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Many arc lavas are more oxidized than mid-ocean-ridge basalts and
subduction introduces oxidized components into the mantle' . As
a consequence, the sub-arc mantle wedge is widely believed to be
oxidized™’. The Fe oxidation state of sub-arc mantle is, however,
difficult to determine directly, and debate persists as to whether
this oxidation is intrinsic to the mantle source®”. Here we show that
Zn/Fer (where Fer = Fe** + Fe®*) is redox-sensitive and retains a
memory of the valence state of Fe in primary arc basalts and their
mantle sources. During melting of mantle peridotite, Fe>* and Zn
behave similarly, but because Fe** is more incompatible than Fe?t,
melts generated in oxidized environments have low Zn/Fer.
Primitive arc magmas have identical Zn/Fer to mid-ocean-ridge
basalts, suggesting that primary mantle melts in arcs and ridges
have similar Fe oxidation states. The constancy of Zn/Fer during
early differentiation involving olivine requires that Fe’*/Fer
remains low in the magma. Only after progressive fractionation
does Fe’*/Fer increase and stabilize magnetite as a fractionating
phase. These results suggest that subduction of oxidized crustal
material may not significantly alter the redox state of the mantle
wedge. Thus, the higher oxidation states of arc lavas must be in part
a consequence of shallow-level differentiation processes, though
such processes remain poorly understood.

Oxygen fugacity fo, is an intensive parameter describing the chemical
activity of O, in a given system (fugacity represents a corrected partial
pressure due to deviation from the ideal gas law)® and is used to describe
the electrochemical redox potential between the different valence states
of an element. Oxygen fugacity in a rock thus allows one to calculate the
valence-state speciation of redox-sensitive metals, such as Fe, and of
redox-sensitive species in volcanic gases’. In particular, fo, may have a
role in the distinction between tholeiitic and calc-alkalic differentiation
series, the two most voluminous magmatic differentiation series on
Earth>". The calc-alkalic series is characterized by magmas for which
Fe content decreases with progressive differentiation. In contrast, the
tholeiitic series is characterized by magmas in which Fe progressively
increases with differentiation. These differences are most probably due
to a relatively oxidized redox state (high fo,, that is, greater than the fo,
corresponding to the fayalite-quartz-magnetite buffer), which stabi-
lizes Fe’*-bearing oxides as fractionating phases in the calc-alkalic
series and low redox state (low fo,), which suppresses Fe-oxide frac-
tionation in the tholeiitic series>'®"". Given the common association of
calc-alkalic series with subduction zones and of tholeiitic series with
mid-ocean-ridge environments, it is widely accepted that high fo, is a
general feature of arc magmas’. Indeed, arc lavas are in general more
oxidized than mid-ocean ridge basalts (MORBs), as evidenced' ™ by the
higher Fe** /Fer ratios of arc lavas (>0.1 and up to 0.5) compared to
MORBs (0.1-0.2).

There is, however, no consensus on how arc magmas become more
oxidized than MORBs. The prevailing view is that the high fo, of arc
lavas is directly inherited from an oxidized mantle source’. This view is
driven by the observation that much of the subducted oceanic crust
appears to have been oxidized by hydrothermal seawater alteration'>.

Thus, the mantle wedge becomes oxidized upon infiltration of slab-
derived fluids or melts rich in oxidized components, such as Fe** or
dissolved sulphate>>", which in turn may be correlated with slab-
derived water contents in arc lavas®. The alternative is that high fo,
is not a source effect but rather the result of shallow-level differenti-
ation processes®”', but if so, outstanding issues remain. First, to what
extent can shallow-level differentiation processes, such as degassing,
assimilation of oxidized materials, and fractional crystallization of
reduced minerals change a magma’s oxidation state after it leaves its
mantle source’? Second, although subducted oceanic lithosphere
appears to be oxidized overall"?, reduced components in the subduct-
ing slab (for example, organic-rich lithologies in hemipelagic sedi-
ments and sulphide-rich lithologies in hydrothermal systems') also
exist. What is their influence, if any, on arc magma compositions?
Third, both oxidized and reduced lithologies are represented in sub-
arc peridotites's . Does this signify a mantle wedge heterogeneous in
its redox state and fo, ? Finally, is the mantle’s redox state buffered®**?
If it is buffered, for example by a C-bearing phase, or defined by a
significant budget of redox-sensitive elements (for example, Fe or C
species), the fo, of the mantle can only be changed by adding enough
oxidized components to overwhelm the existing redox couples.

