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Abstract This study presents accurate and precise iron

isotopic data for 16 co-magmatic rocks and 6 pyroxene–

magnetite pairs from the classic, tholeiitic Red Hill sill in

southern Tasmania. The intrusion exhibits a vertical con-

tinuum of compositions created by in situ fractional crys-

tallisation of a single injection of magma in a closed

igneous system and, as such, constitutes a natural laboratory

amenable to determining the causes of Fe isotope fraction-

ation in magmatic rocks. Early fractionation of pyroxenes

and plagioclase, under conditions closed to oxygen

exchange, gives rise to an iron enrichment trend and an

increase in fO2
of the melt relative to the Fayalite–Magnetite–

Quartz (FMQ) buffer. Enrichment in Fe3?/RFemelt is mir-

rored by d57Fe, where VIFe2?-bearing pyroxenes partition
57Fe-depleted iron, defining an equilibrium pyroxene-melt

fractionation factor of D57Fepx�melt� � 0:25 &� 106=T2.

Upon magnetite saturation, the fO2
and d57Fe of the melt fall,

commensurate with the sequestration of the oxidised,
57Fe-enriched iron into magnetite, quantified as

D57Femtn�melt ¼ þ0:20 &� 106=T2. Pyroxene–magnetite

pairs reveal an equilibrium fractionation factor of

D57Femtn�px � þ0:30 & at 900–1,000 �C. Iron isotopes in

differentiated magmas suggest that they may act as an indi-

cator of their oxidation state and tectonic setting.

Keywords Iron isotopes � Tholeiitic differentiation �
Fractional crystallisation � Oxygen fugacity � Tasmanian

Dolerites � High-temperature stable isotopes

Introduction

Since iron is the most abundant polyvalent species in sili-

cate melts, the relative proportion of ferrous to ferric iron

control the oxygen fugacity (fO2
) of the liquid (e.g. Jay-

asuriya et al. 2004):

Fe2þOþ 1

4
O2 ¼ Fe3þO1:5 ð1Þ

Changing fO2
effects a commensurate change in the

stability of mineral phases that incorporate ferrous and

ferric iron, thereby controlling the liquid line of descent of

magmas undergoing differentiation. For example,

increasing fO2
favours magnetite crystallisation while

increasing the Mg# of co-existing Fe–Mg silicates

(Snyder et al. 1993; Toplis and Carroll 1995; Berndt

et al. 2005; Botcharnikov et al. 2008; Feig et al. 2010).

Two iron-bearing phases pivotal to both magma series,

olivine and magnetite, were equilibrated with quartz,

forming the buffer assemblage, fayalite–magnetite–Quartz

(FMQ), and the ensuing iron isotope fractionation between

them, at equilibrium, was measured by Shahar et al. (2008).
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Their results reveal a systematic enrichment in 57Fe in

magnetite with respect to fayalite, expressed as:

D57Femtn�fay ¼ þ0:30� 0:024 &� 106=T2 ð2Þ

where the fractionation factor is given by D57FeA�B ¼
d57FeA � d57FeB. These systematics are in agreement with

theoretical mechanics for equilibrium stable isotope frac-

tionation (e.g. Schauble 2004), which predict higher b-fac-

tors for minerals with higher Fe3?/RFe. This behaviour

reflects the greater charge density of oxidised species, which

tend to exist in lower co-ordination polyhedra (IV-fold rather

than VI-fold), forming shorter (and thus stiffer) bonds. The

stiffer bonds preferentially incorporate the heavier isotope in

aid of minimising the vibrational energy associated with the

bond. The isotopic composition of iron in a given phase is

expected to scale with its mean co-ordination number, which

is often dependent on its oxidation state.

Corroboration of these isotope-partitioning mechanics at

high temperatures comes from a series of studies on natural

magmas. Contrary to earlier reconnaissance studies (Beard

et al. 2003), investigations of specific suites of magmatic

rocks provide evidence for the isotopic fractionation of iron

during differentiation. d57Fe (d57Fe = (57/54Fesmp/
57/54Festd - 1) 9 1,000) displays a monotonic increase with

decreasing MgO at the Kilauea Iki lava lake, Hawai’i, which

Teng et al. (2008) attributed to the removal of olivine that

contains exclusively ferrous iron, and is correspondingly
57Fe-depleted. Silicic differentiates of the Hekla volcanic

suite, Iceland, also display a tendency to evolve towards

more 57Fe-enriched compositions (Schuessler et al. 2009).

Such trends are not restricted to volcanic rocks; Poitrasson

and Freydier (2005) report isotopic compositions of grani-

toids up to d57Fe = ?0.58 %, a change ascribed to the

exsolution of reduced, Fe2?-bearing and, consequently,
57Fe-depleted fluids. This model was supported by Hei-

mann et al. (2008), citing a large fractionation factor between

magnetite and fluid, D57Femtn�Fe2þfluid � þ0:42 &� 106=T2.

The relative constancy of monovalent isotopes such as Li and

Mg during these processes (Tomascak et al. 1999; Teng et al.

2007) suggests that the driver for isotopic fractionation is

endemic to Fe. These considerations indicate that the frac-

tionation at high temperatures is linked to changes in the

redox state of iron.

The complexity of natural systems blurs the processes

that engender iron isotope fractionation, such that sys-

tematic investigations are required to address the nature of

these processes. The Red Hill intrusion, southern Tasmania

(Fig. 1), is ideal for this study. By utilising a series of

natural samples that record the progressive differentiation

of a single batch of tholeiitic magma by fractional crys-

tallisation (McDougall 1962), it enables quantification of

fractionation factors between igneous minerals and melt.

The carapace of chilled dolerite, which lines the margins of

intrusion, not only represents a clear parent magma com-

position from which to model the observed fractionation,

but also acted to shield the evolving magma from inter-

action with adjacent country rocks during its differentia-

tion. Thus, the magma evolved as a system closed with

respect to oxygen, resembling a natural laboratory.

The aim of this work is to present evidence for the

differences in iron isotope composition between ferrous

and ferric iron phases and their impact on the iron isotope

composition of the evolving melt. As the fO2
of the melt

exerts a dominant control on its Fe3?/RFe and, in turn, on

the phases that form, the iron isotope signature of an

igneous rock should record the redox conditions of its

crystallisation. We show that crystallisation of Fe2?-bear-

ing pyroxenes partitions 57Fe-depleted iron, causing the fO2

and d57Fe of the melt to increase. The resultant increase in

Fe3? (and therefore fO2
) in the residual melt triggers

magnetite saturation, which sequesters isotopically heavy

iron, leaving the melt with a 57Fe-depleted composition.

These d57Fe-fO2
systematics are applied to distinguish

magmas with different oxidation states (calc-alkaline vs.

tholeiitic) and, similarly, different tectonic settings (anor-

ogenic A-Type vs. collisional I-type granites).

