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1 | INTRODUCTION 2013; Sawyer, Cesare, & Brown, 2011), and deeply affect

the tectonic evolution of orogens (Brown, 2001; Handy,
Crustal anatexis and extraction and ascent of anatectic Mulch, Rosenau, & Rosenberg, 2001; Yakymchuk &
melts to upper crustal levels represent the main agents of Brown, 2014a). Overall, the suprasolidus crust can be con-
differentiation of the continental crust (Brown, 2010a, sidered an unconditionally open system, because it is prone
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to drainage of melt to shallow crustal levels to form anatec-
tic granites (Sawyer et al., 2011; Yakymchuk & Brown,
2014a). At a more local scale, however, melt loss is
expected not to be continuous (Brown, 2013). Rather, the
process of melt extraction is likely to be cyclic, with melt
loss occurring when a critical threshold is reached (i.e. the
suprasolidus crust can be assumed as a conditionally open
system; Handy et al., 2001; Laporte, Rapaille, & Provost,
1997; Maalge & Scheie, 1982; Sawyer, 1994; Vigneresse,
Barbey, & Cuney, 1996; Yakymchuk & Brown, 2014a).

Migmatites can represent zones of melt generation, melt
transfer or melt accumulation (Brown, 2010a; Brown et al.,
2016; Carvalho, Sawyer, & Janasi, 2016; Morfin, Sawyer, &
Bandyayera, 2014; Sawyer, 2008). Granulites, instead, are
considered to be the residuum of melting process (Vielzeuf,
Clemens, Pin, & Moinet, 1990; White & Powell, 2002). Most
granulitic terranes experienced net loss of anatectic melt as
suggested by preservation of anhydrous peak mineral assem-
blages (White & Powell, 2002), residual bulk rock composi-
tions (Sawyer, 1991; Solar & Brown, 2001), and field
structures associated with a volume reduction (Bons, Druguet,
Castano, & Elburg, 2008; Brown, 2010a; Yakymchuk,
Brown, Ivanic, & Korhonen, 2013). Progress in investigation
of high-grade, partially melted crystalline basements has been
made in the last decades by phase equilibria modelling based
on large, internally consistent thermodynamic datasets (e.g.
Johnson, White, & Powell, 2008; Palin, Weller, Waters, &
Dyck, 2016; White, Palin, & Green, 2017; White, Powell, &
Holland, 2007; White, Stevens, & Johnson, 2011; and refer-
ences therein), though there are still opportunities for further
and significant enhancements (Brown, 2013; White et al.,
2011).

The lack of an appropriate pre-melt-loss protolith com-
position would have made impossible to recover the entire
prograde and melt production history of melt-depleted rocks
by means of phase equilibria modelling. This issue was cir-
cumvented by reintegrating a certain amount of melt to the
residuum composition and by performing phase equilibria
modelling of the new model protolith composition to recon-
struct the probable prograde history (see White, Powell, &
Halpin, 2004). The melt-reintegration approach has become
an increasingly routine method among metamorphic petrol-
ogists and various ways of calculating and reintegrating the
extracted melt have been developed and applied (Anderson,
Kelsey, Hand, & Collins, 2013; Boger, White, & Schulte,
2012; Cai et al., 2014, 2016; Chen, Ye, Liu, & Sun, 2008;
Diener, White, & Hudson, 2014; Diener, White, Link,
Dreyer, & Moodley, 2013; Diener, White, & Powell, 2008;
Dumond, Goncalves, Williams, & Jercinovic, 2015; Fitzher-
bert, 2015; Groppo, Rolfo, & Indares, 2012; Groppo, Rolfo,
& Mosca, 2013; Groppo, Rubatto, Rolfo, & Lombardo,
2010; Guilmette, Indares, & Hébert, 2011; Hallett & Spear,
2014; Hasalova et al., 2008; Jiang et al., 2015; Kelsey &

Hand, 2014; Kohn, 2014; Korhonen, Brown, Clark, &
Bhattacharya, 2013; Indares, White, & Powell, 2008;
Lasalle & Indares, 2014; McGee, Giles, Kelsey, & Collins,
2010; Morrissey, Hand, Kelsey, & Wade, 2016;
Nahodilova, Faryad, DolejS, Tropper, & Konzett, 2011;
Nicoli, Stevens, Moyen, & Frei, 2015; Palin et al., 2013;
Redler, White, & Johnson, 2013; Shrestha, Larson, Guil-
mette, & Smit, 2017; Skrzypek, Stipské, & Cocherie, 2012;
Stipské, Schulmann, & Powell, 2008; Taylor, Nicoli, Ste-
vens, Frei, & Moyen, 2014; Tian, Zhang, & Dong, 2016;
Tucker, Hand, Kelsey, & Dutch, 2015; Wang & Guo,
2017; White et al., 2004; Yakymchuk et al., 2015; Yin
et al., 2014; Zhang et al., 2015; Zou et al., 2017). Further-
more, the reconstruction of a plausible protolith composi-
tion is essential to assess the likely melt productivity of
rocks (White et al., 2004) which, in turn, allows the poten-
tial role of loss and redistribution of melt in the evolution
of the deeper crust to be explored (Diener & Fagereng,
2014; Diener et al., 2014; Korhonen, Saito, Brown, & Sid-
doway, 2010; Korhonen et al., 2013; Morrissey, Hand,
Lane, Kelsey, & Dutch, 2016; White & Powell, 2010;
Yakymchuck & Brown, 2014a).