Resolving the above debate requires that we constrain the fo, of the
mantle source regions of magmas, which is a difficult task. Direct
approaches using the valence state of Fe or other redox-sensitive ele-
ments in whole-rocks, glasses and mineral phases reflect late equilib-
ration conditions kinetically ‘frozen’ during magma cooling, and not
necessarily the original melting conditions. Determining primary
magmatic fo, requires us to ‘see through’ the effects of differentiation
to retrieve past equilibrium states. Certain redox-sensitive element
ratios fit this requirement”*. Such ratios involve one element, the
partitioning behaviour of which during mantle melting is redox-
sensitive because of variable oxidation states, and another element that
is not redox-sensitive because it has only one valence over the range of
fo, values applicable to the mantle. Then, if the two elements of interest
are incompatible in early crystallizing phases (or have similar com-
patibilities), their ratio will not change during magmatic differentiation,
preserving a ‘memory’ of source fo,. For example, the ratio of redox-
sensitive V to redox-insensitive Sc or Ga, that is, V/Sc and V-/Ga
(where V-t denotes the total concentration of V of all valences), is
sensitive to the fo, during mantle melting but insensitive to early
fractional crystallization because the two elements are incompatible
in olivine®”**. For the most part, primitive arc basalts and MORBs have
been reported to have similar V1/Sc ratios, suggesting that MORB and
arc source regions have similar fo, values®”. Only arc basalts with
extreme enrichments in fluid mobile trace elements show higher V/
Sc ratios and presumably higher fo, values’.

Independent confirmation of the above studies is desirable. Specifically,
the Fe oxidation state of the primary magma should be constrained
directly, because nearly all fo, constraints published so far are based on
Fe valence state measurements. Recent studies of Fe isotope fractionation,
which appears to be redox-sensitive, seem consistent with the V studies™,
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but still require primary magmas to be measured*. Another approach
using Fe is to examine the distribution of Fer/Mg between olivine and
magma. Deviations of Fer/Mg distribution from the expected distri-
bution of Fe> /Mg, for example:

2+
I<11;e“'/Mg= (Feol /Mgol) ~0.3

(Fefntlt/Mgmelt)
may reflect high Fe*" /Fer (refs 26 and 27). However, because Kp, < 1,
Fer/Mg fractionates extensively during differentiation, erasing any
memory of Fer/Mg in the parental magma.

Here, we propose Zn/Fer as a redox tracer of magma sources that
avoids the above limitations and complications. Over a large fo, range
(from —3 log units to +4 log units relative to the fayalite-magnetite—
quartz buffer: FMQ—3 to FMQ+4), Fe occurs in two valence states,
Fe** and Fe** (in mantle peridotites, Fe**/Fer < 0.03) whereas Zn
occurs only as Zn>". Zn and Fe** appear to behave similarly because
Zn/Fe*" is not fractionated signiﬁcanglybetween olivine, ozr“chopyroxene
and basaltic melt®, that is, KS?O/I%P;) ~1 and ngﬁfn;t) =0.8-0.9.
Because olivine and orthopyroxene account for most of the Zn and Fe
in peridotites and because clinopyroxene and spinel have compensating
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Figure 1 | Literature-compiled MORB:s for different ridge systems. Data are
taken from the RidgePetDB database. a, Zn/Fer ( X 10* by weight) versus MgO
(wt%). The histogram on right hand axis is the distribution of peridotite
xenoliths®®. N is the number of peridotite samples. The dotted red line is the
mean. The yellow bar represents the inferred range of Zn/Fer for the mantle
and primary MORB. The red arrow schematically describes the trajectory over
which Zn/Fer changes with magmatic differentiation (decreasing MgO).