Background and samples

The Red Hill intrusion comprises a section of the volu-

minous Tasmanian Dolerites, which represent the north-

ernmost extent of magmatism associated with the Ferrar

Large Igneous Province, a linear belt of tholeiitic magma

emplaced along the footprint of the Cambro-Ordovician

Delamerian-Ross Orogen (Foden et al. 2006) in a short

pulse at ca. 180 Ma (Schmidt and McDougall 1977; Enc-

arnaciòn et al. 1996; Williams and Hergt 2000).

The chilled margins of the intrusion are composed of a

fine groundmass of plagioclase (45 %), three pyroxenes

(55 %) and accessory ilmenite. Orthopyroxene, En83,

occurs as homogeneous microphenocrysts and is limited to

the chilled dolerites (Fig. 2a; Hergt et al. 1989).

Further from the margins, dolerites and quartz dolerites

occupy the lower &200 m of the &420-m-thick intrusion

(Fig. 3) and are typified by augite(25 %)–pigeonite(20 %)–

plagioclase(55 %) assemblages, where cumulophyric

pyroxene clusters partially envelop plagioclase crystals,

defining a sub-ophitic texture. Pigeonite and augite are

extensively normally zoned in Fe–Mg, with a single grain

showing variation in Mg# (Mg/(Mg ? RFe)) from 75 in

the core to 30 in the rim (Fig. 2b). Intercumulus ulvöspi-

nel-rich titanomagnetite (Mtn40–Mtn70) joins ilmenite as

the crystallising oxides.
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The extended, normal core-rim Fe–Mg pyroxene zona-

tion ceases upon the crystallisation of cumulus magnetite

(15 %, Mtn95) and fayalite (\5 %, Fa95) in the fayalite

granophyres, marking the transition between dolerites and

granophyres (Fig. 3). Clinopyroxene constitutes a dimin-

ishing proportion of the assemblage (10 %), occurring as

unzoned brown ferroaugite (Di30–20), commonly rimmed

by vermicular hedenbergite (Di15–10) (Fig. 2c). A sodic

plagioclase–K–feldspar–quartz groundmass comprises the

bulk of the rock, nearing 70 %).

Granophyric quartz-K-feldspar intergrowths com-

prise &50 % of the most differentiated granophyres,

which contain only clinopyroxene (5 %, hedenbergite) and

magnetite (20 %) as their iron-bearing phases (Fig. 2d).

Separate sodic plagioclase, K-feldspar and quartz crystals

comprise the remaining 25 % of the rock, which are

invariably present at the highest stratigraphic levels,

occupying ‘cupola’ structures which now form hills in the

area (McDougall 1962).

The whole rocks define coherent trends in an alkali–

iron–magnesia (AFM) diagram (Fig. 4a), preserving ali-

quots of the liquid’s composition at different stages of its

fractionation history. Initial segregation of pyroxenes and

plagioclase results in iron enrichment without an appre-

ciable increase in SiO2 content. Conversely, following

magnetite saturation, SiO2 drastically increases, whereas

RFe falls dramatically, with a concomitant increase in

alkalis. Such an evolution is expected of liquids with low

Fig. 1 Geological map of the Red Hill region of southern Tasmania. Sample locations and rock type are also shown. The dolerite (pink) forms a

sheet-like sill and is capped by granophyric rocks, which occupy cupolas that uplifted the roof rocks and now form hills in the area (crosses)
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fO2
(delaying magnetite) and low aliquid

H2O (stabilising pla-

gioclase), resulting in the development of a tholeiitic trend

(e.g. Toplis and Carroll 1995; Botcharnikov et al. 2008).

The 16 samples investigated in this study encapsulate

the complete range of chemical variation in the Red Hill

intrusion (Table 1; Fig. 4a). These samples come from a

limited geographical area and show geochemical trends

which suggest they were produced from closed-system

crystal fractionation of a single parent magma, represented

by the chilled dolerites. In addition, in order to characterise

intermineral fractionation and facilitate comparison with

whole rocks, pyroxene separates were analysed for 7 of

these rocks, and magnetite for 6. Analysis of mineral pairs

enables an assessment of the extent of equilibrium

achieved and whether kinetic effects (e.g. diffusive dis-

equilibrium) have affected their isotopic composition.

Analytical techniques

MC-ICP-MS

Samples were dissolved in a concentrated HF–HNO3–HCl

solution before being passed through anion exchange col-

umns (AG1-X4, 200–400 mesh) in chloride form to ensure

quantitative separation of iron from similar matrix ele-

ments (Poitrasson and Freydier 2005). Fe solutions of

4 ppm (H-cones) and 1.5 ppm (X-cones) were run on a

ThermoFinnigan Neptune Multicollector ICP-MS (CSIRO,

Fig. 2 Photomicrographs of representative samples of the Red Hill

intrusion. a Euhedral orthopyroxene microphenocryst in a Kangaroo

Island Basalt (KIW5-1). b Extensive, normal Fe–Mg zonation in a

pigeonite from dolerite 47. c Fayalite granophyre (54) typified by

brown augite rimmed by green hedenbergite. d Differentiated grano-

phyre (38), with an association of magnetite, hedenbergite, quartz and

alkali feldspars. Field of view is 2 mm in all cases
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University of Adelaide, Waite Campus) in solution mode

with a glass spray chamber and Scott double-pass assembly

coupled to a low-flow PFA Nebuliser sample introduction

mechanism. The resulting sensitivity was 6.5 V 56Fe/ppm

(H) and 17 V 56Fe/ppm (X). Magnetite and pyroxene data

were acquired on a Neptune Plus housed at the Australian

National University, using an identical set-up. Data quality

control was assured through the continual running of the

hematite internal standard (ETH, Zürich), in addition to

running processed BHVO-2 and BCR-2, and re-running

two separate dissolutions of three samples on both the

Adelaide and ANU Neptune. Data are corrected using the

Ni-spiking regime of Poitrasson and Freydier (2005),

resulting in external precision of better than ±0.03 % for

d56Fe and ±0.05 % for d57Fe, providing 61Ni & 1 V. All

data are reported relative to the international isotopic ref-

erence standard IRMM-014 (Taylor et al. 1992).

FeO determinations

The ferrous iron content of the whole rocks was deter-

mined by volumetric wet chemical analysis, as developed

by Wilson (1960). The procedure relies upon the quanti-

tative oxidation of Fe2? in the sample by V5?, as the V4?

produced is more resistant to accidental oxidation during

hot acid dissolution (48 % HF-9 M H2SO4) than is ferrous T
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Fig. 4 Ternary Alkalis Fe2O3
(T) ? MnO–MgO (AFM) diagram illus-

trating the tholeiitic evolution shown by the Red Hill magmas (grey
dots represent the entire chemical variation in the suite). Substituting

409 d57Fe for Fe2O3
(T) ? MnO results in the same broad trend,

suggesting that these two quantities are linked (see ‘‘Petrologic

evolution of the Red Hill Suite’’). Symbols as per Fig. 1
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iron. Ferrous iron is regenerated by back-titration with

ammonium ferrous sulphate, from which the original Fe2?

content may be calculated. The procedural uncertainties are

on the order of ±0.1 wt % FeO.

