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Forward modelling of Fe-rich phyllite is used to evaluate the effects of partial melting and melt loss on the
concentration of iron in the residual rock package, leading to enrichment in Fe-oxide minerals (magnetite and
hematite). The effect of melt loss during prograde metamorphism to peak conditions of ~850 °C was modelled
using a series of calculated pressure–temperature (P–T) phase diagrams (pseudosections). The results show that
metapelitic rockswith lower iron content aremore fertile, producemoremelt and therefore showamore significant
increase (up to 35%) in the Fe-oxide content in the residual (melt depleted) rock package. Rocks with primary Fe-
rich compositions are less fertile, lose less melt and therefore do not experience the same relative increase in the
amount of Fe-oxides in the residuum. The results of the modelling have implications for the formation of
economic-grade iron ore deposits in metamorphic terranes. Fe-rich compositions that represent primary ore
horizons prior to metamorphism may not experience significant enrichment. However, those horizons with
lower primary iron contents may be significantly upgraded as a result of melt loss, thereby improving the overall
grade of the ore system. The application of the modelling to the highly metamorphosed Palaeoproterozoic
Warramboo magnetite–hematite deposit in the southern Gawler Craton suggests that melt loss during granulite
facies metamorphism led to upgrading of sub-economic units within the low-grade Price Metasediments to form
the economically viable granulite facies Warramboo ore system. The results of this study suggest that high-
temperature metamorphic terranes offer attractive exploration targets for magnetite-dominated iron ore deposits.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Hematite ore has traditionally been considered to be of greater
economic importance than magnetite ore, as high-grade hematite ore
contains fewer impurities and therefore has lower processing costs
(McKay et al., 2014). Australia is one of the largest global producers of
iron ore, and the dominant ore exported by Australia is hematite ore
(McKay et al., 2014). However, there has been a gradual decrease over
time in the discovery of large hematite ore bodies, as well as a decline
in the quality of hematite ore exported from large-scale producers such
as Australia (McKay et al., 2014; Mudd, 2010). As a result, magnetite
deposits are increasingly generating economic interest, as simpler
procedures for concentrating the ore allow for the formation of a high
quality beneficiation product that attracts high prices (IronRoad, 2014;
McKay et al., 2014). Magnetite deposits hosted in granulite facies rocks
are additionally of economic interest, as the coarse-grained nature of
the rock allows for easier concentration of the iron ore (e.g. IronRoad,
2014).
Morrissey).
In the southern Gawler Craton, theWarramboo deposit is an example
of an economic-grade, granulite facies, magnetite-dominant iron ore
deposit (Figs. 1, 2). Recent work has correlated the magnetite gneisses
at Warramboo to the Price Metasediments, a sequence of magnetite and
hematite-bearing phyllites in the southern Gawler Craton (Fig. 1; Lane
et al., 2015). The stratigraphic links between the greenschist facies Price
Metasediments and the granulite faciesmagnetite gneisses that comprise
the Warramboo deposit provide an opportunity to model the effect of
high-grade metamorphism and partial melting on the iron concentration
of a primary magnetite and hematite-bearing sedimentary package.

An average pelite may produce up to 50–60 vol.% total melt at
conditions attainable during orogenesis (Clemens, 2006; Clemens and
Vielzeuf, 1987). As melts are mobile, and many granites contain appre-
ciable volumes of crustal material, volume reduction in the source
region associated with melt loss is a mechanism to concentrate
elements such as iron in the residual rock package (e.g. Brown, 2013;
Droop et al., 2003; Redler et al., 2013; Sawyer, 1994; Vielzeuf and
Holloway, 1988; White and Powell, 2002; Yakymchuk and Brown,
2014). For a layered sequence that contains variable amounts of magne-
tite and hematite, up to and including ore-grade concentrations, the con-
centration of iron as a result of melt loss may be an important process in
improving iron ore grades.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2015.11.012&domain=pdf
http://dx.doi.org/10.1016/j.oregeorev.2015.11.012
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In this paper we investigate the effect of melt loss on bulk rock iron
content (Fe2O3(TOTAL)) and the proportion of magnetite and hematite
using samples from the Price Metasediments. The computed metamor-
phic phase diagrams from the greenschist facies Price Metasediments
are compared with those using compositions from the residual (melt
Fig. 1. Interpreted geology of the southern Gawler Craton, after Lane et
(From SARIG bhttps://sarig.pir.sa.gov.au/MapN).
depleted) granulite facies Warramboo deposit to show that melt loss
from the Price Metasediments is a plausible mechanism to upgrade sub-
economic Fe-bearing sequences. We also model the effect of varying oxi-
dation state of the bulk rock and its impact on the proportion ofmagnetite
to hematite.
al. (2015). b) TMI magnetic image of the southern Gawler Craton.

https://sarig.pir.sa.gov.au/Map%3e


Fig. 2. Aeromagnetic image ofWarramboo deposit, showing theWarramboo, Kopi and Hambidge deposits. Interpreted structural features of theWarramboo deposit are also shown, after
Lane et al. (2015).
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2. Geological setting

2.1. Gawler Craton

The Gawler Craton preserves a protracted geological history from c.
3150 Ma to c. 1450 Ma (Fig. 1; Daly et al., 1998; Fraser et al., 2010;
Hand et al., 2007; Payne et al., 2009; Reid and Hand, 2012). The oldest
rocks in the Gawler Craton are c. 3250–3150 Ma granitic gneisses that
outcrop within a discrete shear-zone bounded tectonostratigraphic
domain in the south-eastern Gawler Craton (Fraser et al., 2010). Seismic
data suggests that these rocks may form the basement to a large part of
the Gawler Craton (Fraser et al., 2010; Reid and Hand, 2012). The
Neoarchean to earliest Paleoproterozoic Mulgathing Complex in the
central-western Gawler Craton, and the Sleaford Complex in the
southern Gawler Craton, dominantly comprise c. 2560–2480 Ma volca-
nic and sedimentary successions, as well as 2520–2420 Ma intrusive
rocks, and are interpreted to represent portions of a single late Archean
belt (Reid and Hand, 2012; Reid et al., 2014; Swain et al., 2005). Both
these complexes were deformed and metamorphosed during the
2470–2410 Ma Sleafordian Orogeny (Daly et al., 1998; Dutch et al.,
2010; McFarlane, 2006; Reid et al., 2014).

Following the SleafordianOrogeny, the Gawler Craton experienced c.
400 Myr of tectonic quiescence. From c. 2000–1730 Ma, the tectonic
setting of the western, northern and eastern Gawler Craton has been
interpreted to have been dominantly extensional, with a series of rifting
events resulting in basin development and widespread deposition of a
number of volcanoclastic sedimentary sequences (Fig. 1; Fanning et al.,
2007; Hand et al., 2007; Howard et al., 2011a; Howard et al., 2011b;
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Payne et al., 2009; Reid and Hand, 2012). In central and western Eyre
Peninsula, these include the c. 1760 Ma Price Metasediments (Fig. 1;
Lane et al., 2015; Oliver and Fanning, 1997). In the northern Gawler
Craton, magnetite-bearing metasediments with deposition ages of
1750–1730 Ma have been intersected in drill holes (Cutts et al., 2013;
Payne et al., 2006; Payne et al., 2008); metasedimentary successions
with depositional ages of 1760–1700 Ma are also found in the western
Gawler Craton (Howard et al., 2011a).