b, FeOr versus MgO. ¢, Wet chemistry determinations of Fe’*/Fer in whole
rocks and glasses versus MgO. Small vectors correspond to olivine (ol),
plagioclase (plag) and clinopyroxene (cpx) fractionation.
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effects (Supplementary Methods), the bulk exchange coefficient for Zn/
Fe’" between peridotite and melt, KS?P/ eF; d/melt)’ is about 1 for all
pressures and temperatures relevant to mid-ocean ridge and arc mag-
matism. In Eartizcular, for an olivine-and-orthopyroxene-dominated
. . n/Fe?™ . s iee

peridotite, K (perid/melt) 18 largely insensitive to temperature even tzhough
individual mineral/melt partition coefficients of Zn and Fe*" are
temperature-dependent.

Atlow fo, (low Fe’ " /Fer), melting of peridotite and olivine crystal-
lization effectively does not fractionate Zn from Fer. This describes the
state at mid-ocean ridges, where Fe’*/Fer is low (0.1) and MORBs and
peridotites have identical Zn/Fer (Fig. 1). In contrast, at higher fo,
(high Fe*"/Fey), Zn/Fery is expected to fractionate because Fe*" is
incompatible in crystallizing silicate phases. For example, during partial
melting of peridotite or during olivine crystallization, melts evolve
towards low Zn/Fer. It follows that the Fe’*/Fer of a magma can be
determined from the deviations of the apparent exchange coefficient
involving total Fe—that is, Ké?p:r?c‘l' /melty—from the true exchange coef-
ficient Kg?p/ if 4/metr) (Fig. 2). Because peridotites have much lower Fe**/
Fer than coexisting melts, the following equation can be derived

(Supplementary Methods):
_ (Zn/FeT)melt
(Zn/FeT)perid

The Zn/Fer in peridotites can be taken as a constant ((9.0 + 1) X 10~*
by weight; Fig. 1 and ref. 28). Because it is insignificantly fractionated by

(Fe’* [Fer) =1
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Figure 2 \ Calculated Fe**/Fer versus Zn/Fey in primary basalts. The two
thick black model lines were calculgted using equation (1). Black line with white
circles: Zn/Fer =9 X 104 K2V =1, Fe /Fer(peria) = 0.02. Black line

> “*D(perid/melt)
. . _ —4 Zn/Fe?* _ 3+ _
with white squares: Zn/Fer =9 X 10" %, K, = 0.9,Fe” " /Fer(peria) = 0.02.

> *D(perid/melt)
The dashed thin black line is the upper bound for the model predictions:

Zn/Fer=10X10"% Kg?lj/ii;mem =09, Fe”/FeT(Pe,id) = 0. The dotted black line

is the lower bound for the model predictions: Zn/Fep = 8 X 1074

S?}gﬂ;mem =1,F"/ Fer(peria) = 0.04. The coloured curves in the top panel
represent normalized histograms of Zn/Fer for arc lavas with MgO > 8 wt% from
the Cascades (1 = 48 for this study; n = 136 from the literature), the Aleutians
(n = 20), and the Marianas (1 = 83); see Figs 3 and 4. The yellow rectangle
corresponds to the range of measured Fe* " /Fe and Zn/Fer for MORBs?. The right
vertical axis represents corresponding fo, inlog;o unit deviations from the fayalite-
magnetite-quartz buffer (FMQ) at 1 bar (fo, is approximate because it depends on

melt composition and water content).
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Figure 3 | Internally consistent data for a subset of primitive basalts from
the Cascades arc and plutonic rocks from the Cretaceous Peninsular Ranges
Batholith. Small vectors correspond to olivine (ol) and magnetite (mt)
fractionation. MORB corresponds to mid-ocean basalt.
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olivine removal, the Zn/Fer of a primitive magma can then be used to
estimate the Fe*™/Fer of the primary magma.

To apply this approach, we present new internally consistent Zn/Fer
data for primitive arc basalts from the Cascades volcanic arc and
plutonic rocks from the Cretaceous Peninsular Ranges Batholith in
southern California (Fig. 3). For comparison, we also present literature
data for the Cascades along with the Marianas and Aleutian arcs
(Fig. 4). Collectively, these case studies cover much of the geophysical
variation in subduction zones. The Marianas island arc is associated
with cold subduction, the Cascades continental arc with hot subduction,
the Aleutians island arc with intermediate-aged subduction, and the
Peninsular Ranges are the eroded remnants of a mature continental arc.

