock V/Sc.
Ferric iron, sulfur, hydrogen and carbon are all incompat-
ible during melting, and each can potentially act as in-
ternal oxygen buffers [7–9]. Some constraints on the
interrelationship of these elements and mantle fO2 can
be offered using samples in this study with their simple
depletion and cooling history.

Whole rock FeO and Fe2O3 were not determined
as part of this study because many of the rocks are
serpentinized, and wet chemical analyses of whole rock
Fe3+/∑Fe in peridotites is fraught with uncertainty [9].
The Fe2O3 content of the ophiolite peridotites was in-
stead estimated using the correlation of Fe2O3 with
Al2O3 in a variety of mantle peridotites [9], which gives
the relationship:

wt:%Fe2O3 ¼ 0:092dwt%Al2O3 þ 0:043 ð2Þ

This equation reproduces the measured Fe2O3 con-
tents of all but one peridotite sample in [9] to within 20%,
which we assume here as an uncertainty. Application of
Eq. (2) to the ophiolite peridotites from this study show
that they are impoverished in Fe2O3 (containing 0.05–
0.2 wt.%). This would seem to rule out Fe3+/Fe2+as
being a major control on ambient fO2 during melting, but
rather that it is controlled by another redox couple.

Almost all ophiolite residues from this study lie along
the CCO buffer:

Cþ O2 ¼¼ CO2 ð3Þ

at their assumed P of origin (0.5 GPa) (Fig. 8). This
observation is true of many mantle peridotites, and
attests to strong control by carbon–fluid equilibria in
regulating fO2 during the melting process [8]. The
presence of graphite may control the ferric–ferrous ra-
tios of the residue:

Cþ Fe2O3 ¼¼ FeOþ CO2 ð4Þ

which ultimately governs the thermobarometric fO2

recorded by Eq. (1) in mantle lithosphere after it forms.
The abundance and therefore buffering capacity ofC in

the mantle is uncertain [9], but the calculations of
Holloway [1] show that only a small amount of C (40 to
80 ppm) is required to maintain a graphite-saturated
MORB source region, and thereby control melt CO2

content, and the Fe3+/Fe2+and fO2 of melt and residue
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during partial melting. Holloway's [1] calculations are not
sensitive to the presence of H2O in the mantle, and for
graphite-saturated melting in a system closed to oxygen,
show a change of about 2 log fO2 units (NNO−0.5 to
NNO−2.5) with up to 15% partial melting to produce
basalt. In contrast, we observe almost no variation of
either paleo- or thermobarometric fO2 with depletion for
residues from this study (Figs. 3, 6, 7). Note however that
the ophiolite residues from this study are products ofmore
advanced degrees of melting than modeled in Holloway's
calculations. For example, the Al2O3 content of the
ophiolite peridotites are all less than 2 wt.%, suggesting
they are products of greater than 15–25%, or greater than
20% partial melting, according to either the Canil [50]or
Lee et al [17] melting models, respectively. Holloways'
calculations show that relative fO2, the Fe3+/Fe2+and C
content of the melt (and residue) change little after 10%
melting, explaining the invariance of fO2 with depletion
at such high degrees ofmelting.Nonetheless, this does not
explain why the ophiolite residues maintained a constant
and high fO2 (i.e. near NNO−1), unless the system were
open to oxygen.

This observation can be taken to imply that carbon
controls the Fe3+/Fe2+of mantle residues according to Eq.
(4) but is not buffering mantle fO2, meaning the melt-
residue system is open to oxygen. A similar conclusion
was reached by Bezos and Humler [11] based on the
nearly constant Fe3+/∑Fe for over 100 MORB glasses
which they interpret to have been produced by a range
of degrees of partial melting. Further tests of this idea

require more quantitative data on the partitioning of ferric
iron between melt and residue in the presence of carbon
in controlled melting experiments, or the examination of
Fe3+/Fe2+and fO2 in ophiolite residues with simple his-
tories but which have experienced less degree of depletion
than those studied here. Unfortunately, such experiments
have been difficult to accomplish so far, and less depleted
peridotites in ophiolites are rare [50]).

Two samples do not plot along the CCO buffer at the
assumed P of origin of the ophiolite residues (0.5 GPa).
The sample fromAmerican Creek requires a much higher
P of equilibration (1.5 GPa) to lie along CCO (Fig. 8).
Such a high pressure of formation is unlikely for mantle
lithosphere from an ophiolite. This sample stands outside
of the trends of thermobarometric fO2 with degree of
depletion, suggesting this massif may simply represent a
residue whose interplay of Fe and C (via Eqs. (2), (3) or
(4)) has not been controlled by partial melting in the
presence of graphite. A second sample off the CCO trend
is from Atlin, and gives lower thermobarometric fO2

compared to other samples from the same massif (Fig. 8).
Suspiciously, this sample plots along a same fO2 trend as
samples from the Buffalo Pitts continental mantle massif
with a protracted cooling history. These two outliers show
that even in young mantle with a relatively simple geo-
logic history, complications may arise that obscure the
signal recorded by thermobarometric fO2. The latter may
not necessarily always provide a robust record of the fO2

during partial melting to form a residue. For these reasons,
interpretation of mantle fO2 at its time of formation, or of
the behaviour of oxygen during the partial melting
process, should not be based solely on thermobarometric
fO2 recorded in continental mantle samples.
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Fig. 8. Thermobarometric fO2 recorded by all spinels plotted against
olivine–spinel Fe–Mg temperature for all ophiolite samples from this
study and the Buffalo Pitts orogenic mantle massif [55]. Error bars on
thermobarometric fO2 are 0.5 log units based on precision of multiple
analyses. Also shown for reference is the CCO buffer [60] calculated at
0.5 GPa, the assumed pressure of origin of the ophiolite residues.
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