A more detailed treatment for both methods may be

accessed in Online Resources A and B, respectively.

Results

Whole-rock isotopic compositions measured (d57Fe =

?0.12 ± 0.06 % to ?0.31 ± 0.03 %; 2SE, Table 2) span

the range reported for terrestrial igneous rocks (Poitrasson

and Freydier 2005; Schoenberg and von Blanckenburg

2006; Dauphas et al. 2009).

Whole-rock d57Fe shows well-defined trends against

MgO, an index of igneous differentiation (Fig. 5a). Initially,

d57Fe displays a systematic increase with falling MgO,

similar to that observed at Kilauea Iki (Teng et al. 2008). A

notable feature is the abrupt decrease in d57Fe

below &1 wt% MgO, a point coincident with the rapid

depletion of Fe2O3
(T). Samples at the apex of this trend are the

fayalite granophyres, which have both the highest concen-

tration of iron (&13 wt%, Fe as Fe2O3
(T); Table 1) and the

most 57Fe-enriched compositions (up to d57Fe = ?0.31 %;

Table 2). Consequently, d57Fe of the whole rocks preserve a

positive linear correlation with their iron contents (Fig. 5b)

throughout the entire differentiation sequence.

Over the same MgO interval, the Fe3?/RFe increases

proportionally with d57Fe, prior to reaching an inflection

point, after which the residual liquid is depleted in both Fe3?

and 57Fe (Fig. 5c). Thus, the evolution of iron in the liquid is

controlled first by fractionation of a Fe3?-poor, 57Fe-poor

phase, which increases the fO2
of the melt, before becoming

saturated in a Fe3?-rich, 57Fe-rich phase, which drives the

composition of the liquid in the opposite direction.

Table 2 Iron isotope data for

all samples investigated

expressed in per mille (%) and

their associated uncertainties (2

standard error)

Sample Type d57Fe ±(2SE) d56Fe ±(2SE) Repetitions

KIW5-1 K.I. Basalt 0.145 0.031 0.101 0.029 4

65 Chilled Margin 0.134 0.020 0.082 0.061 3

65-PX 0.110 0.028 0.078 0.020 4

47 Dolerite 0.216 0.023 0.153 0.014 3

47-PX -0.168 0.025 -0.105 0.007 4

47-Mtn 0.604 0.055 0.423 0.028 5

50 Qtz. Dolerite 0.267 0.025 0.195 0.011 4

50-PX -0.041 0.045 -0.028 0.012 3

50-Mtn 0.467 0.010 0.294 0.056 3

35 Dolerite 0.163 0.027 0.120 0.035 4

54 Fay. Granophyre 0.307 0.030 0.196 0.028 3

54-PX 0.071 0.034 0.048 0.020 4

54-Mtn 0.360 0.039 0.253 0.044 5

38 Granophyre 0.226 0.024 0.147 0.024 4

38-PX -0.118 0.039 -0.078 0.019 4

38-Mtn 0.208 0.020 0.154 0.034 3

14 Granophyre 0.157 0.033 0.101 0.020 6

14-PX -0.186 0.006 -0.126 0.012 3

14-Mtn 0.165 0.029 0.103 0.021 4

15 Granophyre 0.105 0.056 0.070 0.045 5

15-PX -0.201 0.007 -0.140 0.008 3

15-Mtn 0.109 0.021 0.069 0.019 3

63 Peg. Dolerite 0.219 0.031 0.139 0.026 4

44 Qtz. Dol.–Fay. Gran. 0.278 0.050 0.186 0.035 5

61 Qtz. Dol.–Fay. Gran. 0.251 0.063 0.184 0.054 3

21 Dolerite 0.126 0.037 0.087 0.030 7

52 Qtz. Dolerite 0.240 0.033 0.161 0.026 3

32 Dolerite 0.117 0.058 0.084 0.040 3

74 Peg. Dolerite 0.145 0.048 0.096 0.035 3

BHVO-2 Hawaiian Basalt 0.159 0.068 0.104 0.043 4

BCR-2 Columbia River Basalt 0.139 0.044 0.091 0.034 4

HEM Haematite (ETH) 0.760 0.026 0.513 0.022 16

Contrib Mineral Petrol

123



Pyroxene–magnetite data are displayed graphically in

Fig. 6. Pyroxenes in the chilled dolerites (d57Fe =

?0.11 ± 0.028 %) have a composition indistinguishable

from that of the whole rock (?0.13 ± 0.02 %), which is

expected given that they host the bulk of the Fe. More

unexpected, however, is the light d57Fe of the pyroxenes in

the dolerites and quartz dolerites (d57Fe = -0.17, and

-0.10 %, respectively), and the correspondingly heavy ti-

tanomagnetite compositions of ?0.60 and ?0.46 %. The

first appearance of cumulus magnetite in the fayalite gran-

ophyres has d57Fe = ?0.36 %, slightly heavier than its

whole rock (?0.31 %) and coexisting pyroxene (?0.07 %),

defining a D57Femtn�px ¼ þ0:29 &. The more differentiated

granophyres have magnetite whose d57Fe cluster near to the

whole-rock value, while the pyroxenes are considerably

lighter, resulting in a constant D57Femtn�px � þ0:32 &.

Discussion

Petrologic evolution of the Red Hill suite

Superficially, the trend defined by the whole rocks in

d57Fe–MgO (Fig. 5a) space resembles that of an evolving

tholeiitic magma in an AFM diagram (Fig. 4b). This sim-

ilarity suggests that the process responsible for the varia-

tion in the total iron content of the magma also controls its

iron isotopic composition. It has been demonstrated

experimentally, and confirmed in natural magmas, that the

tholeiitic trend arises due to fractional crystallisation of a

silica-rich basaltic liquid with low fO2
; aliquid

H2O at relatively

low pressures (Fenner 1929; Osborn 1959; Toplis and

Carroll 1995; Botcharnikov et al. 2008). The distinguishing

feature of tholeiitic differentiation is the initial increase in

total iron content of the magma, prior to its depletion at a

late stage in its evolution.