In this contribution, the different melt-reintegration
approaches proposed in the literature are, firstly, reviewed.
Then, results of the phase equilibria modelling of the El
Hoyazo granulitic enclaves (SE Spain) and the Mt. Stafford
migmatites (central Australia) are presented and discussed.
These two case studies present different advantages and lim-
itations. The El Hoyazo enclaves are considered to be frag-
ments of the residual, partially melted metapelitic
continental crust beneath the Neogene Volcanic Province
(NVP) of SE Spain (Cesare, 2008). Because the P-T condi-
tions of melting, the topology of melting reactions, and,
most important, the composition and amount of melts pro-
duced and lost along the prograde path are well constrained
by a combination of different methods (e.g. microstructures,
bulk rock geochemistry, thermobarometry, mass balance
and geochemical characterization of melt inclusions), the El
Hoyazo granulites can be considered ideal candidates to test
melt-reintegration approaches. However, the link between
the residual enclaves and their protolith is not explicit.

On the other hand, Mt. Stafford rocks represent a well-stu-
died metamorphic sequence from greenschist- to granulite-
facies conditions. Here the protolith composition is well
known and the melting history is recorded in detail (White,
Powell, & Clarke, 2003; and references therein). The disad-
vantage is that melt inclusions have not been documented in
Mt. Stafford migmatites and, therefore, only calculated melt
compositions can be reintegrated. Thus, examples of melt-
reintegration to reconstruct the prograde P-T evolution are
presented and discussed. Two bulk rock compositions show-
ing different degrees of melt-depletion are selected to test the
feasibility of melt-reintegration approach.
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2 | MELT-REINTEGRATION
PROCEDURES PROPOSED IN THE
LITERATURE

In previous studies from the literature, the P-T conditions at
which melt compositions have been calculated and the num-
ber of reintegration steps vary from study to study. Rocks are
generally thought to be H,O-saturated at the solidus as a con-
sequence of subsolidus dehydration reactions (Thompson &
Connolly, 1995), and the appearance of a H,O-saturated soli-
dus at <700°C has been generally used to determine the
amount of melt to add back to the measured bulk rock compo-
sition (e.g. Guilmette et al.,2011; Indares et al., 2008; Korho-
nen et al., 2013; Lasalle & Indares, 2014; Palin et al., 2013;
Redler et al., 2013; Skrzypek et al., 2012; Zou et al., 2017).

2.1 | Single-step approach

In some works, the simplest case of melt loss, and there-
fore of melt-reintegration, was assumed to occur in one
step (e.g. Guilmette et al., 2011; Hallet & Spear, 2014;
Indares et al., 2008; Lasalle & Indares, 2014; Tian et al.,
2016; Zhang et al., 2015; Zou et al., 2017). Melt compo-
sitions were calculated and reintegrated in different ways,
such as at the intersection of the solidus for the residual
composition with a presumed prograde P-T path (Indares
et al., 2008), at the peak P-T conditions (Groppo et al.,
2013) or at the hypothetical conditions at which melt was
lost (Groppo et al,, 2012). Recently, Wang and Guo
(2017) reintegrated an average measured bulk composition
of leucosomes found in the investigated area.

2.2 | Multi-step approach

More refined approaches consist of a series of melt-reintegra-
tion operations rather than reintegration in one step (e.g.
Korhonen et al., 2013; White et al., 2004). In the original
method proposed by White et al. (2004), melt was added back
at conditions of the original solidus calculated with the
observed bulk composition until melt persisted to lower tem-
peratures. The procedure was repeated so that the lower tem-
perature boundary of each phase assemblage field involves
the loss of a solid phase rather than melt, until a free fluid was
present beyond the solidus (see also Yakymchuk et al.,
2015). In this method the melt composition is also updated
every time a new assemblage field is encountered. In this way
the composition of the integrated melt changes to lower tem-
perature, to mimic the compositional evolution of melt pro-
duced during prograde metamorphism.

