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Mantle Redox: Proxies and Puzzles

SILICIC ASHFLOWS AND LAVAS 
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Fig. 1. Values of ANNO for submarine basaltic glasses, both  sub- 
marine and subaerial glasses from Kilauea, and partially glassy 
lavas from western Mexico. Data  taken from Christie et al. (1986), 
Carmichael and Ghiorso (1986), Hasenaka and Carmichael (1987), 
Lange and Carmichael (1990) and Luhr et al. (1989), together with 

Lamprophyric lavas 
Phlogopite- & 
Hornblende-var. 
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data on western Mexico (Carmichael et al. 1991). In the upper dia- 
gram the values of ANNO for quartz-bearing ashflows and lavas 
are plotted and are taken from Figs. 3, 4 and 5. The ANNO values 
of the Fe - -FeO (I--W),  fayalitc-magnetite-quartz (FMQ) and 
magnetite-hematite (M--H)  oxygen buffers are shown 

ral liquids is not well represented by either of the follow- 
ing equivalent reactions: 

FeO + 1/402 = FeO1.5 (3) 
2 FeO + 1/2 O2 = Fe203 (4) 

is given by isothermal plots of In [(Xveo15)/(Xreo)], plot- 
ted against In fo~ ; these should have a slope of 0.25. How- 
ever experiments on liquids ranging from andesite 
through basalt to nephelinite, have a slope closer to 0.2 
(Kress and Carmichael 1988), and confirm Fudali's 
(1965) initial discovery. 

The conclusion of Carmichael and Ghiorso (1986) 
that a natural silicate liquid, equilibrated at temperatures 
above it's liquidus with an external oxygen buffer, such 
as Ni--NiO (NNO), has an approximately constant 
Fe 3 +/Fe z+ ratio has also beeen confirmed experimental- 
ly by Kress and Carmichael (1988). This constancy re- 

flects the correspondence of the enthalpy of the redox 
reaction in natural liquids to that of a solid redox reac- 
tion such as NNO or FMQ. This in turn allows the 
oxygen fugacity for any basic lava to be calculated at 
any temperature and compared to any convenient exper- 
imental buffer at the same temperature, and the differ- 
ence between the two, the relative oxygen fugacity, will 
be essentially independent of temperature. 

The relative oxygen fugacity data for glassy lavas 
are reported with respect to NNO 2 (Huebner and Sato 
1970) and thus ANNO is defined to be log10 
fo2(sample)-logl0 fo2(NNO) at the same temperature, 
which is arbitrarily calculated at 1200 ~ C. Values of 
ANNO for a variety of basic, partially glassy lavas are 
plotted in Fig. 1. The data for the MORBs are taken 
from Christie et al. (1986), whereas those for Kilauea, 
z ANNO = --0.8 on FMQ. 

Carmichael, 1991

Basis: bulk Fe3+/∑Fe (wet chemistry)
Text

“...the range of oxygen fugacities typical of basic lavas will have an 
equivalent range in their respective source regions.”

• Arc magmas are more oxidized than those from other settings
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• Some arc peridotites 
(mostly xenoliths)

are oxidized, others are not

0

-­1

-­2

1

2

3

4

5

p
ri
m
a
ry
  ƒ
O
2
  (
Q
F
M
)

Whole  
rock  
(Fe)

Glass  
(Fe)

Whole  
rock  
(V/Sc)

olivine/
glass
(D

V
)

Whole  
rock  

(Zn/Fe*)

Whole  
rock  
(Cu)

MORB arc  
basalts

Lee et al., 2003Brounce et al., this meeting

• Different fO2 proxies
give different answers

(see Brounce et al., Tues 10:30 AM for more)



Why does wedge fO2 matter?

• Formation of arc crust/continents at subduction zones

• Mantle evolution - residues of subduction recycled to the deep

• If wedge oxidation is linked to the slab, then
possibly linked to redox of Earth’s surface (e.g., atmosphere)

• If wedge redox is independent of slab,
what crustal processes change magmatic redox,
why are they exclusive to subduction zones and

and how can we observe?
(See Grocke et al., Tues. 10:15 AM for more)



Mid-Ocean
Ridge

Back-Arc
Basin
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How Do We Access the Wedge?