Widespread basin development and sedimentation was terminated
by the KimbanOrogeny at c. 1730–1690Ma. The KimbanOrogenywas a
craton-wide event that involved the development of crustal-scale shear
zones, granitic magmatism and widespread metamorphism (e.g. Dutch
et al., 2008; Dutch et al., 2010; Fanning et al., 2007; Hand et al., 2007;
Howard et al., 2011b; Payne et al., 2008; Vassallo and Wilson, 2002).
Preserved metamorphic conditions during the Kimban Orogeny vary
widely, reflecting large exhumation gradients in the terrane (Dutch
et al., 2008).

Following the Kimban Orogeny, the Gawler Cratonwas dominated by
magmatic processes, with the formation of the c. 1690–1670Ma Tunkillia
Suite (Hand et al., 2007), the c. 1620Ma St. Peter Suite (Swain et al., 2008)
and at c. 1580Ma the voluminousGawler RangeVolcanics and theHiltaba
Suite Granites (Daly et al., 1998; Fanning et al., 1988; Hand et al., 2007).
Magmatism at c. 1580 Ma was accompanied by widespread, high-grade
metamorphism in the northern and southeastern Gawler Craton (Cutts
et al., 2011; Forbes et al., 2012; Morrissey et al., 2013; Payne et al., 2008).
2.2. Price Metasediment–Warramboo system

TheWarramboo deposit consists of significant iron concentrations at
Warramboo, Hambidge and Kopi in the central Eyre Peninsula (Figs. 1,
2). The deposits are entirely buried beneath Tertiary to Recent cover
sequences, with mineralisation projected to occur at depths between
200 and 600 m (IronRoad, 2014). All samples used in this study come
from exploration and resource-defining drilling. The iron deposits con-
sist of granulite facies, magnetite-rich metapelitic gneisses interlayered
withmagnetite-poor felsic gneisses. TheWarramboo deposit is the larg-
est known magnetite deposit in Australia, with a resource of 3.7 billion
tonnes at 16 wt.% Fe (IronRoad, 2014; Lane et al., 2015). The granulite
facies host rock is coarse-grained and therefore the Fe-oxides are easier
to concentrate. After concentration, it is estimated that the Warramboo
deposit will produce a beneficiation product of 67% Fe (IronRoad, 2014).

TheWarramboodeposit appears on regional aeromagnetic imagery as
a series of east–west trending domains that outline an isoclinal fold sys-
tem(Fig. 2; Lane et al., 2015). Althoughdetailed geochronology and struc-
tural interpretation has focussed on the Warramboo area, the Hambidge
area to the south preserves similar relationships and lithologies, and is
therefore interpreted to correlate with the units in the Warramboo area.

The lithologies at Warramboo are described in more detail in Lane
et al. (2015) and have been divided into magnetite-poor lithologies,
magnetite-bearing horizons, and the magnetite-rich ore zones. The
magnetite-poor lithologies include metasedimentary felsic gneiss,
interpreted to have been deposited between 2470 and 2445 Ma, and
two felsic, metaigneous units with magmatic ages of 2474–2466 Ma.
Themagnetite-poor lithologieswere interpreted to be part of the Sleaford
Complex of the southern Gawler Craton, and were deformed and meta-
morphosed at c. 2445 Ma during the Sleaford Orogeny (Lane et al.,
2015). In contrast, the magnetite-bearing gneisses were interpreted to
be a younger cover sequence, deposited between 1760 and 1735 Ma
(Lane et al., 2015). The magnetite-bearing units are compositionally
and mineralogically heterogeneous and contain horizons enriched
in manganese that can be correlated across the deposit, interpreted
to represent primary compositional layering inherited from a het-
erogeneous sedimentary package (Lane et al., 2015). Overall, the average
grade of themagnetite gneisses of theWarramboo deposit is ~16 wt.% Fe
(IronRoad, 2014).
The presence of detrital zirconswithin the Fe-rich units indicates they
are clastic in origin. The detrital zircon age spectra are dominated by
1790–1750 Ma grains, similar to the greenschist facies, Fe-rich Price
Metasediments in southern Eyre Peninsula (Fig. 1; Lane et al., 2015;
Oliver and Fanning, 1997). In addition, the Price Metasediments and
Warramboo magnetite-bearing gneisses have similar Sm–Nd isotopic
compositions and both contain abundant spessartine-rich (i.e. Mn-rich)
garnet, suggesting a common sedimentary source (Lane et al., 2015;
Oliver and Fanning, 1997). Structurally, both the Price Metasediments
and theWarramboomagnetite-gneisses are isoclinally folded and bound-
ed by gneisses of the Sleaford Complex (Dutch et al., 2008; Lane et al.,
2015). Therefore, the Warramboo gneisses are interpreted to be a
high-grade correlative of the Price Metasediments.

Metamorphic zircon from the Warramboo deposit suggests it was
deformed andmetamorphosed at c. 1735Maduring the KimbanOrogeny
(Lane et al., 2015). However, there are no quantitative constraints on the
pressure–temperature (P–T) conditions of the Warramboo deposit.
Similarly, regional structural relationships indicate that the Price
Metasediments were also deformed and metamorphosed during
the Kimban Orogeny (Dutch et al., 2010). However, in contrast to the
Warramboo deposit, the Price Metasediments are sub-to un-economic
for iron ore. The purpose of this paper is to examine the impact of Kimban
Orogenymetamorphismon the iron contents of the PriceMetasediments,
and the implications for concentrations of magnetite and hematite. This
paper also provides the first quantitative constraints on the P–T
conditions of the Warramboo deposit.

3. Sample descriptions

3.1. Price Metasediments

The Price Metasediments are characterised by fine-grained, grey-
green, magnetite-bearing phyllite with a well-developed spaced cleav-
age (Oliver and Fanning, 1997). They are finely bedded and composition-
ally layered on a 1–10 mm scale. These compositional layers include
aluminous pelite, psammite and layers that are very rich in Fe-oxidemin-
erals. The PriceMetasediments occur on aeromagnetic images as a prom-
inent, north–south trendingmagnetic high in the southernEyre Peninsula
(Fig. 1). The chosen samples have been selected as representatives of
comparatively magnetite-poor (sample 377514) and magnetite-rich
layers (sample 377516)within the package. The abundances ofmagnetite
and hematite were determined using point counting; abundances of the
remaining minerals were determined using visual estimates.

3.1.1. Sample RS 377514 (53H 525844E 6159150S): magnetite-poor
Sample 377514 is fine-grainedwithmineralogical layering defined by

muscovite-rich and quartz-rich layers (Fig. 3a). Muscovite is abundant
(~50 vol.% of the sample), and occurs as small flakes (commonly
b10 μm) that define a weak foliation in some layers. Quartz is also
abundant (~30 vol.% of the sample) and occurs as anhedral grains
~50 μm size. Magnetite comprises 6–8 vol.% of the sample and occurs
as small euhedral crystals, ranging in size from10 to 200 μm,distributed
throughout the thin section. Small, ragged grains of hematite are much
less common than magnetite (b0.5 vol.% of the sample). Garnet occurs
throughout the rock as equant euhedral crystals ~10–50 μm in size and
may contain fine-grained inclusions of magnetite. Biotite occurs in
minor amounts as small flakes up to 100 μm in size that are commonly
unoriented. Chlorite occurs as flakes that are aligned with the foliation,
or adjacent to garnet and magnetite and along biotite cleavage planes.
Plagioclase occurs in both the muscovite- and quartz-rich domains.