Plotting FeOr and Zn/Fert against MgO (which decreases with dif-
ferentiation) reveals two regimes common to the examined arc mag-
mas, regardless of whether they are extrusive or intrusive. Zn/Fer and
FeOr remain largely constant at high MgO (regime I) until the point of
magmatic differentiation, where an abrupt increase in Zn/Fer and
simultaneous decrease in FeOr (regime II) signals the onset of mag-
netite precipitation (Fig. 4a—f). Although the transition between the
two differentiation regimes occurs at a different MgO in each arc,
key conclusions can be drawn. The relatively constant Zn/Fer and
FeOr in regime I indicates that Zn and Fer behave similarly, which
implies olivine fractionation from a low-Fe’*/Fer magma, but no
significant clinopyroxene or hornblende fractionation because these
phases cause an increase in Zn/Fet and FeOr given that K; Zn/Fe ~

Z/Ee 0.6 and Fe is incompatibl fethods).

Dhb/mel) ~ 0- patible (Supplementary Methods). In
particular, the Zn/Fer of primitive arc magmas (MgO > 8 wt%) con-
verges to (8-11) X 10~ * (Figs 2-4), yielding primary Fe’*/Fer ratios
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Figure 4 | Literature-compiled Zn/Fer, FeOr and wet chemistry whole-rock
Fe’*/Fer versus MgO in arc lavas from the Marianas, Cascades and

Aleutians. The yellow horizontal bar in a-c (the Zn/Fer plots) corresponds to
MORBs and mantle field from Fig. 1. Vertical red-dashed lines with bold red
arrows mark the onset of magnetite fractionation as inferred from the onset of
FeOr depletion and Zn/Fer rise. d—f, The FeOr plots. Blue arrows in g—i (the

MgO (wt%)

Fe’ " /Fer plots) show the MgO content at the estimated Fe** /Fe; transition
from low to high. We note that the increase of Fe oxidation state commences at
ahigher MgO than in magnetite fractionation. Data from ref. 3 for Marianas arc
melt inclusions (using their fractionation-corrected values) are also shown for
reference as red-filled circles in g. Small vectors correspond to olivine (ol) and
magnetite (mt) fractionation.
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between about 0.1 and 0.15, similar to that of MORBs. Although the
scatter in the data may allow for calculated Fe** /Fer ratios up to about
0.2-0.25, the fact that Zn/Fer of primitive arc magmas overlap with
mantle peridotite and primitive MORBs is unequivocal (similar over-
laps are seen in Vi/Sc and Mn/Fer; Supplementary Fig. 1).
Independent of model calculations, this overlap suggests a similar
overlap in Fe**/Fer, and implies fo, values® between FMQ—1 and
FMQ-+1, consistent with the range typical for the uppermost mantle
fo, value**'. If arc magmas are actually derived from peridotites more
oxidized than the MORB source, the overlap between arc basalt and
MORB Zn/Fer values would require preferential partitioning of Zn into
the melt to compensate exactly for the lowering of melt Zn/Fer caused
by melting an oxidized source. Preferential partitioning of Zn into the
melt cannot be achieved by melting of harzburgitic sources because Zn/
Fer during peridotite melting is insensitive to melting degree at pres-
sures less than 3 GPa (ref. 28). Although partial melting of a non-
peridotitic lithology, such as a garnet clinopyroxenite, with bulk
Kp(rock/metry < 1 (ref. 28), could result in elevated magmatic Zn/Fer,
there is no evidence so far that pyroxenites are a dominant lithology in
the mantle wedge.