• Xenoliths and exhumed sections are rare

• Most accessible is to look at mantle-derived magmas
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Fig. 1. Values of ANNO for submarine basaltic glasses, both  sub- 
marine and subaerial glasses from Kilauea, and partially glassy 
lavas from western Mexico. Data  taken from Christie et al. (1986), 
Carmichael and Ghiorso (1986), Hasenaka and Carmichael (1987), 
Lange and Carmichael (1990) and Luhr et al. (1989), together with 
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data on western Mexico (Carmichael et al. 1991). In the upper dia- 
gram the values of ANNO for quartz-bearing ashflows and lavas 
are plotted and are taken from Figs. 3, 4 and 5. The ANNO values 
of the Fe - -FeO (I--W),  fayalitc-magnetite-quartz (FMQ) and 
magnetite-hematite (M--H)  oxygen buffers are shown 

ral liquids is not well represented by either of the follow- 
ing equivalent reactions: 

FeO + 1/402 = FeO1.5 (3) 
2 FeO + 1/2 O2 = Fe203 (4) 

is given by isothermal plots of In [(Xveo15)/(Xreo)], plot- 
ted against In fo~ ; these should have a slope of 0.25. How- 
ever experiments on liquids ranging from andesite 
through basalt to nephelinite, have a slope closer to 0.2 
(Kress and Carmichael 1988), and confirm Fudali's 
(1965) initial discovery. 

The conclusion of Carmichael and Ghiorso (1986) 
that a natural silicate liquid, equilibrated at temperatures 
above it's liquidus with an external oxygen buffer, such 
as Ni--NiO (NNO), has an approximately constant 
Fe 3 +/Fe z+ ratio has also beeen confirmed experimental- 
ly by Kress and Carmichael (1988). This constancy re- 

flects the correspondence of the enthalpy of the redox 
reaction in natural liquids to that of a solid redox reac- 
tion such as NNO or FMQ. This in turn allows the 
oxygen fugacity for any basic lava to be calculated at 
any temperature and compared to any convenient exper- 
imental buffer at the same temperature, and the differ- 
ence between the two, the relative oxygen fugacity, will 
be essentially independent of temperature. 

The relative oxygen fugacity data for glassy lavas 
are reported with respect to NNO 2 (Huebner and Sato 
1970) and thus ANNO is defined to be log10 
fo2(sample)-logl0 fo2(NNO) at the same temperature, 
which is arbitrarily calculated at 1200 ~ C. Values of 
ANNO for a variety of basic, partially glassy lavas are 
plotted in Fig. 1. The data for the MORBs are taken 
from Christie et al. (1986), whereas those for Kilauea, 
z ANNO = --0.8 on FMQ. 

Carmichael, 1991

Basis: bulk Fe3+/∑Fe (wet chemistry)

• Classic observation: arc magmas are more oxidized than
those at other settings

• What are the factors that control magmatic redox?
What are the links between magmatic and mantle redox?

• Oxidation state of Fe is a good proxy
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scatter of the data around themodel fit), and are typically on the order
of ±1 to 6% Fe3+/∑Fe, consistent with other Mössbauer studies
(Mysen et al., 1985a,b; Dyar et al., 1987).

To propagate these uncertainties through the calibration curve, we
applied a weighted least-squares, second-order polynomial fit to the 13
most oxidized reference glasses shown in Fig. 8 (those for which we
obtained good fits to the Mössbauer spectra), taking into account the
uncertainties reported in Table 2. With these associated uncertainties,
the unreduced chi-square goodness-of-fit statistic is equal to 45. This
statistic shouldbe on theorder of 10 (the number of data points (N=13)
minus the degrees of freedom in the fit (M=3)), indicating that either
(1) a second-order polynomial model is not appropriate for the data, or
(2) theuncertainty in Fe3+/∑Fe is underestimated. There is nostructure
in the residuals between predicted Fe3+/∑Fe andmeasured Fe3+/∑Fe
as a function of centroid position, indicating that a second-order
polynomial is appropriate for these data, and we conclude that the
errors in Fe3+/∑Fe are underreported. Indeed, the actual uncertainties

in Fe3+/∑Fe determined by Mössbauer are probably much larger than
indicated by the statistical scatter of the data around the model
Lorentzians because it is unknownwhether or not the fits reach a global
minimum. To properly assign uncertainty in Fe3+/∑Fe for this
calibration then, we rescaled the uncertainty in Fe3+/∑Fe for the
reference glasses by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðchisq= ðN − MÞÞ

