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and the Oxygen Fugacity

of the Mantle
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The oxygen fugacity of the mantle exerts a fundamental influence on mantle
melting, volatile speciation, and the development of the atmosphere. However,
its evolution through time is poorly understood. Changes in mantle oxidation
state should be reflected in the Fe3�/Fe2� of mantle minerals, and hence in
stable iron isotope fractionation. Here it is shown that there are substantial (1.7
per mil) systematic variations in the iron isotope compositions (	57/54Fe) of
mantle spinels. Spinel 	57/54Fe values correlate with relative oxygen fugacity,
Fe3�/
Fe, and chromium number, and provide a proxy of changes in mantle
oxidation state, melting, and volatile recycling.

The redox evolution of the mantle is poorly
constrained but is critical to understanding
mantle melting, core-mantle exchange, vol-
atile speciation, and the evolution of the
mantle and atmosphere. The mantle’s oxi-
dation state is quantified in terms of rela-
tive oxygen fugacity (�logfO2

). There are

only a few good ways of determining
�logfO2

in modern and ancient igneous
rocks. In pristine samples, �logfO2

may be
determined using mineral Fe3�/Fe2� equi-
libria; in altered Achaean and Proterozoic
rocks, �logfO2

is estimated using bulk sam-
ple and spinel Cr and V abundances (1, 2).

Iron isotope data for mafic minerals pro-
vide evidence of substantial fractionation in
the mantle (3). According to theory, the
heavier isotopes will be incorporated prefer-
entially in bonds where Fe(III) predominates
over Fe(II) (4, 5). Therefore, iron isotopes
have potential use as tracers of changes in
iron oxidation state and mantle �logfO2

.
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Spinels are ideal for investigating the role
of oxidation in fractionating Fe isotopes in
the mantle because they accommodate sub-
stantial Fe3� and are sensitive indicators of
�logfO2

(6–9). Using multiple collector in-
ductively coupled plasma mass spectrometry
(MC-ICPMS) and Mössbauer spectroscopy,
we measured the iron isotopic compositions
and Fe3�/
Fe of spinels from pristine mantle
xenoliths and ultramafic massif samples that
are in textural equilibrium. We chose a range
of well-characterized samples from fore-arc,
continental margin, and intraplate (garnet and
spinel-facies) settings (10–12) to evaluate the
effects of mineralogy, melting, and mantle
oxidation state on iron isotope fractionation.

Correlations were found between 	57/54Fe
and �logfO2

, Fe3�/
Fe, and Cr number in
spinel grains (Fig. 1, A to C), providing
evidence for a relation between spinel
	57/54Fe, mantle oxidation state, and melt
depletion. This is consistent with sample
mineralogy: The Kohistan arc dunites have
the lightest 	57/54Fe and highest �logfO2

,
Fe3�/
Fe, and Cr number values; the spinel
lherzolites are intermediate in these parame-
ters; and the Cameroon Line garnet webster-
ites have the heaviest 	57/54Fe and lowest
�logfO2

, Fe3�/
Fe, and Cr number values.
The �logfO2

values of the arc rocks, except
the Ventura-Esperitu peridotites, agree with
�logfO2

estimates for subarc mantle (7, 12,
13). The intraplate spinel peridotites have
�logfO2

values within the range previously de-
termined for such rocks (7). The �logfO2

values of the garnet websterites are lower
than those of all the other (spinel facies)
samples and are similar to those calculated
for cratonic garnet peridotites (14).