The increasing magmatic Zn/Fer values in regime II require Zn to
fractionate stron§ly from Fer. The onset of such fractionation is plausibly
explained by Fe’" becoming compatible in the fractionating minerals
while Zn and Fe’" remain moderately incompatible. Magnetite and
hornblende are the only phases that are likely to cause simultaneous
decrease in Fer and increase in Zn/Fer. Their formation implies an
increase in magmatic Fe’*/Fey to levels sufficient to saturate Fe’ -
bearing minerals as fractionating phases. This inference is supported
by literature-compiled wet chemistry measurements of Fe’*/Fer in
whole rocks and glasses in Fig. 4g-i (see Supplementary Methods for
discussion of data quality). Much of the variability in Fe’"/Fer may be
due to post-eruptive oxidation processes, such as weathering and
alteration, so it is likely that measured Fe’*/Fer ratios represent maxi-
mum bounds. However, a common feature of all the examined arcs is
that measured Fe’*/Fer is low in primitive (high MgO) lavas and that
the average Fe’ " /Fer and also its variability increase markedly as MgO
decreases. Thus, both measured values and those inferred from Zn/Fe
for Fe’*/Fer increase with progressive magmatic differentiation. We
also note that, during magmatic differentiation, the increase in Fe’"/
Fer precedes (occurs at a higher MgO) the increase in Zn/Fer and
decrease in FeOr (where FeOr is total Fe taken as FeO), consistent
with the above suggestion that saturation of Fe’*-bearing oxides (or
Fe’*-bearing silicates, such as amphibole), occur only after fo, and
Fe’" /Fer of the magma increase to sufficient levels.

Our results suggest that, on average, the fo, of the uppermost mantle
is relatively constant. Thus, subduction of oceanic lithosphere does not
systematically oxidize the mantle wedge beneath arcs. Two possibilities
are: (1) subducting oceanic lithosphere and sediments are not oxidized
in total or (2) the oceanic lithosphere is oxidized but the oxidized
components are retained during slab melting or dehydration. A more
likely explanation, however, is that the input of oxidized components
from the slab into the mantle wedge is not high enough to overwhelm
the redox-buffering capacity of the upper mantle. For example, the
concentration of buffering phases (such as elemental carbon, carbonate
or sulphide) or bulk Fe may be sufficiently elevated in the mantle that its
redox state is resistant to perturbations. The abundances of carbon and
sulphur in the mantle need to be better constrained to evaluate this
suggestion. In any case, we do not rule out the possibility of locally
oxidized regions in the mantle wedge or lithospheric mantle associated
with metasomatism. Indeed, the most oxidized magmas tend to be
high-potassium types (for example, shoshonites and minettes), which
may originate by partial melting of metasomatic veins in the mantle®.

The above observations lead us to predict that arc magmas oxidize
during differentiation. One possibility is that because Fe’ " is excluded
from early crystallizing silicates, such as olivine, Fe’*/Fer increases in
the magma with progressive olivine fractionation (a 50% crystallization
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of olivine doubles the Fe** /Fer of the magma). However, olivine frac-
tionation alone provides no explanation for the distinction between
calc-alkalic and tholeiitic differentiation series. An alternative contrib-
uting factor may be auto-oxidation processes involving degassing. It
has been suggested that magmatic Fe’*/Fer may increase owing to the
formation of micro-crystalline magnetite by reaction of water with
ferrous oxide species in the melt and release of H, (ref. 31), but the
significance of this effect in arcs is not clear. Any successful alternative
to the ‘source’ hypothesis for the oxidation state of arc magmas must
explain the observed correlation between high oxidation state and
water content in arc lavas®.

METHODS SUMMARY

Zn/Fe’" exchange coefficients between olivine, orthopyroxene, clinopyroxene
and spinel were inferred from the Zn/Fe ratios of minerals in natural peridotites®.
Bulk peridotite/melt exchange coefficients were inferred by (1) assuming primitive
MORB is in equilibrium with peridotite, and (2) tracking Zn/Fe in peridotites as a
function of melting degree®. Collectively, these data were used to estimate mineral/
melt exchange coefficients. Zn/Fer data presented for natural samples were com-
piled from the literature or represent new, solution-based inductively coupled
plasma mass spectrometry analyses. Fe? */Fer data represent wet chemistry results
of whole-rock data compiled from the literature (following filtering schemes pre-
sented in the Supplementary Methods).
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