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð45 = 10Þ

p
~2.1. The resul-

tant uncertainties are displayed as the Fe3+/∑Fe error bars in Fig. 8.We
performed a secondweighted least-squares fit to the data with the new

Fig. 5. Log (Fe3+/Fe2+) versus fO2 relative to the QFM buffer for the 13 glasses for which
Fe3+/Fe2+ ratios could be determined by Mössbauer spectroscopy. Solid line
is a weighted least-squares linear regression of the data. Also plotted are the predicted
Fe3+/Fe2+ ratios for these compositions at the experimental oxygen fugacities
according to the empirical algorithm of Kress and Carmichael (1991).

Fig. 6. Edge-step normalized XANES spectra, drift-corrected in energy, of the 10
“AII” composition (MORB) basaltic glasses studied (LW glasses omitted for clarity)
with Fe3+/∑Fe ranging from <0.088 (i.e., including the most reduced glasses for
which Fe3+/∑Fe could not be resolved by Mössbauer spectroscopy) to 0.611. For this
composition, the Fe oxidation states correspond to oxygen fugacities ranging from QFM
−3.5 to QFM +4.5. Inset shows a magnified view of the pre-edge. The edge jump and
edge crest move progressively higher in energy as a function of increasing Fe3+/∑Fe,
and the contribution of the peaks corresponding to ferrous and ferric iron shifts
smoothly as a function of Fe3+/∑Fe.

Fig. 7. The Fe 1s→3d pre-edge transition, baseline-subtracted and drift-corrected, for
all 16 basaltic reference glasses in this study. Spectra are vertically offset for clarity.

Fig. 8. Centroid energy versus Fe3+/∑Fe⁎100 for basalts (circles) and rhyolites
(squares). Centroid positions for basalts were acquired in three separate sessions at
X26A; the drift-corrected centroid values are indistinguishable from session to session.
Error bars in Fe3+/∑Fe are rescaled (enlarged) to achieve a reduced chi-squared of ~10
for the weighted second-order polynomial fits (see Section 4.2.2 for details). The error
bars in centroid position equal the 1σ standard deviation of the average centroid
position (n=9 per basalt sample; n=3 per rhyolite sample) and are smaller than the
symbol size. The three gray points are the threemost reduced basaltic glasses, for which
satisfactory Mössbauer fits could not be obtained. These points were not included in the
polynomial fit but are shown for reference.

174 E. Cottrell et al. / Chemical Geology 268 (2009) 167–179

Cottrell et al., 2009
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a strong function of decreasing Fe oxidation state
(Fig. 1, A and E). Reduced glasses also possess
elevated 87Sr/86Sr ratios and tend to have lower
143Nd/144Nd ratios (Fig. 1, B and F). Oxygen fu-
gacity, calculated from Fe3+/∑Fe ratio and glass
composition (10) and referenced to the quartz-
fayalite-magnetite buffer (DQFM), also corre-
lates with isotopic enrichment (Fig. 1, C and D).

These observations link the Fe oxidation state of
erupted MORB to mantle source heterogeneity,
with enriched samples more reduced than depleted
ones, because no magmatic process can frac-
tionate these isotopes. Moreover, because these
signatures require ancient fractionation of radio-
genic parent-daughter pairs, these data also re-
quire preservation of the factors that lead to