The inverse relation between spinel
	57/54Fe and Fe3�/
Fe contrasts with exper-
imental (low-temperature) and theoretical
(high-temperature) studies of equilibrium
iron isotope fractionation, which predict that
species in which Fe(III) predominates will
have heavier isotope compositions (4, 5).
Comparisons with these studies are not
straightforward, because it cannot be as-
sumed that all samples behaved as closed
systems with respect to iron or that they
equilibrated under identical conditions.
Spinel 	57/54Fe values broadly reflect those
of the bulk samples (Table 1), suggesting that
spinel 	57/54Fe reflects open-system process-
es causing iron isotope variation at the bulk-
rock scale. Melt extraction is an open-system
process that can explain the large variations in
bulk rock and spinel 	57/54Fe values, because
spinel 	57/54Fe is correlated with Cr number
(Fig. 1C), an index of depletion and melt
extraction in spinel-facies mantle rocks (15).

For the arc samples, the correlations of
	57/54Fe with �logfO2

, Fe3�/
Fe, and Cr
number provide evidence that iron isotope
fractionation relates to melting and fluxing

of the subarc mantle by hydrous fluids/
melts originating from the slab. These
agents oxidize and lower the solidus of the
subarc mantle, permitting large degrees of
melt extraction. Iron isotope fractionation
between melt and residue may change with
the bonding environment and oxidation
state of iron. Isotopically heavy iron could
be preferentially incorporated into arc mag-
mas relative to their source, leaving an
isotopically light residue. Whether this is
related to the greater incompatibility of
Fe3�, relative to Fe2�, during melting is
unclear, because the behavior of ferric iron
during melting in the spinel facies is poorly
understood. Although it has been suggested

(16 ) that Fe3� is more incompatible than
Fe2�, this has not been experimentally cor-
roborated. In fact, the oxidized nature of
the subarc mantle samples and their high
spinel Fe3�/
Fe values provide evidence
that considerable ferric iron, hosted in
spinel, is retained in the subarc mantle
during partial melting. Although the Ko-
histan dunites could represent mantle melt
channels that formed by melt-peridotite re-
actions (17 ) rather than the residues of
partial melting, the results of such melt-
rock reactions, i.e., the loss of pyroxene
and the depletion of the rock in incompat-
ible components, do not differ much from
those produced by melt extraction. Spinels

Fig. 1. (A) Spinel 	57/54Fe (delta
denotes the deviation of the
measured isotopic composition
from that of the IRMM-14 iron
standard, expressed in parts per
1000), versus �logfO2

. The errors on
the spinel 	57/54Fe values are given
in Table 1. Errors of �0.7 log-
bar units were assigned to the
�logfO2

values of the spinel-
facies rocks, based on the sen-
sitivity of the calculations to
pressure and temperature and
on the comparison of the dif-
ferent oxybarometers (18). The
�logfO2

values plotted for the
garnet websterites use the gar-
net Fe3�/
Fe ratios calculated
from the trend of garnet Fe3�/

Fe with temperature (18) and
have estimated errors of �1.0
log-bar units, reflecting the
maximum variation in �logfO2
obtained from different calcu-
lations of garnet Fe3�/
Fe, the
effects of temperature and
pressure, and the use of com-
bining data for different garnet
grains within the sample (18).
The shaded fields show the loci
of the average MORB and OIB
	57/54Fe (expressed relative to
IRMM-14) and �logfO2

values
(data sources in main text). (B)
Spinel 	57/54Fe versus spinel
Fe3�/
Fe (errors in Table 1).
(C) Spinel 	57/54Fe versus log10
Cr number [molar Cr/(Cr�Al)].
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that (re)crystallized in such rocks will share
the same characteristics of residual spinels:
high Cr number and Fe3�/
Fe. In a slight
modification of the melt extraction model
described above, isotopically heavy iron
could be preferentially extracted from the
rock by the percolating melt, leaving an
isotopically light and chemically depleted
dunitic residue.

Intermineral iron isotope equilibration
will also affect spinel 	57/54Fe values, de-
pending on sample mineralogy and the frac-
tionation factors between different minerals.

Available data for mantle peridotites (3) in-
dicate that the variable modal proportions of
silicate phases in these samples (18) are like-
ly to have a much smaller effect on Fe isotope
variations than the range observed for spinel
and bulk rock 	57/54Fe (1.7 and 0.9‰).