3.1.2. Sample RS 377516 (53H 529725E 6159716S): magnetite-rich
Sample 377516 is compositionally layered, with layers 1–10 mm in

width (Fig. 3b). The sample is dominantly comprised of inter-bedded
pelitic and Fe-oxide-rich layers. The compositional layering is discor-
dant to a weak foliation that is present in some layers. The pelitic layers



Fig. 3. Thin section images. a) sample 377514; b) sample 377516; c) sample IRD204-27; d) sample IRD204-29; e) sample IRD190-10A2.
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have similarmineralogy to sample 377514 and are dominated by quartz
and muscovite, with euhedral magnetite (100–200 μm) and less com-
mon hematite distributed throughout the layers. Biotite flakes (up to
100 μm), and subordinate chlorite, occur in contact with magnetite
porphyroblasts. Small euhedral garnet grains (up to 100 μm) occur
throughout the sample, but are more common in the pelitic horizons.
The Fe-oxide-rich layers contain abundant magnetite and hematite (up
to ~40 vol.% of the layer), small anhedral quartz grains and biotite flakes
that occur in contact with magnetite. Magnetite is the dominant oxide
in these layers and occurs as porphyroblasts (100–200 μm), whereas
hematite occurs as smaller, elongate grains. The sample also contains an
apatite-rich layer, as well as layers dominantly comprised of quartz and
plagioclase. These layers also contain magnetite and small biotite flakes
(50 μm) that define aweak foliation. Although the sample has lithological,
and hence mineralogical, domains, on a thin section scale it contains
~15–16 vol.% Fe-oxides (approximately 70% magnetite to 30% hematite).

3.2. Warramboo gneisses

Themagnetite-bearing units from theWarramboo deposit range from
sparsely magnetite-bearing to magnetite-rich ore, but at the metre-scale
all lithologies contain deformed K-feldspar–quartz ± plagioclase
leucosomes and variable abundances of hematite and spessartine-rich
garnets (Lane et al., 2015). Two samples from theWarramboo area (sam-
ples IRD204-27 and IRD204-29) and one sample from the Hambidge area
(sample IRD190-10A2) were selected for modelling. The magnetite-
bearing gneisses in the Hambidge area contain similar mineral
assemblages to the gneisses from the Warramboo area but are variably
retrogressed, with alteration of cordierite to pinite and replacement of
feldspars in some samples. The abundances of magnetite and hematite
were determined using point counting.

3.2.1. Sample IRD204-27 (53H 562340E, 6321437S)
Sample IRD204-27 was collected from exploration drill hole

IRD204, depth interval 237.8–237.9 m. The sample contains interlayered
Fe-oxide-rich pelitic and psammitic horizons and Fe-oxide poor
quartzofeldspathic leucosomes on a scale from a few millimetres to
2 cm in thickness. The sample is very rich in magnetite and hematite,
which together comprise ~30 vol.% of the sample (Fig. 3c).
In the Fe-oxide-rich psammitic horizons, hematite and magnetite
grains (b1 mm in diameter) occur in approximately equal proportions,
together with abundant quartz, plagioclase, minor euhedral garnet
(b100 μm) and rare apatite (Fig. 4a–b). Magnetite may be separated
from quartz by thin coronae of plagioclase (Fig. 4a–b). The Fe-oxide-
rich pelitic horizons are predominantly composedof cordierite,magnetite
and hematite. Hematite is the dominant Fe-oxide and forms coarse grains
up to 5 mm (Fig. 4a). Cordierite occurs as coarse-grained (up to 5 mm)
porphyroblasts that contain inclusions of magnetite, elongate, euhedral
hematite, patches of sillimanite and quartz. Fine-grained cordierite also
occurs as inclusions in hematite. Small euhedral garnet grains occur
throughout the pelitic layers in contact with magnetite and hematite.
The sample contains biotite (b7 vol.% of the sample), that occurs at the
interface between the pelitic and psammitic horizons as coarse-
grained flakes up to 2 mm (Fig. 3c) and as anhedral grains associated
with magnetite and hematite in the pelitic layers. The Fe-oxide-poor
quartzofeldspathic leucosomes in this sample are ~3 mm in width and
dominantly composed of K-feldspar and quartz with minor cordierite
and rare plagioclase.

3.2.2. Sample IRD204-29 (53H 562340E, 6321437S)
Sample IRD204-29 was collected from exploration drill hole IRD204,

depth interval 284.9–285m and containsmagnetite, hematite, cordierite,
garnet, K-feldspar, plagioclase, minor biotite and sillimanite (Fig. 3d).
Magnetite and hematite occur in approximately equal proportions and
together comprise 15–18 vol.% of the sample. Coarse-grained magnetite
and hematite are commonly intergrown with quartz and sometimes
finer-grained plagioclase (up to 500 μm), andmay be enveloped by cordi-
erite. Garnet is abundant and occurs throughout the sample as euhedral
grains ~250 μm in diameter and also as coronae on coarse-grained mag-
netite andhematite. Cordierite is abundant and occurs as porphyroblasts
(up to 1 cm) that include small, foliation-parallel hematite grains,
patches of foliation-parallel sillimanite and horizons of euhedral garnet
(Fig. 4c–d). The sample contains quartzofeldspathic leucosomes that
are composed of coarse-grained microcline and perthitic K-feldspar
(up to 3.5 mm in diameter), quartz (up to 1.5 mm) and variable
amounts of plagioclase. Sillimanite is abundant and occurs as patches
in cordierite (Fig. 4c–d) or as aligned aggregates with hematite andmag-
netite (up to 3 mm in length; Fig. 4e–f). Less commonly, it occurs as



Fig. 4. Photomicrographs showing representative mineral relationships. Each photomicrograph is shown in plain polarised light and reflected light. a–b) sample IRD204-27: Fe-oxide-rich
psamitic horizon, dominantly comprised of quartz, magnetite, hematite and minor plagioclase and garnet. Plagioclase coronas (pl2) separate magnetite and quartz. c–d) sample IRD204-29:
fine-grained patches of sillimanite are included in cordierite and are common near magnetite/hematite. Euhedral garnet and cordierite are included in magnetite/hematite, and a second
generation of garnet forms coronas on magnetite/hematite porphyroblasts. e–f) sample IRD204-29: sillimanite associated with magnetite/hematite aggregates aligned with the gneissic
foliation, euhedral garnet is also included in magnetite/hematite. Cordierite is abundant and partially envelops magnetite/hematite. g–h) sample IRD190-10A2: euhedral garnet inclusions in
magnetite/hematite. A second generation of garnet occurs as coronas on magnetite/hematite. Cordierite includes patches of aligned sillimanite and partially envelops magnetite/hematite.
i) Inset image in the bottom left corner of Fig. 4g, showing the secondary garnet coronas in more detail.
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inclusions in quartz or K-feldspar or along grain boundaries of cordierite
and quartz.