Typical tholeiitic differentiation is controlled first by

the fractionation of pyroxenes and plagioclase, before

a b

c

Fig. 5 Variation of measured whole-rock d57Fe with other compo-

sitional parameters; a MgO, b Fe2O3
(T), c Fe3?/RFe. The Rayleigh

model (dashed line) assumes that D57Fepx�melt ¼ �0:25 &� 106=T2

and that D57Femtn�melt ¼ þ0:20&� 106=T2. All error bars are

absolute 2r. Symbols as per Fig. 1
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magnetite becomes the dominant iron-bearing phase

(Campbell and Nolan 1974). This order of crystallisation is

also observed at Red Hill (Fig. 3). Iron can be described in

terms of ferrous and ferric iron, both of which are present

in magmas in the range of terrestrial oxygen fugacities

(Papike et al. 2005). Ferrous iron tends to partition into

olivine and pyroxenes, while ferric iron only becomes

compatible when magnetite precipitates.

Pyroxenes are the major host for iron in the lower,

doleritic portion of the Red Hill intrusion, constituting

between 40 and 50 % of the rock and containing &14–

37 wt% FeO. They are strongly normally zoned in Fe–Mg,

a trait that is characteristic of pyroxenes in the Tasmanian

Dolerites (Hall et al. 1988). Iron in clinopyroxenes is

hosted in the smaller M1 site, in octahedral co-ordination,

favouring the preferential incorporation of ferrous over

ferric iron (Carmichael and Ghiorso 1990; McCanta et al.

2004; Mallmann and O’Neill 2009). The Fe3?/RFepx varies

with Fe3?/RFemelt (McCanta et al. 2004; Schoenberg et al.

2009) and exhibits lower ferric iron contents than the

coexisting melts below &FMQ ? 2 (McCanta et al. 2004;

Mallmann and O’Neill 2009). The ideal stoichiometry of

the pyroxenes, the ulvöspinel-rich composition of coexis-

ting titanomagnetite (Hall et al. 1988), and the low Fe3?/

RFe content of the parental liquid (Fig. 5c) indicate oxy-

gen-poor conditions within the magma chamber. As such,

at equilibrium, the lighter isotopes of iron will preferen-

tially enter the largely ferrous iron-containing pyroxenes as

opposed to the melt.

Since there is a finite amount of oxygen available to the

system, crystallisation of these Fe2?-rich (and thus O2-

poor) phases diminishes the fraction of Fe2? remaining in

the liquid, resulting in a coupled increase in Fe3?/RFemelt

(and therefore fO2
) and d57Fe. Magnetite stability is sensi-

tive to the prevailing redox conditions (Toplis and Carroll

1995; Toplis and Carroll 1996), crystallising as function of

the Fe3?/RFe of the melt. The inflection in d57Fe in the Red

Hill sequence at &1 wt% MgO marks a significant pet-

rologic transition from pyroxenes to magnetite as the pri-

mary host of iron (Fig. 3). Due to the incorporation of Fe3?

in magnetite, IV(Fe3?)VI(Fe3? ? Fe2?)2O4, as compared

to the predominantly Fe2?-bearing pyroxenes, VIIICaVI

(Mg,Fe2?)IVSi2O6, both total Fe and Fe3?/RFe enrichment

in the melt ceases (Fig. 5b, c). Magnetite (Mtn95) in the

Red Hill suite is saturated at the maximum fO2
, in con-

junction with fayalite, defining the FMQ buffer:

Fe2SiO4 þ O2 ¼ Fe3O4 þ SiO2: ð3Þ

Therefore, at the apex of the Fe3?/RFe-d57Fe trend, the fO2
of

the melt is buffered. By analogy, the iron isotopic compo-

sition of the melt is also buffered, as dictated by the equi-

librium exchange between fayalite and magnetite (Eq. 2;

Shahar et al. 2008). The magnetite in the granophyric rocks is

systematically enriched in the heavier isotopes compared to

the pyroxenes with which it is in equilibrium (Fig. 6), a

function of the relative concentrations of ferric iron in the

two phases. When aliquid
FeO becomes impoverished enough such

that fayalite becomes exhausted, continued precipitation of

magnetite then drives the fO2
of the melt to lower values and

concomitantly depletes it in 57Fe.

Iron isotope composition of mineral phases

Owing to the high stratigraphic level of the intrusion, the

instantaneous formation of chilled margins prevented not

only wall-rock assimilation, but the escape of magmatic

fluids from the system. Furthermore, the dearth of primary

hydrous phases in the magmas, even in the differentiated

granophyric rocks, suggests that the melt was poor in

volatiles and not vapour-saturated (McDougall 1962).

Therefore, the iron isotope variability in the Red Hill

intrusion is most likely controlled by crystal-liquid pro-

cesses. Analyses of the minerals that comprise the suite of

magmatic rocks provide an ideal means by which to test

this hypothesis.

The pyroxene–magnetite pairs in the fayalite granophyre

(Mtn95) and the granophyres (Mtn95–85) lie on a line that

defines a D57Femtn�px ¼ þ0:30 & (Fig. 6). Taking an

average b57=54Fepx ¼ 0:5� 106=T2 (Polyakov and Mineev

2000) yields equilibration temperatures for these pyrox-

ene–magnetite pairs of &900–1,000 �C. Such tempera-

tures are in broad agreement with those recorded by the

whole-rock compositional thermometer of Sisson and

Grove (1993) (Table 1), indicating equilibrium existed

between these minerals. Contrastingly, the two pyroxene–

magnetite pairs from the dolerites define a trend perpen-

dicular to the expected equilibrium line. Their D57Femtn�px

are ?0.77 and ?0.51 % for the dolerite 47 (&Mtn40) and

the quartz dolerite 50 (&Mtn70), respectively. The corre-

sponding temperatures, 550 and 750 �C, are not only

drastically lower than would be expected for these mag-

mas, but also in inverse correlation with their host bulk

rock temperatures (&1,150 and &1,100 �C, respectively,

Table 1).

The pyroxenes in the doleritic series are unique in that

they preserve very extensive normal Fe–Mg zoning, in

contrast to the pyroxenes in the chilled dolerites, fayalite

granophyres and the fayalite granophyres and granophyres,

which are homogeneous (Fig. 2; McDougall 1962; Hall

et al. 1988). The clear textural evidence for disequilibrium

in these pyroxenes and their anomalously 57Fe-depleted

compositions is suggestive of kinetic processes. Recent

experimental studies indicate that chemical diffusion

between two phases can promote isotopic fractionation,

owing to the faster diffusivity of the lighter isotope
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(Roskosz et al. 2006; Richter et al. 2009a). The extent of

kinetic isotope fractionation is proportional to the relative

mass difference between the isotope pairing and is given by

D2

D1
¼ m1

m2

� �c
, where Dn corresponds to the diffusivity of

isotope n and c is a complex function of the medium of

diffusion and the chemical characteristics of the element.

While c, and therefore differential diffusivity, typically

decreases with increasing atomic mass (Richter et al.

2009b), Teng et al. (2011) found that d57Fe varied from

?0.1 to -1.7 % in olivines ranging from Fo80 to Fo84,

respectively, in a single bulk rock sample. The pyroxenes

in the dolerites show a far wider range of Mg#s (Fig. 2b).