Spinels from garnet websterites display
the heaviest 	57/54Fe and lowest �logfO2

values. Websterites may represent cumu-
lates that crystallized during basalt-
peridotite interaction. In the case of P6 and
P12, the cumulate phases are mainly low–
ferric iron garnets and clinopyroxenes (18).

The 	57/54Fe and �logfO2
values of these

samples can be explained if, during remov-
al of intercumulus liquid, Fe3� partitions
preferentially into the liquid phase relative
to garnet (14 ), driving the differentiated
liquids to higher �logfO2

and leaving a
reduced residue. This scenario reconciles
the heavy 	57/54Fe and �logfO2

values of P6
and P12 with the intermediate values of the
spinel peridotites P13, C235A, and C271-I.
The behavior of ferric iron during partial
melting is likely to be very different in the
spinel and garnet facies. In the garnet fa-

Table 1. Iron isotope and Mössbauer data, with calculated temperatures, pressures, and �logfO2
values. Abbreviations: Sp hz, spinel harzburgite;

Ol cpx, olivine clinopyroxenite; Sp lhz, spinel lherzolite; Dun, dunite; Gt web, garnet websterite; USGS std, U.S. Geological Survey standard. n.d., not determined.
Sample modal mineralogies are given as supporting online material (18).

Sample
Rock
type

	57/54Fe* 2�† 	57/56Fe 2�
Fe3�/

 Fe‡

2� FeO§
Cr#

§
T (°C)
ol-sp�

T (°C)
2-px�

T (°C)
opx�

P
(GPa)¶

�log-
ƒO2

#

Spinels from the Jijal Complex, Kohistan Arc, Pakistan (fore-arc)
J18/01 Dun �0.50 0.10 �0.19 0.09 0.28 0.06 30.0 0.79 619 874 0.8 2.1
J27/01 Ol cpx 0.08 0.10 0.27 0.19 0.21 0.04 34.0 0.45 518 820 889 0.8 1.4
J30/01 Dun �0.23 0.13 �0.13 0.27 0.24 0.04 29.5 0.83 576 607 0.6 2.3

Spinels from Simcoe, Washington, NW USA (fore-arc)
SIM3 Sp hz 0.10 0.04 0.06 0.09 0.38 0.01 14.2 0.34 1035 938 931 0.7 0.8
SIM24 Sp hz 0.19 0.06 0.09 0.15 0.39 0.01 18.0 0.34 1098 984 976 0.2 0.8

Spinel from Twin Sisters, Washington, USA (fore-arc)
TS-1 Dun �0.17 0.06 0.01 0.32 0.16 0.04 18.0 0.78 752 0.6

Spinel from San Quentin, Baja Peninsula, Mexico (continental margin)
BCN130 Sp lhz �0.34 0.15 �0.10 0.26 0.27 n.d. 11.4 0.10 943 1040 1039 1.3 0.5

Spinels from Ventura-Espiritu, Santo, Mexico (continental margin)
SLP114 Sp lhz 0.02 0.04 0.00 0.05 0.20 n.d. 14.0 0.46 903 1041 1033 0.4 �1.1
SLP403 Sp lhz 0.21 0.03 0.09 0.23 0.12 n.d. 10.5 0.14 686 1043 1067 1.4 �1.2

Spinel from Kilbourne Hole, New Mexico, USA
KH96-2 Sp lhz 0.16 0.06 0.06 0.19 0.18 0.04 11.4 0.21 839 978 1016 0.5 �0.5

Spinels from Cameroon Line, transitional zone (continental margin)
C235-A Sp lhz 0.36 0.11 0.25 0.04 0.21 0.04 10.5 0.03 866 697 1.1 �0.2
C271-I Sp lhz 0.19 0.09 0.09 0.15 0.17 0.04 9.8 0.10 920 923 973 1.3 �0.5