3.2.3. Sample IRD190-10A2 (53H 573640E, 6299430S)
Sample IRD190-10A2 was collected from exploration drill hole

IRD190, depth interval 237.6–241.76 m. This sample contains a
gneissic foliation defined by magnetite–hematite-rich layers and
quartzofeldspathic leucosomes (Fig. 3e). Small, euhedral garnet grains
(250 μm, rarely up to 500 μm) occur in discrete layers commonly associ-
ated with magnetite and hematite (Fig. 4g–h). They may occur included
in magnetite and hematite, cordierite and K-feldspar. Cordierite is abun-
dant and contains patches offine-grained sillimanite,which are common-
ly parallel to the gneissic fabric. The patches of fine-grained sillimanite
included in cordierite are more abundant in the magnetite and
hematite-rich layers, and in these layers cordierite commonly en-
velops magnetite and hematite. Cordierite also occurs within the
quartzofeldspathic leucosomes, together with abundant perthite (up to
3 mm in diameter), quartz (up to 2 mm) and less common antiperthite
and plagioclase (up to 750 μm). Magnetite and hematite are abundant
(~13 vol.%, with magnetite the dominant oxide) and occur as euhedral
grains that are parallel to the foliation (300–800 μm) and coarse anhedral
porphyroblasts (up to 3 mm). Coarse-grained magnetite and hematite
contain inclusions of garnet, quartz (~100 μm) and rare euhedral biotite
and cordierite. A second generation of garnet occurs as thin (b50 μm)
coronae on magnetite and hematite grains (shown in the inset image in
Fig. 4g) and in places magnetite and hematite are separated from
coarse-grained euhedral garnet by a corona of cordierite and garnet
(Fig. 4g–h). Biotite forms anhedralflakes commonly associatedwithmag-
netite, hematite and garnet. It also occurs in domains as elongate grains
(up to 1.5 mm in length and 250 μm in width), associated with elongate
magnetite and hematite (Fig. 3e).

4. Metamorphic modelling

Although it cannot be definitively proven that the magnetite-rich
gneisses that form the Warramboo deposit and the sub-economic
Price Metasediments are the same Fe-rich sequence, the similarity in
depositional age, detrital zircon populations, enclosing basement and
Nd isotopic composition between the two argues that they are part of
the same sequence (Lane et al., 2015). TheWarramboo gneisses contain
quartzo-feldspathic leucosomes, suggesting they havemelted. They also
preserve granulite facies mineral assemblages typical of aluminous
metasedimentary rocks (i.e. garnet–cordierite–sillimanite-bearing;
White et al., 2001) with little (b10 vol.%) biotite, and in general have
compositions that are depleted in elements such as K2O when
Table 1
Bulk rock compositions in weight% for pseudosection modelling.

773514: Price Metasediments 773516: P

wt.% Protolith ML1 ML2 ML3 Protolith

SiO2 58.51 58.04 56.33 54.87 57.74
TiO2 0.55 0.57 0.67 0.74 0.46
Al2O3 15.58 15.72 16.07 16.24 11.00
Fe2O3 7.75 8.16 9.49 10.50 14.55
FeO 6.05 6.36 7.42 8.18 7.13
MnO 0.81 0.86 1.00 1.11 0.83
MgO 2.30 2.42 2.82 3.11 1.61
CaO 0.68 0.69 0.70 0.67 1.25
Na2O 0.84 0.69 0.41 0.32 1.47
K2O 4.62 4.62 4.34 3.99 2.68
H2O 2.31 1.87 0.76 0.30 1.28
Fe2O3(TOTAL) 14.48 15.23 17.74 19.59 22.47
Melt lost (mol%) – 6.40 17.40 11.30 –
compared to the Price Metasediments (Table 1; Oliver and Fanning,
1997). These features are consistent with melt loss from a sedimentary
protolith during high-temperature metamorphism (e.g. Diener et al.,
2008; Powell and Downes, 1990; White and Powell, 2002). The purpose
of this study is to use the sub-economic Price Metasediments and their
economic granulite facies equivalents as a case study to investigate the
general process of Fe-oxide enrichment as a result of melt loss during
high-grade metamorphism.

For the purposes of the phase equilibria modelling, mol% and vol.%
are approximately equivalent. The following abbreviations are used:
g = garnet; pl = plagioclase; liq = silicate melt; ep = epidote;
ksp = K-feldspar; bi = biotite; opx= orthopyroxene; cd= cordierite;
mu = muscovite; chl = chlorite; mt = magnetite; ilm = ilmenite;
hem = hematite; pa = paragonite; ab = albite; sill = sillimanite;
and = andalusite; ky = kyanite; q = quartz.
4.1. Determining the conditions of metamorphism of the Price
Metasediments–Warramboo system

Pressure–temperature pseudosections were calculated for samples
377514 and 377516 (Price Metasediments) and IRD204-27, IRD204-
29 and IRD190-10A2 (Warramboo gneisses). P–T pseudosections for
the samples were calculated using THERMOCALC v3.40, using the inter-
nally consistent dataset, ds62, of Holland and Powell (2011) and the
activity–composition (a–x) models re-parameterised for metapelitic
rocks in the MnNCKFMASHTO system (Powell et al., 2014; White
et al., 2014a; White et al., 2014b), where ‘O’ is a proxy for Fe2O3.
Whole-rock chemical compositions for the calculation of metamorphic
phase equilibria were determined by crushing up a representative
amount of each sample (100–200 g) and using a tungsten carbide
mill. Bulk-rock chemical compositions were conducted by Franklin
and Marshall College, Pennsylvania. Major elements were analysed by
fusing a 0.4 g portion of the powdered sample with lithium tetraborate
for analysis by XRF. Trace elements were analysed by mixing 7 g of
crushed rock power with Copolywax powder and measurement by
XRF. The whole rock chemistry for each sample used in the calculation
of the mineral equilibria pseudosections is given in Appendix 1.

The amount of H2O and Fe2O3 in the bulk chemical composition that
relates to the formation of the peak (i.e. maximum temperature)
metamorphic mineral assemblages can be difficult to determine, due
to hydration and oxidation during low-T processes such as weathering
(e.g. Johnson and White, 2011). The proportion of Fe2O3 to FeO for all
samples was evaluated using T–MO sections (see below) and was deter-
mined based on the proportion of magnetite to hematite. Subsolidus
metamorphism is interpreted to involve aqueous fluid-present mineral
rice Metasediments IRD: Warramboo mt gneisses

ML1 ML2 ML3 204-27 204-29 190-10A2

57.32 56.69 55.98 41.97 50.27 53.11
0.48 0.50 0.54 0.77 0.93 0.42

10.93 10.76 10.57 7.83 13.56 12.24
15.19 16.09 16.91 39.70 19.91 15.50
7.43 7.86 8.27 4.20 6.29 8.63
0.86 0.91 0.96 0.38 2.08 1.04
1.68 1.78 1.87 2.82 2.89 2.30
1.29 1.34 1.38 0.56 0.75 1.07
1.38 1.26 1.18 0.33 0.78 1.13
2.57 2.39 2.20 0.94 2.19 3.85
0.88 0.41 0.14 0.50 0.35 0.70