Korhonen et al. (2013) proposed a different multi-step
approach. They assumed 7 vol.% as the melt amount at which
melt loss occurs in nature according to experiments (see
Rosenberg & Handy, 2005) and that melt did not drain
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completely, but a small volume (~1 vol.%) likely remained
among grain boundaries. Therefore, the modelling performed
by these authors involved backtracking down temperature
along a schematic prograde path to a P-T point where the
amount of melt remaining in the phase assemblage field is
1 vol.% (~1 wt%). At this point, 6 vol.% (~5 wt%) melt of the
composition in equilibrium with the assemblage at these P-T
conditions was reintegrated into the bulk chemical composi-
tion, resulting in 7 vol.% (~6 wt%) total melt at this P—T con-
dition. The procedure was repeated until a H,O-saturated
solidus appeared between 650 and 690°C (Dumond et al.,
2015; Korhonen et al., 2013). This method is the inverse of
that adopted by Yakymchuk and Brown (2014a,b) and Palin,
White, et al. (2016) to model multiple melt loss events.

2.3 | T-M,,a section approach

Anderson et al. (2013) proposed an alternative method. The
procedure consisted of employing a 7-M,¢|; Section at appro-
priate pressure for the investigated rock, constructed using the
residual bulk composition (M) and the composition of an
average silicate melt (M,). The latter was determined using
published leucogranite compositions. Anderson et al. (2013)
suggested that the appropriate bulk composition has to be
constrained by the following factors: “(1) the composition
should intersect the peak mineral assemblage field interpreted
from the rock; (2) the composition should replicate to a close
approximation the abundance of biotite and the composition
of a phase with robust mineral chemistry (where part of the
peak assemblage) and (3) the composition should not pass
through assemblage fields that have H,O as a free fluid
phase”. The obtained bulk composition was then used to cal-
culate a P-T pseudosection considered to be appropriate to
peak conditions (Anderson et al., 2013).

Because the selected composition does not pass through
mineral assemblage fields containing H,O as a free fluid
phase in the 7-M,,.;, section (see above), the solidus com-
monly appears at >750°C in the new P-T pseudosection
(Anderson et al., 2013). Therefore, this approach does not
allow reconstruction of the entire prograde history (i.e.
from subsolidus to peak conditions) of melt-depleted rocks.

3 | GEOLOGICAL AND
PETROLOGICAL BACKGROUND

3.1 | El Hoyazo granulitic enclaves (SE
Spain)

The El Hoyazo volcano belongs to the NVP of SE Spain
(Cesare, Salvioli Mariani, & Venturelli, 1997). Volcanism
is mostly late orogenic and occurred in an extensional set-
ting (Zeck, Kristensen, & Williams, 1998). Underplating of
mantle-derived basic magmas caused a rapid, almost isobaric
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heating (Figure 1a) and partial melting of the metasedimentary
crust (Alvarez—Valero & Kriegsman, 2007; Cesare & Maineri,
1999). The lava dome comprises strongly peraluminous Grt-
and Crd-bearing dacites (extrusion age of 6.33 £ 0.15 Ma;
Zeck & Williams, 2002), which host abundant anatectic meta-
pelitic enclaves (Figure Sla) (Zeck, 1992). They have been
grouped in three main types: Bt—Grt-Sil, Spl-Crd and Qtz—
Crd (Zeck, 1970, 1992). Mass balance calculations indicate
that El Hoyazo enclaves represent the residuum after anatexis
of graphitic metapelites and extraction of 40-60 wt% granitic
melt, contaminated by mafic magmas (Benito et al., 1999) and
now represented by the host dacite (Cesare, 2008; Cesare &
Maineri, 1999; Cesare et al., 1997).

Different lines of evidence (e.g. thin layers of interstitial
rhyolitic glass parallel to the main foliation and surround-
ing melt inclusion-bearing porphyroblasts) indicate that
melting in these rocks occurred when the crust was
deforming as a coherent body, in a regional-scale process
and not when enclaves were incorporated into the rising
dacitic magma (Acosta-Vigil, Buick, Cesare, London, &
Morgan, 2012; Acosta-Vigil et al., 2010; Cesare, 2000,
2008; Cesare & GOmez-Pugnaire, 2001). After the peak of
metamorphism and anatexis (at 850 + 50°C and 5-7 kbar
in the case of Bt—Grt-Sil enclaves), these rocks underwent
a decompression event, most probably following incorpora-
tion in the host dacite magma (Figure 1a; Alvarez-Valero,
Cesare, & Kriegsman, 2007).
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Owing to the rapid cooling during extrusion of the host
lava, the residual anatectic melt is preserved as glass within
the enclaves. Silicate glass is present as melt inclusions
(MI) within rock-forming minerals (Figure S1b,c) and in
the matrix of the enclaves (Figure S1d). Melt inclusions
are often distributed in zonal arrangements (Figure S1b)
which reflect the progressive growth of the host mineral
(Acosta-Vigil, Cesare, London, & Morgan, 2007) and
which represent the most compelling evidence for primary
trapping (Acosta-Vigil et al., 2016; Bartoli, Acosta-Vigil,
Ferrero, & Cesare, 2016; Bartoli, Cesare, Remusat, Acosta-
Vigil, & Poli, 2014; Cesare, Acosta-Vigil, Bartoli, & Fer-
rero, 2015; Cesare, Acosta-Vigil, Ferrero, & Bartoli, 2011;
Ferrero et al., 2012).