Spinels from Cameroon Line, continental (intraplate) zone
P6 Gt wb 0.96 0.15 0.29 0.29 0.16 0.04 13.3 0.01 891 913 1.4 �2.9
P12 Gt wb 1.20 0.01 0.56 0.27 0.15 0.04 11.5 0.02 878 887 1.7 �2.9
P13 Sp lhz 0.35 0.08 0.12 0.11 0.18 0.04 10.8 0.09 837 692 688 1.4 �0.7
N12 Sp hz �0.40 0.04 �0.11 0.09 0.34 0.04 n.d. n.d.

Bulk rock samples
J18/01 �0.56 0.12 �0.23 0.18 12.1
J27/01 0.16 0.10 0.20 0.24 5.90
SLP403 0.02 0.09 �0.01 0.08 7.53
KH96-2 0.06 0.01 �0.01 0.05 n.d.
C271-I 0.10 0.05 0.10 0.20 8.35
P6 0.32 0.10 0.00 0.07 8.14
P12 0.37 0.02 0.09 0.09 n.d.
BIR-1 USGS std 0.08 0.09 0.03 0.18 10.2

*Each iron isotope analysis (quoted relative to IRMM-14) is the average of three to eight replicate analyses spread across different analytical sessions. †The errors quoted are the
two standard deviations of the mean of the replicate sample analyses; in the case of J18/01 spinel, the average incorporates two separate sample dissolutions. The 	57/54Fe composition
that we measured for BIR-1 is given for comparison. ‡Fe3�/
Fe values were determined by Mössbauer spectroscopy for most samples except BCN-130, SLP114, and SLP403, for
which they were calculated from electron microprobe data (10–12) by charge balance. §Total iron as FeO. Published electron microprobe data are presented for FeO (total) and
Cr number [molar Cr/(Cr � Al)] contents of the Simcoe (12), San Quentin/Ventura-Espiritu (10), and Cameroon Line (11) samples. Electron microprobe data for the Kilbourne Hole,
Twin Sisters, and Kohistan samples are available as supporting online material (18). �Temperatures given by the olivine-spinel (8), two pyroxene (22), and orthopyroxene (23)
thermometers. ¶Pressures for spinel-facies rocks are calculated with the clinopyroxene-structure barometer (24); those for the samples P6 and P12 are taken from Lee et al. (11),
where they were calculated using the garnet-orthopyroxene barometer (25). #Oxygen fugacity in log-bar units relative to the fayalite-magnetite-quartz (FMQ) buffer. The details
of the thermobarometry and oxygen fugacity calculations are given as supporting online material (18). Although these parameters have been calculated previously for some of the
samples (10–12), they are recalculated here to give a consistent data set.
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cies, empirical observations suggest that
ferric iron, predominantly hosted in garnet,
behaves relatively incompatibly during
melting, forming oxidized melts and re-
duced residues (14 ). In the spinel facies,
ferric iron, principally accommodated in
spinel, may behave more compatibly and be
partly retained in the residue.

If heavy 	57/54Fe and �logfO2
values are

generally applicable to garnet-facies melting
residues, then a finite difference may exist
between the 	57/54Fe and �logfO2

values
of magmas produced by partial melting of
garnet and spinel-facies mantle. However, oce-
anic island basalts (OIB) have only slightly
higher �logfO2

(� 0.8 log-bar units) values than
mid-ocean ridge basalts (MORB) (19, 20), and
fractionally different average 	57/54Fe values
(MORB, 0.18‰; OIB, 0.12‰) (21). OIBs may
become oxidized relative to their source during
melt segregation and decompression (9). If so,
their more oxidized nature and lighter 	57/54Fe
values may indicate that magma 	57/54Fe and
�logfO2

values are coupled and controlled by
melting regime and source mineralogy and do
not directly reflect the 	57/54Fe and �logfO2

values of their source region. This limited
variation in the �logfO2

values of MORB and
OIB, compared to peridotites, may explain why
previous studies of iron isotopes in mafic rocks,
dominantly MORB and OIB (21), did not
reveal large iron isotope variations.