23.45 24.83 26.10 44.36 26.90 25.09
5.50 7.20 6.20 – – –
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assemblages, therefore the modelling of the Price Metasediments was
done with water set in excess (i.e. always present across the subsolidus
part of P–T space). Determining the appropriate amount of H2O at peak
Fig. 5. T–MO sections for samples 377514 and 377516. The compositions are given above each p
Fe is modelled to be Fe3+. The sections have been contoured for the proportion of magnetite t
hematite are given including freewater (regular text) and the absolute proportion not including
at 6 kbar. c) Sample 377516, at 3 kbar, with H2O in excess. d) Sample 377516, at 6 kbar.
conditions for granulite facies rocks is more problematic, as low-T retro-
gression and the presence of other volatiles such as CO2, F and Cl means
that the measured LOI may be an overestimation. Therefore, the H2O
seudosection. At x=0, 1% of total Fe ismodelled to be Fe3+, whereas at x=1, 99% of total
o hematite. For the subsolidus sections with H2O in excess, the amounts of magnetite and
freewater (bold text). a) Sample 377514, at 3 kbar,withH2O in excess. b) Sample 377514,
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content of theWarramboo gneisses during peakmetamorphismwas es-
timated based on the modal proportion of H2O-bearing minerals (bi-
otite and cordierite) and a conservative estimate of the H2O content of
these minerals (Deer et al., 1992; Rigby and Droop, 2011).
4.2. Modelling the effects of melt loss

The amount and composition ofmeltwithin a given rock is dependent
on the P–T conditions and the initial bulk rock composition of the
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protolith, andmay be modelled using a closed system (e.g. Johnson et al.,
2008; Korhonen et al., 2010; White and Powell, 2002; Yakymchuk and
Brown, 2014). However, the continental crust is an open systemwith re-
spect tomelt, wherebymelt accumulates until it reaches a critical thresh-
old and is then lost episodically from the source rock (Brown, 2010, 2013;
Handy et al., 2001; Sawyer, 1994; Yakymchuk and Brown, 2014;
Yakymchuk et al., 2013). A rock may experience a series of melt loss
events throughout a single orogenic cycle, each of which modify the
chemical composition and therefore fertility of the source rock (Brown,
2013; Korhonen et al., 2010; Vielzeuf et al., 1990; White et al., 2002;
Yakymchuk and Brown, 2014). We investigate the effect of these melt
loss events on the composition of the Price Metasediments using a series
of P–T pseudosections and the interpreted peak conditions of the
Warramboo deposit (as determined below). The amount of H2O in the
starting bulk composition is based on LOI, the amount of starting Fe2O3

was determined based on the proportion of magnetite to hematite (as
above).

5. Results of metamorphic modelling

5.1. The effect of oxidation state

Before determining the likely P–T conditions of the Price
Metasediments and the Warramboo deposit, it is necessary to explore
the effect of variable oxidation state of the bulk rock composition on the
mineralogy. The oxidation state of the rock composition can have a
significant effect on the stability of mineral assemblages (e.g. Boger
et al., 2012; Diener and Powell, 2010; Johnson and White, 2011;
Johnson et al., 2008; Lo Pò and Braga, 2014; Morrissey et al., 2015).
This is because highly oxidised rocks contain elevated levels of Fe2O3,
which favours the stability of minerals like magnetite and hematite
that sequester Fe, resulting in the growth of comparatively Mg–Al
enriched minerals such as cordierite in the silicate-dominated part of
the assemblage. Determination of Fe2O3 by titration may overestimate
the amount of Fe2O3 in the bulk rock due to low-T oxidation during
weathering, or oxidation during sample preparation for geochemical
analysis (e.g. Johnson and White, 2011; Lo Pò and Braga, 2014). There-
fore, the effect of varying the Fe2O3 amount was investigated using T–
MO sections for both samples of the Price Metasediments (samples
377514 and 377516), where x = 0 is equivalent to 1% of total iron
being Fe2O3 and 99% being FeO; and x = 1 equivalent to 99% of total
iron being Fe2O3 and 1% being FeO (Fig. 5). The T–MO sections were
calculated at pressures of 3 kbar to investigate the effect of oxidation
state on the original greenschist facies assemblages, and at 6 kbar using
the original protolith compositions above the solidus prior to melt loss.

For sample 377514, the magnetite–hematite-bearing fields occur
between MO = 0.49–0.80; similarly sample 377516 requires MO =
0.59–0.90 (Fig. 5a, c). Varying the oxidation state within this interval
does not significantly affect the total amount of these oxides, but does
affect the proportion of magnetite to hematite. In highly oxidised compo-
sitions hematite is the dominant oxide, whereasmagnetite is more abun-
dant in less oxidised compositions. Within the magnetite–hematite field,
varying the amount of Fe2O3 slightly affects the pressures and tempera-
tures of the main silicate boundaries, but does not affect the stable
phase assemblages.

5.2. Metamorphic conditions of the Price Metasediments

It is necessary to determine the pressure–temperature (P–T) evolution
and conditions of metamorphism of the Price Metasediments and the
Warramboo deposit to provide a framework for modelling the effects of
melt loss.

5.2.1. Sample 377514
The peak metamorphic assemblage is interpreted as garnet, quartz,

muscovite, hematite, magnetite, plagioclase, chlorite and minor biotite.
This assemblage occurs in a narrow triangular field from ~450–470 °C
and pressures less than 4 kbar (Fig. 6a). This assemblage is predicted
to contain 5.2 mol% magnetite and 1.6 mol% hematite, excluding excess
H2O as a freefluid phase.With increasing temperature, the total amount
of Fe-oxide minerals remains approximately constant at ~6.7 mol%, but
the proportion of magnetite to hematite increases with temperature
(Fig. 7a). The total amount of Fe-oxides modelled (~6.8 mol%) is consis-
tent with observations (~6–8 vol.%; Fig. 3a).

5.2.2. Sample 377516
The peak metamorphic assemblage is interpreted as garnet, musco-

vite, magnetite, hematite, quartz, plagioclase and minor biotite. The ab-
sence of epidote and K-feldspar suggest that the mineral assemblage
formed at 465–535 °C and 2–5 kbar (a narrow, triangular field in
Fig. 6b, consistent with the conditions inferred for sample 377514). The
mineral assemblage in this field is predicted to contain ~9.2–9.4 mol%
magnetite and ~3.3 mol% hematite, excluding excess H2O as a free fluid
phase. The total amount of Fe-oxidesmodelled (12.5–13mol%) is broadly
consistent with that observed (15–16 vol.%; Fig. 3b).

5.3. Metamorphic conditions of Warramboo deposit

5.3.1. Sample IRD204-27
The peak metamorphic assemblage is interpreted as garnet, plagio-

clase, K-feldspar, cordierite, magnetite, hematite, quartz and silicate
melt. The presence of cordierite and absence of sillimanite constrains
pressures to below 7.8 kbar (Fig. 7a). In this sample, the biotite-out
boundary occurs at 840–850 °C. Biotite in this sample is typically anhedral
and intergrown with magnetite–hematite or occurs at the interface be-
tween compositional domains, and therefore the majority of biotite is
interpreted to be retrograde. At temperatures near the biotite-out bound-
ary, the absence of orthopyroxene provides a lower pressure constraint of
5–5.5 kbar (Fig. 7a). The sample is modelled to contain 33–34 mol%
magnetite and hematite, consistent with the high proportion of Fe-
oxide minerals observed in this sample (~30 vol.%; Fig. 3c).