heterogeneity in Fe3+/∑Fe ratio on plate tectonic
time scales. For the primitive samples, Fe3+/∑Fe(10)
ratios correlate strongly with enrichment in high-
ly incompatible elements (e.g., Ba, Th, and Nb)
(Fig. 2) such that the most enriched samples are
also the most reduced. Moderate correlations
are also evident between Fe3+/∑Fe(10) ratio and
depletion of the high field strength elements Hf
and Zr (Fig. 2, E and F). We define a Hf anom-
aly, Hf/Hf*, relative to elements with similar com-
patibility during mantle melting, such as Sm and
Nd [Hf/Hf* = HfN/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSmN " NdN Þ

p
], and ob-

serve that reduced samples also tend to have
more negative Hf anomalies (fig. S3). By con-
trast, oxidation state does not correlate with ra-
tios of mid to heavy rare earth elements such as
Sm/Yb or Dy/Yb; the heavy rare earth element
patterns in these samples are flat (fig. S4).

These data require a process that links source
enrichment to a reduced oxidation state. This is
contrary to the relationship expected if redox
heterogeneities simply reflect a difference in the
solid/liquid partition coefficient (D) between the
two Fe species (i.e., DFe3+< DFe2+) (4, 5) or if
enriched MORB derived from graphite-buffered
melting at greater depth (6, 11), both of which
would predict MORB enriched in incompatible
elements to be more oxidized. Garnet-bearing
lithologies previously implicated in the genera-
tion of enriched MORB [e.g., (12)] might hold
back Fe3+ during melting; however, a silicate melt
of a garnet-bearing source is inconsistent with the
trace and major element characteristics of our
reduced samples (supplementary text and figs.
S4 and S5). Here, we hypothesize that control
over the Fe oxidation state of MORB is exercised
by another incompatible element: carbon.

Carbon concentration has the potential to
control the eruptive Fe3+/∑Fe ratios of MORBs
such that the most-reduced basalts derive from
sources with greater carbon concentrations (13).
This is because reduced carbon, stabilized at
depth by lower fO2 (2), must fully oxidize upon
ascent to be consistent with the oxidation state
of the erupted basalts (8). Ferric iron becomes
reduced in the process in proportion to the ini-
tial carbon content (13, 14). To generate the
observed range of Fe3+/∑Fe ratios in either the
primitive or isotope data sets solely through re-
duction of Fe2O3 by carbon requires variations
in mantle C on the order of 80 to 170 parts per
million (ppm). Independent estimates of mantle
C concentration, which covary with enrichment
(15), range from ~16 (depleted mantle) to >300
(enriched mantle) ppm (16). Thus, carbon may
exert a primary influence on MORB oxidation
state even if the erupted melts are too oxidized
to be in equilibrium with graphite (8).

We cannot directly assess whether carbon con-
centration and oxidation state are correlated in our
samples because CO2 is partially degassed from
most, if not all, MORB (17). Mantle carbon is
constrained in two locations, however, and we
note that trace element and carbon-enriched
sample 2pD43 (popping rock) suggests a mantle

Fig. 1. Decrease in Fe3+/∑Fe(10) ratios as a function of isotopic enrichment. MORB 208Pb/204Pb
and 87Sr/86Sr ratios versus Fe3+/∑Fe(10) ratios (A and B) and fO2 relative to the QFM buffer at 1 atm
(C and D). Fe3+/∑Fe(10) ratio accounts for 50 and 44% of the variance in these isotopic ratios, which
is statistically significant at P ≤ 0.001 (F-test results, table S3). Solid circles show individual analyses,
and open diamonds show the regional averages and T1s variability for each geographic location.
MORB 208Pb/204Pb versus 206Pb/204Pb ratios (E) and 87Sr/86Sr versus 143Nd/144Nd ratios (F) as a function
of Fe3+/∑Fe(10) ratios, showing a decrease in the oxidation state of Fe in the glasses as a function of
isotopic enrichment. Color bar shows the relative Fe oxidation state of each sample. Curve 1 models
0.1% additions of a low-degree carbonatitic melt of subducted material to depleted-depleted MORB
mantle (D-DMM; star), generated 2 Ga after subduction. Depleted (square) and enriched (hexagon)
MORB mantle are from (20). Curve 2 demarcates additions of a low-degree carbonatitic melt of the
same subducted source material as 1 but with the carbonatitic melt generated immediately after sub-
duction at 2.8 Ga. The difference between these two curves is timing of the parent-daughter frac-
tionation introduced by carbonatitic melting, where curve 1 assumes no fractionation of the subducted
material until melting beneath the mid-ocean ridge and curve two assumes carbonatitic melt-induced
fractionation immediately after subduction. Errors in isotopic ratios are as provided by the authors of
those studies (9).
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a strong function of decreasing Fe oxidation state
(Fig. 1, A and E). Reduced glasses also possess
elevated 87Sr/86Sr ratios and tend to have lower
143Nd/144Nd ratios (Fig. 1, B and F). Oxygen fu-
gacity, calculated from Fe3+/∑Fe ratio and glass
composition (10) and referenced to the quartz-
fayalite-magnetite buffer (DQFM), also corre-
lates with isotopic enrichment (Fig. 1, C and D).