However, because the whole of the pyroxene fraction was

analysed, the extreme isotopic zones are homogenised,

resulting in an average d57Fe which is &0.15 to 0.25 %
lighter than what might be expected based on an equilib-

rium pyroxene composition in the chilled dolerites. This

may be ascribed to preferential diffusion of the lighter Fe

isotopes into pyroxene during crystallisation in an attempt

to equilibrate with the surrounding 57Fe-enriched melt. The

preservation of chemical zoning indicates that this process

did not go to completion, resulting in zonation in Fe (and

presumably Mg) isotope composition.

Crucially, the occurrences of magnetite in the doleritic

rocks of Red Hill (samples 47 and 50) do not affect the

liquid line of descent of the remaining melt—a decrease in

Fe and Ti in the whole rocks is only observed following the

crystallisation of Mtn95 in the fayalite granophyres. This, in

conjunction with the interstitial nature of these oxides,

implies that they crystallised from an intercumulus liquid.

This liquid was necessarily Fe3?-enriched due to the earlier

crystallisation of pyroxenes and plagioclase and was

therefore also likely to be enriched in d57Fe. The inordinate
57Fe enrichment in these ulvöspinel-rich titanomagnetites

is then a product of its closed-system crystallisation, which

itself occurs within a system closed with respect to oxygen,

rather than equilibrium between titanomagnetite and

pyroxene.

Factors affecting the iron isotope composition

of magmas during differentiation

The Rayleigh equation, which assumes perfect fractional

crystallisation and is therefore an end-member scenario, is

applied to model the observed isotopic fractionation in the

whole rocks. In order to simplify the calculations, and

taking into account the low Fe3?/RFe of the chilled dole-

rites, both augite and pigeonite are assumed to incorporate

negligible Fe3? (DFe3þ

pyroxene�melt ¼ 0) and, as such, have

identical b-factors, while the iron hosted in plagioclase was

ignored. Thus, ferrous and ferric iron were treated as two

separate elements and modelled independently. Constraints

on the cotectic proportions of the fractionating phases were

estimated from least squares calculations, enabling esti-

mation of the fraction of melt remaining (f) and making for

an internally consistent dataset.

Stable isotope fractionation was also estimated using the

Rayleigh equation:

57Fe
54Fe

� �

at f

¼
57Fe
54Fe

� �

original

f ðaprod�reac�1Þ ð4Þ

where f is the fraction of iron remaining in the melt nor-

malised to its initial content. This equation is cast into delta

notation and solved for the fractionation factor, a. The

relative effect each phase has on determining a is scaled by

multiplying its modal abundance by the concentration of

iron (ferrous or ferric) in that phase. As the temperature has

an important, but predictable effect on the magnitude of the

isotopic fractionation, temperatures for the whole rocks

were estimated according to Sisson and Grove (1993). The

fraction of Fe remaining in the melt as a function of the

original iron content is known from least squares calcula-

tions, making solving for a possible. The fractionation

factors of the phases involved are iteratively adjusted until

the model curve visually approximates that of the data

(details in Online Resource C).

Early gabbroic fractionation in the Red Hill suite is

modelled with a fractionation factor of D57Fepx�melt

¼ �0:25 &� 106=T2, resulting in effective fractionation

factors of -0.11 to -0.17 % between pyroxene and melt

at the magmatic temperatures inferred for the rocks

(Table 1). Fractionation factors of D57Femineral�melt �
�0:15 & were also found to account for the isotopic var-

iation during differentiation of the Hekla magmas (Schu-

essler et al. 2009) and at Kilauea Iki (Teng et al. 2008). The

equilibrium pyroxene-melt fractionation factor modelled is

taken to be a maximum estimate, given the effect of kinetic

processes (see ‘‘Iron isotope composition of mineral pha-

ses’’). The decrease in d57Fe enacted by the crystallisation

of cumulus magnetite in the granophyric rocks may be

modelled using D57Femtn�melt ¼ þ0:20 & � 106=T2,

resulting in effective D57Femtn�melt ¼ þ0:11�þ0:14 & at

the calculated temperatures.

The veracity of these calculations can be tested by

casting them against experimental values where the isoto-

pic fractionation between predominantly Fe2?-bearing sil-

icates and magnetite has been defined. The b-factor for

magnetite is well characterised based on nuclear inelastic

resonant X-ray scattering synchrotron data to be

b57=54Femtn � 0:96� 106=T2 (Polyakov et al. 2007).

However, the b57/54 factors for Fe2? silicates vary from

0.43 9 106/T2 for the A site in Enstatite to 0.57 9 106/T2

in olivine (Polyakov and Mineev 2000). Taking these as the

minimum and maximum values for Fe2?-bearing silicates,
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the theoretical D57Femtn�px ranges from ?0.53 % 9 106/

T2 to ?0.39 % 9 106/T2. The value of D57Femtn�px ¼
þ0:45 &� 106=T2 calculated in this study compares

favourably with these estimates; however, it is considerably

greater than D57Femtn�fay ¼ þ0:30 &� 106=T2 (Shahar

et al. 2008) and the D57Femtn�FeMgSil ¼ þ0:25 &� 106=T2

of Valaas-Hyslop et al. (2008). The D57Femtn�bt=amph

measured in differentiated siliceous magmas (Heimann

et al. 2008) show a range of values from ?0.1 to ?0.55 %
at temperatures between 900 and 700 �C. While the

absolute magnitude of isotopic fractionation between fer-

romagnesian silicates and magnetite varies substantially, it

is notable that the fractionation factor derived in our model

(D57Femtn�px ¼ þ0:45 &� 106=T2) predicts a D57Femtn�px

of ?0.28 and ?0.33 % at 1,000 and 900 �C, respectively.

These numbers are in good agreement with the values

obtained for the pyroxene–magnetite pairs in the fayalite

granophyres and granophyres (&?0.3 %, Table 2), dem-

onstrating that the model is internally consistent.

Implications

The effect of mineral composition: systems open

and closed to oxygen exchange

The composition of Fe-bearing minerals can change as a

function of fO2
, most notably, the ilmenite–hematite and

magnetite–ulvöspinel series (Buddington and Lindsley

1964). In common igneous minerals, b-factors vary with

Fe2?/Fe3? (Polyakov and Mineev 2000) in the sequence

bHem [ bMtn [ bOl,PX [ bIlm. The difference in b-factors

between the two end-members of the hematite–ilmenite

series is D57Fehem�ilm ¼ þ0:61 &� 106=T2, correspond-

ing to &?0.5 % at 800 �C, reflecting a change from

100 % Fe3? to 100 % Fe2? in VI-fold co-ordination. While

no experimental or theoretical data exist for pure ulvöspi-

nel, it is probable that an equivalent difference also occurs

between magnetite and ulvöspinel. The magnetite–ulvös-

pinel solid solution is described by the formula

IV Fe3þ
1�XFe2þ

X

� �VI
Fe2þFe3þ

1�XTiX

� �
O4, where magnetite cor-

responds to X = 0 and ulvöspinel to X = 1. In increas-

ingly ulvöspinel-rich titanomagnetites, not only does the

ferric iron content tend towards 0, but the bond lengths in

the tetrahedral site increase to accommodate the larger

Fe2? ion (Bosi et al. 2009). The attendant decrease in the

force constant of the bond should favour the accommoda-

tion of the lighter isotopes of Fe, assuming equilibrium

conditions (e.g. Schauble 2004). Experimental quantifica-

tion of the fractionation factor between magnetite and

Fe2?–Mg silicates shows, unequivocally, an enrichment in

the heavier isotopes of iron in magnetite (Polyakov and

Mineev 2000; Polyakov et al. 2007; Shahar et al. 2008).