5.3.2. Sample IRD204-29
The peak metamorphic assemblage is interpreted as garnet, plagio-

clase, K-feldspar, cordierite, magnetite, hematite, sillimanite (occurring
as inclusions in cordierite, along grain boundaries with cordierite and as
sillimanite–magnetite–hematite aggregates), quartz and silicate melt.
This assemblage occurs over a wide range of conditions, from pressures
of ~2.6–6.8 kbar and temperatures in excess of 770 °C (Fig. 7b). Biotite
in this sample is not interpreted to be part of the peak assemblage. The
peak field for this sample is modelled to contain 18–19 mol% magnetite
and hematite, in approximately equal proportions (Fig. 7b), consistent
with the quantity of magnetite and hematite in observed in the rock
(15–18 vol.%; Fig. 3d).

5.3.3. Sample IRD190-10A2
The peak metamorphic assemblage is interpreted as garnet, plagio-

clase, K-feldspar, cordierite, magnetite, hematite, quartz and silicate
melt. The presence of cordierite and absence of sillimanite, except as
inclusions in cordierite, suggests pressures were below 6.8 kbar
(Fig. 7c). Biotite occurs as randomly oriented, anhedral flakes associated
with magnetite–hematite as well as elongate grains that define the folia-
tion in some parts of the sample, together with elongate magnetite–
hematite. The ambiguity in the textural interpretation of biotite means
that temperatures for the peak assemblage are poorly constrained. How-
ever, the general paucity of biotite in this sample (Fig. 3e) suggests that
peak temperatures were near the biotite-out boundary, at 815–830 °C
(Fig. 7c). The amount ofmagnetitemodelled in the peak field in this sam-
ple (either with orwithout biotite) is 15–16.5mol%, whereas the amount
of hematite is b1 mol%. The sample contains 13 vol.% Fe-oxides (Fig. 3e)
with magnetite the dominant oxide, consistent with the modelling.



Fig. 6. P–T pseudosections for the PriceMetasediments. The composition inmol% is given above each pseudosection. The pseudosections have been calculatedwithH2O in excess. The bold
dashed line is the solidus. The interpreted peak fields have been contoured for modal proportion of magnetite and hematite (in mol%). The higher number (bold text) is the absolute
proportion of magnetite and hematite, excluding free water as a phase. The second number (regular text) is the proportion of magnetite and hematite calculated with free water as a
phase. a) Sample 377514. b) Sample 377516.
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5.4. Overall P–T evolution and conditions of the Price Metasediments–
Warramboo system

The modelling of the Price Metasediments suggests metamorphism
reached temperatures of ~460–470 °C. Peak pressures are poorly
constrained but were less than 4 kbar (Fig. 6). This corresponds to
an overall thermal gradient in excess of 115 °C/kbar. The mineral assem-
blages in the Warramboo gneisses occur over a large range of P–T condi-
tions, but peak conditions are interpreted to be 830–850 °C and
5–6.8 kbar (Fig. 7), corresponding to a similar thermal gradient in excess
of 120 °C/kbar. The prograde P–T path of the Warramboo gneisses is not
well defined. The presence of aligned sillimanite inclusions in cordierite
in several samples, together with the observation that cordierite contains
inclusions of magnetite, hematite and garnet, suggests that the earlier
evolution may have occurred outside the cordierite stability field and
therefore involved higher pressures and/or lower temperatures (Fig. 7).
The similar thermal gradient throughout the Warramboo–Price
Metasediment system suggests a prograde evolution that necessarily
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involved increasing temperatures with increasing crustal depth. How-
ever, any quantitative inferences about the prograde history are neces-
sarily poorly constrained because the current residual bulk composition
Fig. 7. P–T pseudosections of the Warramboo gneisses. The composition in mol% is given abov
fields are contoured for the proportion of magnetite and hematite (in mol%). a) Sample IRD20
of the rock is not appropriate for modelling the prograde history (e.g.
Johnson and White, 2011; Kelsey and Hand, 2015; Korhonen et al.,
2013; White and Powell, 2002). The difficulty in constraining the
e each pseudosection. The solidus is denoted by a bold, dashed line. The interpreted peak
4-27. b) Sample IRD204-29. c) Sample IRD190-10A2.
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prograde history, combined with the high thermal gradient that in-
volves large changes in temperature relative to pressure, means that
for the purposes of modellingmelt loss we have assumed a (simplified)
isobaric heating path. A pressure of 6 kbar is used for the isobaric
heating path, so that it intersected the interpreted peak conditions of
the Warramboo deposit (Fig. 7).
5.5. Modelling the effects of prograde metamorphism and melt loss using
the Price Metasediments

Forward modelling in a closed (i.e. isochemical) system using the
compositions of the samples of Price Metasediments suggests that
they are capable of producing the magnetite–cordierite–K-feldspar-
bearing assemblages observed in the Warramboo gneisses at conditions
similar to those inferred for theWarramboodeposit (Figs. 8a, 9a). Howev-
er, the amount of melt modelled to be present in these assemblage fields
in the closed system situation is ~50mol% (Figs. 8a, 9a), which is rheolog-
ically impossible. Instead, melt was likely to have been lost via a series of
melt loss events during prograde metamorphism. Three melt loss events
were modelled to occur; the first is just up-temperature of the wet soli-
dus, and the second and third are just up-temperature of the terminal
muscovite and biotite breakdown-reactions where large volumes of
melt are produced over a small temperature interval (shown as stars in
Figs. 8, 9; Clemens, 2006; Redler et al., 2013; White and Powell, 2002).
Melt loss events were modelled by removing all but 1 mol% of melt
(interpreted to be the amount of melt retained on grain boundaries;
Holness and Sawyer, 2008). After the removal of melt, another P–T
pseudosection was calculated using the new composition (Table 1;
Figs. 8b–d, 9b–d). This procedurewas repeated after eachmelt loss event.

There areminormismatches between the positions of some reaction
boundaries in the subsolidus versus suprasolidus forward models, due
to differences in the subsolidus and suprasolidus magnetite a–xmodels
(White et al., 2002;White et al., 2000;White et al., 2014b). These differ-
ences prevent a direct comparison of the modal proportions of magne-
tite and hematite between the subsolidus and suprasolidus modelling.
Importantly however, the effect of episodic melt loss on the modal
proportions of these minerals at the interpreted peak conditions can
be directly compared (Figs. 8–9). The bulk compositions and proportion
of melt removed after each melt loss event are summarised in Table 1.

5.5.1. Sample 377514
At the peak conditions inferred for the Warramboo deposit, the total

amount of melt that can be produced using the composition of 377514
in a closed system is ~50–65 mol% (Fig. 8a). However, if melt is removed
episodically along the prograde evolution when the rock crosses the ter-
minal H2O, muscovite and biotite boundaries, the total cumulative
amount of melt that can be produced by the time the rock reaches the
interpreted peak conditions is 35–40 mol% (Table 1; Fig. 8d). At the
interpreted peak conditions, the original ‘closed system’ composition of
sample 377514 produces 6–7 mol% magnetite and 1–1.5 mol% hematite
(Fig. 8a). After three melt loss events, approximately 35 mol% melt is
modelled to have been removed from the composition (Table 1). The
resulting amount of magnetite modelled to be present at the peak condi-
tions increases to 8.5–10.5% and the amount of hematite increases to
1.5–2.5 mol% (Fig. 8d). Therefore, at the peak metamorphic condi-
tions for the Warramboo deposit, sample 377514 shows a relative in-
crease in total Fe-oxides from 7.5–8 mol% to 11.5–12 mol% as a result
of three melt loss events, equivalent to a relative increase of ~35%.
The relative amount of Fe2O3(TOTAL) in the bulk composition increases
by 35%, from 14.48 to 19.59 wt.% (Table 1).