These observations link the Fe oxidation state of
erupted MORB to mantle source heterogeneity,
with enriched samples more reduced than depleted
ones, because no magmatic process can frac-
tionate these isotopes. Moreover, because these
signatures require ancient fractionation of radio-
genic parent-daughter pairs, these data also re-
quire preservation of the factors that lead to

heterogeneity in Fe3+/∑Fe ratio on plate tectonic
time scales. For the primitive samples, Fe3+/∑Fe(10)
ratios correlate strongly with enrichment in high-
ly incompatible elements (e.g., Ba, Th, and Nb)
(Fig. 2) such that the most enriched samples are
also the most reduced. Moderate correlations
are also evident between Fe3+/∑Fe(10) ratio and
depletion of the high field strength elements Hf
and Zr (Fig. 2, E and F). We define a Hf anom-
aly, Hf/Hf*, relative to elements with similar com-
patibility during mantle melting, such as Sm and
Nd [Hf/Hf* = HfN/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSmN " NdN Þ

p
], and ob-

serve that reduced samples also tend to have
more negative Hf anomalies (fig. S3). By con-
trast, oxidation state does not correlate with ra-
tios of mid to heavy rare earth elements such as
Sm/Yb or Dy/Yb; the heavy rare earth element
patterns in these samples are flat (fig. S4).

These data require a process that links source
enrichment to a reduced oxidation state. This is
contrary to the relationship expected if redox
heterogeneities simply reflect a difference in the
solid/liquid partition coefficient (D) between the
two Fe species (i.e., DFe3+< DFe2+) (4, 5) or if
enriched MORB derived from graphite-buffered
melting at greater depth (6, 11), both of which
would predict MORB enriched in incompatible
elements to be more oxidized. Garnet-bearing
lithologies previously implicated in the genera-
tion of enriched MORB [e.g., (12)] might hold
back Fe3+ during melting; however, a silicate melt
of a garnet-bearing source is inconsistent with the
trace and major element characteristics of our
reduced samples (supplementary text and figs.
S4 and S5). Here, we hypothesize that control
over the Fe oxidation state of MORB is exercised
by another incompatible element: carbon.

Carbon concentration has the potential to
control the eruptive Fe3+/∑Fe ratios of MORBs
such that the most-reduced basalts derive from
sources with greater carbon concentrations (13).
This is because reduced carbon, stabilized at
depth by lower fO2 (2), must fully oxidize upon
ascent to be consistent with the oxidation state
of the erupted basalts (8). Ferric iron becomes
reduced in the process in proportion to the ini-
tial carbon content (13, 14). To generate the
observed range of Fe3+/∑Fe ratios in either the
primitive or isotope data sets solely through re-
duction of Fe2O3 by carbon requires variations
in mantle C on the order of 80 to 170 parts per
million (ppm). Independent estimates of mantle
C concentration, which covary with enrichment
(15), range from ~16 (depleted mantle) to >300
(enriched mantle) ppm (16). Thus, carbon may
exert a primary influence on MORB oxidation
state even if the erupted melts are too oxidized
to be in equilibrium with graphite (8).