Our results are readily explained if varia-
tions in spinel and bulk-rock 	57/54Fe are
caused by melt-extraction processes ac-
companied by changes in mantle �logfO2

.
Although the Fe3�/
Fe of whole rocks
and spinels can become decoupled from
�logfO2

(2), the absence of outliers on the
trend of 	57/54Fe and �logfO2

(Fig. 1A) sug-
gests that iron isotopes in spinels are more
resistant to resetting than spinel Fe3�/
Fe.
This is consistent with the observation that
spinels from the metasomatized Simcoe
xenoliths are displaced above the trend of
	57/54Fe with spinel Fe3�/
Fe (Fig. 1B), yet
lie on the correlation between 	57Fe/54Fe and
�logfO2

. Hence, iron isotopes provide an in-
dependent means of estimating �logfO2

that
can complement existing methods.
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New Zealand Maritime Glaciation:
Millennial-Scale Southern Climate

Change Since 3.9 Ma
Robert M. Carter* and Paul Gammon

Ocean Drilling Program Site 1119 is ideally located to intercept discharges of
sediment from the mid-latitude glaciers of the New Zealand Southern Alps. The
natural gamma ray signal from the site’s sediment core contains a history of
the South Island mountain ice cap since 3.9 million years ago (Ma). The younger
record, to 0.37 Ma, resembles the climatic history of Antarctica as manifested
by the Vostok ice core. Beyond, and back to the late Pliocene, the record may
serve as a proxy for both mid-latitude and Antarctic polar plateau air tem-
perature. The gamma ray signal, which is atmospheric, also resembles the ocean
climate history represented by oxygen isotope time series.

Recent comparisons between climate proxies
from subpolar sediment cores and polar ice
cores suggest that Southern Hemisphere
events lead those from the north by �1.5 to 3
thousand years (ky) (1–3). In reality, two
geographical data points located near oppos-
ing poles are inadequate to allow such a
unique causality and time lag to be inferred
(4). A better understanding of climate dy-
namics with respect to the coupling of the
Northern and Southern Hemispheres there-
fore requires the assembly of additional cli-
mate records across the critical mid-latitude
temperate zones. Here we present a 3.9 mil-
lion year (My)–long record of glaciation in
the New Zealand Southern Alps, as preserved
in a core through intermediate water-depth
sediment drifts from Ocean Drilling Program
(ODP) Site 1119, east of South Island, in the
southwest Pacific Ocean (Fig. 1).

The New Zealand Southern Alps are a
600-km-long chain of mountains that today

host more than 3000 glaciers individually
larger than 0.01 km2, with a total area of 1159
km2 and a combined ice volume of 53 km3

(5). Temperate maritime glaciers are particu-
larly sensitive to climate perturbations be-
cause of their high accumulation and ablation
rates (6). The mid-latitude location of the
Southern Alps, at the junction between sub-
tropical and polar air masses and near major
ocean fronts such as the Subtropical Front
(STF), adds even more to their sensitivity as
a monitor of climatic change.

It is currently controversial whether recent
climate fluctuations from mid-latitude New
Zealand relate primarily to Northern or
Southern Hemisphere polar records (7–10).
The Site 1119 record, when compared at
millennial resolution with that of the Vostok
ice core, shows that New Zealand climate
cyclicity resembles that of Antarctica back to
at least Marine Isotope Stage (MIS) 11,
�0.37 million years ago (Ma) (11). This level
corresponds to the present base of the Ant-
arctic ice core record. Beyond it, the cyclicity
in the 1119 core records a changing mid-
latitude ice signal that may continue to serve
as a proxy for Antarctic polar plateau air
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