5.5.2. Sample 377516
At the interpreted peak conditions of the Warramboo deposit, the

amount ofmelt that can be produced in a closed systemusing the original



Fig. 8. P–T pseudosectionsmodellingmelt loss events for sample 377514. The composition inmol% is given above each pseudosection. The bold dashed line is the solidus, whereas thefine
dashed lines represent contours of modal proportion of melt. The interpreted peak fields are contoured for the modal proportion of magnetite and hematite (in mol%). The grey arrow is
the inferred isobaric heating path at 6 kbar and the stars mark the P–T conditions of eachmelt loss event. a) Closed system situation (nomelt loss) using the original composition; b) after
one melt loss event; c) after two melt loss events; d) after three melt loss events.
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composition of sample 377516 is ~30–40 mol% (Fig. 9a). The original
‘closed system’ composition ismodelled to produce 12.5–13.5mol%mag-
netite and ~1.25–2mol% hematite at peak conditions (Fig. 9a). After three
melt loss events, approximately 19mol%melt has been removed from the
composition and the amount of magnetite and hematite modelled to be
present at the peak conditions increases to 15.5–16.5 mol% and



Fig. 9. P–T pseudosectionsmodellingmelt loss events for sample 377516. The composition inmol% is given above each pseudosection. The bold dashed line is the solidus, whereas thefine
dashed lines represent contours of modal proportion of melt. The interpreted peak fields are contoured for the modal proportion of magnetite and hematite (in mol%). The grey arrow is
the inferred isobaric heating path at 6 kbar and the stars mark the P–T conditions of eachmelt loss event. a) Closed system situation (nomelt loss) using the original composition; b) after
one melt loss event; c) after two melt loss events; d) after three melt loss events.
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1.5–2.5 mol% respectively (Fig. 9d). Therefore, sample 377516 is
modelled to show an increase in the total amount of Fe-oxides at
peak conditions from ~14–14.5 mol% to ~18 mol% as a result of
melt loss, equivalent to an increase of ~25%. The relative amount
of Fe2O3(TOTAL) in the bulk composition increases 16%, from 22.47
to 26.10 wt.% (Table 1).
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6. Discussion

6.1. Implications for the generation of magnetite ore during metamorphism

Both the Price Metasediments and Warramboo magnetite-bearing
gneisses display compositional heterogeneity on themetre tomillimetre
scale (Fig. 3). Therefore, the variation in iron oxide amounts in the
Warramboo and Hambidge samples is likely to relate to differences in
composition inherited from the original protoliths. The modelling
suggests that the amount of Fe2O3(TOTAL) in the bulk composition of
the relatively iron-rich, muscovite-poor sample of Price Metasediments
(sample 377516) can be increased by melt loss to values similar to sam-
ples IRD190-10A2 and IRD204-29 (in the range 25–27 wt.% Fe2O3(TOTAL);
Table 1). This provides support for the inference that the magnetite
gneisses at Warramboo are correlatives of the Price Metasediments
(Lane et al., 2015), and suggest that granulite facies metamorphism
is a plausible mechanism to significantly upgrade sub-economic
iron occurrences.

Metasedimentary rocks such as the PriceMetasediments–Warramboo
system are likely to contain interbedded pelitic and iron-rich
psammitic layers, which together comprise the overall resource.
Price Metasediments sample 377514 is modelled to cumulatively pro-
duce more melt during metamorphism to ~850 °C than sample 377516
(35 mol% compared to 19 mol%; Table 1). The larger volume of melt in
sample 377514 reflects its higher proportion of muscovite (e.g. Brown,
2010; Patiño Douce and Harris, 1998; Vielzeuf and Holloway, 1988;
White and Powell, 2002) compared to sample 377516. Sample 377514
also shows a more significant increase in the amount of Fe2O3(TOTAL) in
the bulk composition, with melt loss able to increase the amount of
Fe2O3(TOTAL) in the melt-depleted residuum by ~35%, as opposed to
~16% for the less melt-fertile sample 377516 (Fig. 10; Table 1). Packages
that are originally rich in iron and more psammitic such as sample
377516 produce less melt than more pelitic compositions at any fixed
temperature, and therefore experience a less significant increase in
Fe2O3(TOTAL) in themelt-depleted residuum. Therefore, themodelling sug-
gests that whereas melt loss may not significantly enrich the horizons
that were already enriched in iron but comparatively deficient in mica,
melt loss from the more pelitic layers serves to improve iron contents in
what would otherwise (at low metamorphic grades) have been very
low value parts of the deposit system, thereby improving the overall
size of the resource.

Metamorphism is also amechanism to increase the abundance of Fe-
oxide minerals by increasing temperatures. Figs. 8 and 9 illustrate the
increasing proportion of magnetite and hematite at peak conditions,
as a function of changing composition. Fig. 10 illustrates the combined
effect of prograde heating from 650 to 850 °C and melt loss on the pro-
portion of the phases and the amount of total iron (Fe2O3(TOTAL)) in the
melt-depleted rock. It suggests that increasing temperature as well as
compositional changes as a result ofmelt loss both play a role in increas-
ing the proportion of iron oxides. The effect of both isobaric heating and
melt loss in sample 377514 is to significantly increase the sum amount
ofmagnetite and hematite from 6.1 to 11.6mol% (Fig. 10a), whereas the
sum amount of magnetite and hematite in sample 377516 increases
from 13.1 to 18.5 mol% (Fig. 10b). In addition, high-grade metamor-
phismwill typically increase grain size, improving crushing and concen-
tration processes.

6.2. Limitations of the modelling

One of the main limitations of the P–Tmodelling discussed above is
that some of the components commonly occurring in natural rocks,
such as ZnO, Cr2O3 and P2O5, cannot be effectively modelled in the cur-
rently available thermodynamic system. The whole rock chemistry
shows that the samples in this study are also rich in MnO
(0.37–2.06 wt.%; Table 1). The current Mn-bearing activity–
composition (a–x) models have been developed for metapelitic rocks
containing typical amounts of MnO (b0.3 wt.%), and therefore they
may not be reliable for the MnO-rich rocks in this study (White et al.,
2014b). The a–xmodels for hematite, garnet, cordierite, and biotite (and
chlorite, subsolidus) incorporate Mn, and in particular, Mn exerts an im-
portant influence on the stability of garnet (e.g. Boger and Hansen,
2004; Johnson et al., 2003; Mahar et al., 1997; Tinkham and Ghent,
2005; Tinkham et al., 2001; White et al., 2014b). However, the a–x
model for magnetite does not incorporate Mn (White et al., 2002;
White et al., 2000), and thereforemodelling using the current a–xmodels
may underestimate the amount of magnetite by artificially stabilising
minerals such as garnet, which sequester Fe, in the calculations. In
addition, both the Price Metasediments samples and sample
IRD204-27 contain small amounts of apatite, which affects the calcium
budget of the rock, but cannot be modelled in the MnNCKFMASHTO
system (or any other systemcurrently). The presence of abundantmon-
azite in some samples means that the effect of apatite cannot be easily
accounted for using the amount of P2O5 in the bulk composition. There-
fore, this limitation may artificially stabilise Ca-bearing phases such as
garnet and plagioclase in the calculations.