We cannot directly assess whether carbon con-
centration and oxidation state are correlated in our
samples because CO2 is partially degassed from
most, if not all, MORB (17). Mantle carbon is
constrained in two locations, however, and we
note that trace element and carbon-enriched
sample 2pD43 (popping rock) suggests a mantle

Fig. 1. Decrease in Fe3+/∑Fe(10) ratios as a function of isotopic enrichment. MORB 208Pb/204Pb
and 87Sr/86Sr ratios versus Fe3+/∑Fe(10) ratios (A and B) and fO2 relative to the QFM buffer at 1 atm
(C and D). Fe3+/∑Fe(10) ratio accounts for 50 and 44% of the variance in these isotopic ratios, which
is statistically significant at P ≤ 0.001 (F-test results, table S3). Solid circles show individual analyses,
and open diamonds show the regional averages and T1s variability for each geographic location.
MORB 208Pb/204Pb versus 206Pb/204Pb ratios (E) and 87Sr/86Sr versus 143Nd/144Nd ratios (F) as a function
of Fe3+/∑Fe(10) ratios, showing a decrease in the oxidation state of Fe in the glasses as a function of
isotopic enrichment. Color bar shows the relative Fe oxidation state of each sample. Curve 1 models
0.1% additions of a low-degree carbonatitic melt of subducted material to depleted-depleted MORB
mantle (D-DMM; star), generated 2 Ga after subduction. Depleted (square) and enriched (hexagon)
MORB mantle are from (20). Curve 2 demarcates additions of a low-degree carbonatitic melt of the
same subducted source material as 1 but with the carbonatitic melt generated immediately after sub-
duction at 2.8 Ga. The difference between these two curves is timing of the parent-daughter frac-
tionation introduced by carbonatitic melting, where curve 1 assumes no fractionation of the subducted
material until melting beneath the mid-ocean ridge and curve two assumes carbonatitic melt-induced
fractionation immediately after subduction. Errors in isotopic ratios are as provided by the authors of
those studies (9).
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 • Fe3+/∑Fe ratios in MORBs vary

with source composition
(Cottrell & Kelley, 2013, and Mon. 15:45 talk for more)
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• Where resolvable, no oxidizing
differentiation is evident

(Kelley & Cottrell, 2012)

Fe Redox in Natural Glasses

we explore several possible explanations for these observations and
their consequences for the oxygen fugacity of the Agrigan mantle
source.

4.1. Magmatic reduction during differentiation

4.1.1. Magnetite fractionation
Perhaps the most likely potential process for accomplishing

magmatic reduction during arc basalt differentiation involves the
saturation and fractional crystallization of magnetite (Fe3O4) from
the magma. Magnetite is a common phase in arc basalts, and is
present as a phenocryst phase in sample AGR19-02. Because the Fe
in magnetite is mixed valence and dominantly ferric (2Fe3+:1Fe2+),
magnetite fractionation in a system closed to oxygen would decrease
both the Fe3+/∑Fe ratio and the FeO* content of the melt through
the preferential removal of this Fe-rich mineral with Fe3+/∑Fe=0.67.

The ability of fractional crystallization to accomplish magmatic reduction
in this way, however, requires the magma to be magnetite-saturated
over the recorded segment of the liquid line of descent. Fig. 3 shows
that, when examined together, FeO*, FeO, Fe2O3, and Fe3+/∑Fe ratios
do not decrease with MgO in a manner consistent with models of mag-
netite fractionation, although there is some scatter to the data. Magnetite
fractionation is also expected to strongly decrease the TiO2 and V concen-
trations of the melt (e.g., Jenner et al., 2010), which is not observed
(Fig. 3b) and calls this potential explanation of the overall reduction
trend, starting at 5 wt.% MgO, into question.

In fact, late magnetite crystallization is expected from sample
AGR19-02, which is a hydrous magma that straddles the boundary
between calc-alkaline and tholeiitic magma series. Fig. 4 shows the
ternary AFM discrimination diagram (Irvine and Baragar, 1971),
which segregates tholeiitic and calc-alkaline magma series by
highlighting the point at which FeO* begins to decrease with
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we explore several possible explanations for these observations and
their consequences for the oxygen fugacity of the Agrigan mantle
source.