However, the experimentally derived fractionation factor

between titanomagnetite and rhyolitic melt at 800 �C and

0.2 GPa yielded a negative D57Femtn�melt ¼ �0:18 &

(Schuessler et al. 2006). The fractionation factor deter-

mined in this study is relevant to almost pure magnetite,

Mtn95, and, based on the foregoing discussion, is almost

certainly not applicable to titanomagnetite with a low Mtn

content.

In addition to this work, iron isotope compositions for

cogenetic magmas over a range of compositions are reported

for two other tholeiitic systems: Hekla (Schuessler et al.

2009) and Kilauea Iki (Teng et al. 2008). When plotted

against Mg#, the magmas from Red Hill and Kilauea Iki

show immediate enrichment in d57Fe with decreasing Mg#

(Fig. 7). Over the same interval, the lavas from Hekla show

little variation in their isotopic composition before d57Fe

increases drastically at Mg# = 20. Contrastingly, the Red

Hill granophyres show a sudden drop in d57Fe at this stage of

their evolution. The origins of the iron isotope variations in

these tholeiitic suites are discussed below.

The Red Hill intrusion is subject to conditions closed to

oxygen exchange. Early crystallisation of Fe3?-poor phases

(pyroxenes, Petrologic Evolution of the Red Hill suite,

olivine at Kilauea) triggers an increase in the Fe3? content

of the remaining liquid because the O2 budget is fixed. The

tholeiitic magmas in this study, and that of Teng et al.

(2008), reach a maximum in d57Fe at the inferred point of

the Fe–Mg silicate to magnetite transition at Mg# = 20

(Fig. 7). Experimental studies show that the timing and

composition of titanomagnetite along with magnetite–ul-

vöspinel solid solution series is dependent on the relative

fO2
of the melt (Toplis and Carroll 1995; Berndt et al. 2005;

Botcharnikov et al. 2008; Feig et al. 2010). The precipi-

tation of Mtn95 at Red Hill, implying relatively oxidising

conditions at its saturation consistent with a build-up of

Fe3? in the melt, causes a dramatic decrease in the d57Fe of

the remaining liquid thereafter.

In open igneous systems, the melt evolves along fO2
tra-

jectories defined by the amount of oxygen exchanged. Nat-

ural systems often evolve along paths where Fe3?/RFemelt

parallels that of the FMQ buffer (Carmichael 1991; Toplis

and Carroll 1996). In such a system, the Fe3?/RFe of the

magma reflects that of the crystallising phases, because

Fe3?/RFemelt is fixed. Fe–Ti oxide analyses from a suite of

magmatic rocks from Thingmuli, Iceland (Carmichael

1967), record fO2
s that lie on the FMQ buffer, implying

evolution open to oxygen exchange. Ilmenite–titanomag-

netite pairs from basaltic andesites from the Hekla volcano

(Baldridge et al. 1973) equilibrated at &1,050 �C at FMQ,
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falling on the T-fO2
curve defined by the Thingmuli lavas,

indicative of formation under similar redox conditions.

Importantly, the composition of the crystallising titano-

magnetite is &Mtn35, in stark contrast to the Mtn95 that

forms at Red Hill. To a first order, this is illustrative of a

difference in the fO2
, and therefore Fe3?/RFe, of the liquid

from which the titanomagnetite crystallised. The titano-

magnetite at Hekla, due to its low Fe3? content, causes the

increase in d57Fe observed in the siliceous differentiates,

which climb from ?0.08 % at Mg# = 15 to ?0.26 % at

Mg# = 6 (Schuessler et al. 2009; Fig. 7).

In fact, the Mg#–d57Fe evolution defined by magmas

both closed and open with respect to oxygen mirrors that

observed for temperature–DFMQ, Fe2O3 relations under

the same conditions (Toplis and Carroll 1996, their Figs. 4,

7) (inset, Fig. 7b). Temperature varies as a linear function

of the Mg# (Toplis and Carroll 1995) and may be used as a

proxy for the degree of differentiation. The point of dif-

ference in Mg#-d57Fe systematics between the two systems

is the Fe3?/RFe of the melt. The ferric iron content of the

melt is allowed to increase in closed systems, but stays

constant in buffered systems. As a result, titanomagnetite

crystallisation at FMQ, where its composition is closer to

ulvöspinel, induces an increase in d57Fe in the melt

(Schuessler et al. 2009). However, as shown for the first

time here, it can dramatically lower d57Fe in the residual

melt when it approximates end-member magnetite that

crystallises from a more oxidised melt.

Application to granitic magmas

The iron isotope composition of granitic magmas ranges

from d57Fe & 0 % up to &?0.6 % (Poitrasson and

Freydier 2005; Heimann et al. 2008). Evolving magmas

that deviate markedly from the mafic igneous rock baseline

of d57Fe & 0.1 % are generally restricted to SiO2 con-

tents [70 wt%, though exceptions to this are found in

closed tholeiitic systems (Teng et al. 2008, this work).

While differentiated, siliceous rocks tend towards more
57Fe-enriched compositions, the cause of this shift remains

unresolved. There are two prevailing schools of thought;

that the change is achieved either by fractional crystalli-

sation (Schoenberg and von Blanckenburg 2006; Teng

et al. 2008; Schuessler et al. 2009) or through the exsolu-

tion of isotopically light, Fe2?-bearing fluids (Poitrasson

and Freydier 2005; Heimann et al. 2008).