In applying the results specifically to the Price Metasediment–
Warramboo system, there is some uncertainty in modelling melt loss
as the prograde P–T path is poorly constrained, and therefore determin-
ing the number of likelymelt loss ‘events’ is difficult. An isobaric heating
path at 6 kbar was selected as a proxy for the ‘flat’ apparent thermal
gradient recorded by the low- and high-temperature samples, as it
intersected cordierite-bearing fields at the interpreted peak conditions.
A different pressure evolution would produce slightly less melt at higher
pressure and slightlymoremelt at lower pressure. The crossing of thewet
solidus and the main hydrate breakdown reactions have been used as a
proxy for melt loss events. In the case of the muscovite-breakdown reac-
tion, this means that up to 19 mol% melt was modelled to be present in
the rock prior to melt loss (Figs. 8, 9). However, in a static system, melt
loss has been interpreted to occur when the melt connectivity threshold
is exceeded, at ~7% melt (Rosenberg and Handy, 2005). In a system that
is undergoing deformation, this threshold is likely to be much lower,
and melt loss may even be continuous (e.g. Brown, 2010; Handy et al.,
2001; Johnson et al., 2011). Therefore, due to the uncertainties in
constraining the P–T path and the threshold of melt loss applicable
to the Price Metasediment–Warramboo system, the modelling in this
study is likely to underestimate the number of melt loss events. An
increased number of melt loss events is likely to produce slightly less
cumulative melt overall, as each melt loss event makes the remaining
rock more residual and more difficult to melt (e.g. Brown, 2013;
Vielzeuf et al., 1990; White and Powell, 2002). However, these uncer-
tainties are not interpreted to significantly affect the relationship between
melting and the proportion of iron in the residual rock.

6.3. Implications for exploration for magnetite-rich iron ore deposits

Most large magnetite deposits are interpreted to form as a result of
primary igneous processes (e.g. Naslund et al., 2002; Nystroem and
Henriquez, 1994), deposition of iron oxides as a result of secondary
hydrothermal processes (e.g. Dare et al., 2015; Kalczynski and Gates,
2014; Puffer andGorring, 2005; Sillitoe andBurrows, 2002), or a combina-
tionof the two (Knipping et al., 2015). There are comparatively fewexam-
ples of magnetite deposits analogous to the Warramboo deposit, where
mineralisation is hosted in a Fe-rich, clastic sediment (e.g. Lupulescu
et al., 2014;Mücke, 2005; Palmer, 1970; Tyler et al., 2014). However, rec-
ognition of this deposit typemay have important implications for iron ore
exploration in high temperature (N650–700 °C) metamorphic ter-
ranes that have undergone partial melting. Similar magnetite de-
posits that are hosted in granulite facies metasedimentary rocks
include the Benson Mine in the Grenville Orogen (Lupulescu
et al., 2014; Palmer, 1970) and the Southdown magnetite deposit
in the Albany–Fraser Orogen in Western Australia (Tyler et al.,
2014). The Benson Mine was proposed to have formed by
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metamorphism of pelitic sediment (Lupulescu et al., 2014; Palmer,
1970). Although there are no modern metamorphic P–T con-
straints, the surrounding rocks have been migmatised (Palmer,
1970) suggesting that combined metamorphism and melt loss
may have been the mechanism for creating and upgrading this de-
posit. Similarly, the Southdown magnetite deposit is hosted in
granulite facies gneisses and has been interpreted to have been
an Fe-rich sediment that experienced two phases of high tempera-
ture metamorphism (Tyler et al., 2014).
Fig. 10. Change inmole proportion of phases as a function of temperature andmelt loss along a
melt loss events. The white numbers give the total abundance of magnetite and hematite in m
heating path. The amount of Fe2O3(TOTAL) in the bulk composition along the prograde path for
Therefore, the combination of increased grain size and increased Fe-
oxide contents linked to melt loss makes high-temperature metamor-
phic terranes attractive targets for magnetite-dominated iron ore de-
posits. The modelling suggests that the proportion of magnetite to
hematite increases towards higher temperatures and lower pressures
(Figs. 7–9). Therefore, low pressure, high temperature terranes may
be more prospective for magnetite-dominated rather than hematite-
dominated iron ore deposits. Combining regional geophysical tech-
niques such as aeromagnetic imagery with an understanding of the
prograde isobaric heating path from 650 to 850 °C. The vertical bold dashed lines represent
ol%, and the horizontal dashed line illustrates the increased abundance along the isobaric
each sample is shown below. a) Sample 377514. b) Sample 377516.
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metamorphic conditions of a terrane (particularly with respect to the
melting and melt loss history) may be a powerful tool for exploration.

7. Conclusions

Phase equilibria forward modelling suggests that melt loss associated
with progressive metamorphism, culminating in granulite facies condi-
tions is a mechanism to enrich the Fe-oxide content of metasedimentary
rocks. The specific extent of enrichment is controlled by the melt fertility
of the rock. For the Price Metasediments, the combined effect of meta-
morphism and melt loss from muscovite-rich horizons with more melt-
fertile compositions increases the total amount of Fe-oxides from
~6mol% to 11.5 mol%, equivalent to a relative increase of ~90%. The rela-
tive amount of Fe2O3(TOTAL) in the bulk composition increases by ~35% as
a result of melt loss. More Fe-rich, muscovite-poor horizons produce less
melt and therefore do not show the same increase, with the total amount
of Fe-oxides increasing ~40%, from 13 mol% to ~18.5 mol%, and the rela-
tive amount of Fe2O3(TOTAL) in the bulk composition increases 16%. Vary-
ing the oxidation state of a rock does not significantly affect the amount
of Fe-oxides at granulite facies, but it does affect the proportion ofmagne-
tite to hematite. The results of thiswork suggest thatmelt loss is a realistic
mechanism to improve the overall ore grade within metamorphic iron
ore deposits.
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Appendix 1. Whole rock geochemistry (in wt.%).
Sample
S
T
A
Fe
Fe
M
M
C
N
K
P
LO
773514
 773516
 IRD204-27
 IRD204-29
 190-10A2
iO2
 58.19
 57.54
 41.51
 49.71
 52.75

iO2
 0.54
 0.46
 0.76
 0.91
 0.41

l2O3
 15.49
 10.97
 7.74
 13.42
 12.15

2O3
 10.88
 19.45
 39.27
 19.69
 15.40

O
 3.16
 2.65
 4.15
 6.22
 8.56

nO
 0.81
 0.82
 0.37
 2.06
 1.03

gO
 2.29
 1.61
 2.79
 2.85
 2.29

aO
 0.67
 1.25
 0.55
 0.74
 1.06

a2O
 0.84
 1.46
 0.33
 0.77
 1.12

2O
 4.60
 2.67
 0.92
 2.17
 3.82

2O5
 0.18
 0.33
 0.34
 0.19
 0.22

I
 2.32
 1.28
 0.85
 1.18
 0.86
otal
 99.97
 100.49
 99.58
 99.90
 99.67
T
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