4.1. Magmatic reduction during differentiation

4.1.1. Magnetite fractionation
Perhaps the most likely potential process for accomplishing

magmatic reduction during arc basalt differentiation involves the
saturation and fractional crystallization of magnetite (Fe3O4) from
the magma. Magnetite is a common phase in arc basalts, and is
present as a phenocryst phase in sample AGR19-02. Because the Fe
in magnetite is mixed valence and dominantly ferric (2Fe3+:1Fe2+),
magnetite fractionation in a system closed to oxygen would decrease
both the Fe3+/∑Fe ratio and the FeO* content of the melt through
the preferential removal of this Fe-rich mineral with Fe3+/∑Fe=0.67.

The ability of fractional crystallization to accomplish magmatic reduction
in this way, however, requires the magma to be magnetite-saturated
over the recorded segment of the liquid line of descent. Fig. 3 shows
that, when examined together, FeO*, FeO, Fe2O3, and Fe3+/∑Fe ratios
do not decrease with MgO in a manner consistent with models of mag-
netite fractionation, although there is some scatter to the data. Magnetite
fractionation is also expected to strongly decrease the TiO2 and V concen-
trations of the melt (e.g., Jenner et al., 2010), which is not observed
(Fig. 3b) and calls this potential explanation of the overall reduction
trend, starting at 5 wt.% MgO, into question.

In fact, late magnetite crystallization is expected from sample
AGR19-02, which is a hydrous magma that straddles the boundary
between calc-alkaline and tholeiitic magma series. Fig. 4 shows the
ternary AFM discrimination diagram (Irvine and Baragar, 1971),
which segregates tholeiitic and calc-alkaline magma series by
highlighting the point at which FeO* begins to decrease with
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How Well Do Magmas Preserve Wedge Redox?

• But even primitive arc magmas are still physically
far removed from the mantle wedge

• No strongly oxidizing magmatic differentiation process
has yet been observed



Mid-Ocean
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Arc

How Well Do Magmas Preserve Wedge Redox?

• What about arc peridotites?



6Fe2SiO4 + O2 = 3Fe2Si2O6 + 2Fe23+Fe2+O4
ol                      opx                sp

• Microprobe method for determining Fe3+/∑Fe of spinels
(Wood & Virgo, 1989)

Oxygen Fugacity of Spinel Peridotites
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• Arc xenoliths span a range,
but we lack context

• Other types of arc peridotites
(e.g., exhumed terranes)
may tell a different story

Lee et al., 2003



Fore-Arc Exposures of Arc Peridotite

Tonga 



Fore-Arc Exposures of Arc Peridotite

Reagan et al., in prep

Tonga 

• Mariana fore-arc
south of Guam

• Peridotite is exposed
at the base of the
early arc crustal 

sequence



Fore-Arc Exposures of Arc Peridotite

Tonga 

• Tonga peridotites are
particularly fresh
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Fore-Arc Exposures of Arc Peridotite

• Fore-arc peridotites reflect greater
melt extraction (higher Cr#)

than abyssal peridotites

• Although lithospheric, fore-arc exposures
indicate additional melt extraction

at the subduction zone
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Fore-Arc Exposures of Arc Peridotite

• Most fore arc peridotites are also more oxidized
than abyssal peridotites

• Data suggest ~QFM+0.5-1.5, consistent with arc magmas,
though there is some real heterogeneity



• New data are just a start

• Ophiolites (e.g., Oman) provide opportunities to examine
spatial variations with variable subduction influence

• Talkeetna provides context of overlying arc crustal section

• Josephine provides finer scale structures

Where Else to Look?



Summary
• Mantle wedge fO2 is a hotly debated topic,

with consequences for the formation of the continents
and the long-term evolution of the mantle

• Evidence from the magmatic record is mixed,
though basalt Fe3+/∑Fe points to oxidized wedge fO2

• Peridotite record is sparse

• New data suggest oxidized arc mantle lithosphere
that was melted beneath the arc,

at fO2 consistent with modern arc lavas

• Over what spatial scales does fO2 vary?
How do variations relate to processes - melting, melt transport, etc.?

How do we access the asthenospheric wedge?