Fluid exsolution

During the evolution of granitic magmas, dissolved water

becomes less soluble as a result of the increasing poly-

merisation of the silicate framework in the melt (Holtz

et al. 2001 and references therein), resulting in the satu-

ration of a fluid phase during decompression. Such fluids

have the capacity to complex metals, including iron,

especially when rich in chloride. Fe2? is the most soluble

iron species, tending to co-ordinate itself with Cl-, forming
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Fig. 7 d57Fe of whole rocks against their Mg#, characterising the

change in iron isotope composition with differentiation. a Analyses of

co-genetic whole-rock samples from tholeiitic suites: green
squares = Kilauea Iki (Teng et al. 2008), blue diamonds = Hekla

(Schuessler et al. 2009), orange circles = Red Hill (this study)

display disparate behaviour depending on whether the system evolved

open (Hekla) or closed (Red Hill, Kilauea Iki) to oxygen exchange

(see Systems open and closed to oxygen exchange). b Simplified

versions of Figs, 4 and 7 (Toplis and Carroll 1996), highlighting the

contrasting change in Fe3?/RFeWR for conditions open and closed to

oxygen exchange. These trends directly mirror those seen in a
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FeCl2
0 complexes (Chou and Eugster 1977). Calculations

based on vibrational spectra on the FeCl4
- species (the

closest analogue) indicate that the iron-bearing fluid should

have significantly lighter Fe than its host granite (Schauble

et al. 2001), as long as the remaining Fe is hosted in

magnetite, defining a D57Femtn�Fe2þfluid � þ0:42 &�
106=T2 (Heimann et al. 2008). In this model, the iron

isotope composition of granitic magmas is not directly tied

to their differentiation history, but rather to the temperature

and extent of iron loss in the fluid, and will therefore

impact those granites with low residual Fe contents most

strongly. Potential support for this phenomenon is provided

by a decrease in Zr/Hf ratio with increasing d57Fe (Hei-

mann et al. 2008). Because Zr and Hf exhibit similar

crystal-melt coefficients, they are easily decoupled in fluids

(Veksler 2004 and references therein), although Linnen and

Keppler (2002) suggest fractional crystallisation of zircon

can also account for this behaviour.

In order for exsolution to occur, the siliceous magma

must be fluid-saturated at the time of crystallisation.

However, many granites, most notably A-types (see below)

are relatively dry and do not become saturated in a fluid

phase (Clemens et al. 1986; Dall’agnol et al. 1999), as

attested to by the lack of primary hydrous minerals in these

rocks. The heaviest iron isotope compositions are restricted

almost exclusively to A-type granitoids (Fig. 8), which

could imply that these granites have lost the most Fe2?-

bearing fluid. The solubility of iron in the fluid phase is

critically dependent on its Cl content and hence on

DCl
Melt�Fluid. The Cl solubility shows a strong positive

dependence on the molar (Na ? K)/Al ratio of the melt

(Métrich and Rutherford 1992). Many A-types are peral-

kaline and therefore have (Na ? K)/Al C1, favouring the

retention of Cl in the melt. A-type granites and rhyolites

are characterised by low fO2
assemblages where Fe2? is

stored in ferromagnesian silicates and oxides (ilmenite and

titanomagnetite). In this case, exsolved fluid will not be in

equilibrium with pure magnetite, but with Fe2?-bearing

oxides, significantly reducing the melt-fluid fractionation

factor. As an example, the Coso rhyolites, in which

(Na ? K)/Al & 1 and d57Fe & 0.4 % (Heimann et al.

2008), record fO2
s = DFMQ - 0.5 (Bacon et al. 1981;

Manley and Bacon 2000), identical to that of MORB

(Bézos and Humler 2005).

The contention that Zr and Hf are only appreciably

decoupled from one another by a fluid is belied by varia-

tions in Zr/Hf in MORB, caused by clinopyroxene frac-

tionation (Jenner and O’Neill 2012) and zircon

crystallisation in granites (Linnen and Keppler 2002;

Lowery Claiborne et al. 2006). In fact, investigation of the

global granite database (GEOROC; http://georoc.mpch-

mainz.gwdg.de/georoc/) reveals a systematic decrease in

Zr/Hf from the primitive mantle value of 36 at B70 wt%

SiO2 down to &15 at 78 wt% SiO2, implying that it is a

general characteristic of granitic magmas rather than

attributable to fluid exsolution.

Fluid-mobile elements, such as Li, should be sensitive to

the loss or ingress of deuteric fluids in the differentiating

magma. In the cogenetic suite of magmatic rocks from

Hekla (Schuessler et al. 2009), Li behaves as a moderately

incompatible element, showing no evidence for depletion

owing to the exsolution of a fluid phase. Moreover, d7Li

remains constant over the course of magmatic differentia-

tion, from SiO2 = 52 to 73 wt%, while Fe isotopes

increase from d57Fe = ?0.08 to ?0.26 % (Schuessler

et al. 2009; Fig. 7). The lack of Li isotope fractionation in

evolving magmas is consistent with previous studies on

basaltic rocks (Tomascak et al. 1999).

There are a variety of factors that can influence the

extent of iron isotope fractionation caused by fluid exso-

lution. The first requirement, the presence of a free fluid

phase, is fulfilled most frequently by metaluminous (I-type)
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Fig. 8 Compilation of the d57Fe of evolved granitic whole-rock

samples (intrusive and extrusive; SiO2 C60 wt%) from the literature

(Poitrasson and Freydier 2005; Poitrasson 2006; Schoenberg and von

Blanckenburg 2006; Heimann et al. 2008; Dauphas et al. 2009;

Schuessler et al. 2009; Craddock and Dauphas 2011) classified into

A- and I-type granitoids (see Application to granitic magmas).

a A- and I-type magmas define distinct populations where d57Fe

varies with molar (Na ? K)/Al. b I-type granitoids display uniformly

low d57Fe at low Fe#, while A-types extend to 57Fe-enriched and are

typically ferroan. This illustrates that the increase in d57Fe with

increasing Fe# is a function of the fO2
of the magma
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granitoids produced in arc environments, owing to their

high water contents. These magmas crystallise at higher

pressures and lower temperatures than A-types, favouring

transport of iron in a chlorine-rich vapour (Simon et al.

2004). This evidence comes from melt inclusion data in

phenocrysts in volcanic equivalents of these magmas

(Wallace 2005 and references therein) which have elevated

water contents with respect to tholeiitic magmas and

their differentiates. This fluid phase is in equilibrium

with early-formed Mtn-rich magnetite, maximising the

D57Femtn�Fe2þfluid fractionation factor. However, despite

forming in conditions favourable for iron-rich fluid loss,

I-type magmas exhibit consistently lighter d57Fe values

compared with A-types (Fig. 8), suggesting that the iron

isotope composition of siliceous magmas is primarily

controlled by another process.

Fractional crystallisation

The alternative hypothesis, that the iron isotope composi-

tion of granitoids reflects the conditions of crystallisation,

may be investigated by considering the chemistry of sili-

ceous magmas. Based on the fundamental chemical dif-

ferences between A- (low fO2
and H2O content) and I-type

(high fO2
and H2O content) granites and their extrusive

equivalents, it may be possible to track their histories via

iron isotopes. In order to facilitate such a comparison,

analyses of those granitoid rocks (C60 wt% SiO2) with

iron isotope analyses were compiled from the literature and

chemically classified according to the scheme of Frost et al.

(2001) into A-, I- and S-type granites (Online Resource D).

Of the 67 for which major element chemical analyses were

readily available, 15 fall into the A-type category and 36

into the I-type. A-type magmas have elevated (Na ? K)/Al

coupled with heavy d57Fe (avg. = ?0.39 ± 0.06 %),

clearly separate from their I-type counterparts (Fig. 8a).

Similarly, in a plot of Fe# (RFe/(RFe ? Mg)) versus d57Fe

(Fig. 8b), the I-types generally show low Fe# at low d57Fe

(avg. = ?0.13 ± 0.05 %), whereas the A-types are dis-

tinctly ferroan and have universally high d57Fe values.

Qualitatively, these characteristics can be explained by

equilibrium Fe isotope partitioning between the crystallis-

ing phases and melt. The magmas parental to I-type

granitoids—subduction-related high-Al basalts and ande-

sites, crystallise olivine, which is then succeeded by pla-

gioclase, two pyroxenes (augite and orthopyroxene) and

magnetite (Grove and Juster 1989; Sisson and Grove

1993). Importantly, due to their high fO2
and H2O contents

(e.g. Whalen and Chappell 1988), Mtn-rich magnetite is

saturated early in the crystallisation sequence, causing iron

depletion in the remaining melt, such that MgO and

Fe2O3
(T) decrease at similar rates, keeping Mg# near

constant. The crystallisation of 57Fe-depleted, Fe2?-phases

(ferromagnesian silicates) and 57Fe-enriched, Fe3?-bearing

phases (magnetite) effectively buffers the Fe isotope

composition of the melt such that it remains close to its

original value. The I-type differentiates, which crystallise

amphibole, biotite and magnetite as their Fe-bearing pha-

ses, therefore have reasonably low d57Fe at low Fe#s. For

example, the siliceous I-type magmas from Questa (John-

son et al. 1989) have fO2
s half-way between FMQ and

hematite–magnetite (which, at 800 �C, corresponds to

FMQ ? 2.5) and typically correspondingly low d57Fe,

averaging ?0.17 ± 0.07 %. Only the peralkaline, high-

silica magmas (e.g. sample 82-QC-32C, Heimann et al.

2008) exhibit high d57Fe, up to ?0.45 %.

A-type granites show evidence for protracted fractional

crystallisation in their highly enriched incompatible trace

element abundances and pronounced negative Eu anoma-

lies (e.g. Turner et al. 1992; Namur et al. 2011) and major

element compositions that closely approximate the ternary

granite eutectic minimum (Tuttle and Bowen 1958; Ebadi

and Johannes 1991). Dry A-type magmas, characterised by

their low fO2
(Turner et al. 1992; Frost and Frost 1997;

Frost and Frost 2011; Namur et al. 2011), have their iron

hosted in ferromagnesian silicates (e.g. hedenbergite,

fayalite) and oxides (Mtn-poor titanomagnetite and

ilmenite), all of which contain dominantly Fe2? and are
57Fe-depleted (Polyakov and Mineev 2000). By crystallis-

ing such minerals, 57Fe-, alkali-enriched A-type residual

melts with high Fe# form. Additionally, alkalis, inversely

proportional to their ionisation potential, stabilise Fe3?, in

tetrahedral co-ordination (Dickenson and Hess 1986; Far-

ges et al. 2004; Mysen and Richet 2005; Bingham et al.

2007), augmenting the affinity of heavy iron for the melt.

Examples of 57Fe-enriched A-type granites include NSL

(peralkaline rhyolite from New Zealand, d57Fe =

?0.44 %; Schoenberg and von Blanckenburg 2006) and

the peralkaline aegirine-, arfvedsonite-bearing granite

EV9101 from Evisa, Corsica, d57Fe = ?0.58 %; Poitras-

son and Freydier 2005).

The recognition that A- and I-type granites define two

distinct populations in their iron isotope composition lends

credence to the petrographic and chemical evidence which

suggests their derivation from reduced and oxidised parent

magmas, respectively. The fact that iron isotopes correlate

with indices of magmatic differentiation has been recog-

nised in numerous works (e.g. Teng et al. 2008). Com-

bining this knowledge with theoretical and experimental

partitioning mechanics of iron isotopes between different

mineral phases (e.g. Polyakov and Mineev 2000; Shahar

et al. 2008), which demonstrate that heavier isotopes show

a greater affinity for phases that incorporate ferric iron, it

becomes apparent that magmas which crystallise different
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minerals will preserve different iron isotope compositions.

As calc-alkaline magmas are found only in subduction

zone settings, the light (d57Fe &?0.13 ± 0.05 %, Fig. 8)

iron isotope composition of the resultant I-type granitoids

is therefore indicative of formation in an oxidising envi-

ronment. Conversely, A-type magmas crystallise phases

stabilised under reducing conditions and low H2O contents,

traits characteristic of tholeiitic magmas. These magmas

are derived from mantle that was unaffected by subduction

zone fingerprints and are found in intraplate environments

(continental flood basalts, MORB and some OIBs). Thus,

iron isotopes are able to act as a reliable proxy for the

oxidation state, and therefore, the tectonic settings, of

evolved granitic rocks.

Conclusion

The pronounced effect crystal fractionation imparts on the

Fe3?/RFe of melts during igneous differentiation controls

the evolution of the isotopic composition of iron. We have

demonstrated that the iron isotope composition of a tholeiitic

melt closed to oxygen exchange will become heavier due to

removal of early-fractionating pyroxenes which deplete the

melt in Fe2?, and enrich it in Fe3?. In the latter stages of

differentiation, when fO2
is sufficiently high, magnetite

becomes the dominant iron-bearing phase and sequesters

Fe3? and isotopically enriched iron. Calculated mineral-melt

iron isotope fractionation factors show that VI-fold co-

ordinated Fe2?-pyroxenes are lighter than coexisting melt

(D57Fepx�melt ¼ �0:25 &� 106=T2), whereas magnetite’s

high Fe3?/RFe and partly tetrahedrally co-ordinated Fe3?

make it a suitable host for the heavier isotopes of iron

(D57Femtn�melt ¼ þ0:20 &� 106=T2). Such partitioning

mechanics are confirmed by pyroxene–magnetite pairs,

which, at equilibrium, define a D57Femtn�px ¼ þ0:30 & at

900–1,000 �C in the granophyric rocks. In the dolerites,

pyroxene–magnetite disequilibrium results from diffusion-

controlled isotope fractionation in zoned pyroxenes, and the

late crystallisation of titanomagnetite from the intercumulus

liquid. The equilibrium partitioning systematics of Fe iso-

topes point to an intimate link between the isotopic compo-

sition and the oxygen fugacity of the melt, which affects the

valence and hence structural state of iron between phases.

Iron isotopes therefore act as effective probes of the redox

state and tectonic settings of terrestrial magmas.
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