3.1.1 | Bt-Grt-Sil enclaves

This contribution is focused on the Bt-Grt-Sil enclaves
(Figure Sla). These samples contain a well-preserved gran-
ulite facies Bt-Grt—Crd—Sil-Pl-Kfs—Ilm quartz-free assem-
blage; accessory phases include graphite, apatite, monazite
and zircon (Acosta-Vigil et al., 2010; Cesare et al., 1997).
The bulk composition is highly residual (SiO, ~45 wt%,
Al,O3 ~30 wt%, FeO ~13 wt%; Table 1). The reader may
refer to Cesare et al. (1997), Cesare (2008) and Acosta-
Vigil et al. (2010, 2012) for additional details on the pet-
rography and mineral chemistry of these rocks.

Mlin PI

I Mlin Grt
Matrix glass

Conventional
thermobarometry
FIGURE 1 (a) Prograde history
(redrawn after Acosta-Vigil et al., 2010) of
melt formation in the continental crust
beneath the Neogene Volcanic Province of
SE Spain, recovered by studying crustal
enclaves. A pressure of 6 kbar is suggested

Amount of melt (wt.%)
produced by reactions
(1) (2) and (3)

by independent estimates made by Cesare
et al. (1997) and Alvarez-Valero and
Waters (2010). The obtained zircon and
monazite saturation temperatures (77,
Twmnz) have to be considered as minimum
estimates. Orange arrow: decompression
path proposed by Alvarez-Valero et al.
(2007). See Acosta-Vigil et al. (2010,
2012) for additional details. (b) Prograde
history of Mt. Stafford rocks (drawn after
Greenfield, Clarke, Bland, & Clark, 1996;
Greenfield, Clarke, & White, 1998; Vernon
et al., 1990; Wang et al., 2014; White

et al., 2003). Boron-bearing wet granite
solidus from Spicer et al. (2004)
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Undevitrified glass has been chemically investigated both
within plagioclase and garnet where it is present as small
(~5-30 pm) primary MI (Figure Slb,c) and in the rock
matrix (Figure S1d) where it often occurs along foliation
planes (e.g. Acosta-Vigil et al., 2007, 2010, 2012; Cesare,
Maineri, Baron Toaldo, Pedron, & Acosta-Vigil, 2007;
Cesare et al., 1997). The latter is the equivalent of leuco-
somes in regional migmatites and granulites. The glass has a
peraluminous leucogranitic composition (SiO, ~70 wt%;
FeO+MgO+TiO, <2 wt%; ASI ~1.1-1.2; Acosta-Vigil et al.,
2007; Cesare et al., 2015) in agreement with melting of a
metapelitic protolith. Glass H>O contents have been directly
measured by NanoSIMS (see also Bartoli et al., 2014).

Melt inclusions within plagioclase and garnet have been
investigated in detail by Acosta-Vigil et al. (2007, 2010,
2012). Regarding trace elements, MI in both minerals are rich
in those elements partially to totally controlled by muscovite,
for example, Li, Cs, B (Acosta-Vigil et al., 2010). Conversely,
the matrix glass is characterized by lower concentrations of
large ion lithophile elements and higher contents of first row
transition elements, Sc, V, Cr, Co, Ni, high field strength ele-
ments Y, Zr, Th, REE, and higher Rb/Cs and Rb/Li, indicating
the involvement of biotite in the melting reaction (Acosta-Vigil
et al.,, 2010, 2012). Acosta-Vigil et al. (2010) calculated the
zircon and monazite saturation temperatures and obtained an
increase in temperature from 670 to 700°C in MI in plagio-
clase, to 700-750°C in MI in garnet, and up to 810°C for
matrix glass (Figure 1a). Because the analyzed melts seem to
be undersaturated to some extent in the accessory phases
(Acosta-Vigil et al., 2012), the obtained temperatures have to
be considered as minimum estimates (Acosta-Vigil et al.,
2010; Miller, McDowell, & Mapes, 2003). Alvarez-Valero and
Waters (2010) reported a maximum temperature of 770°C for
the matrix melt.

From all the above observations, it was concluded that MI
in plagioclase reflect the earliest granitic melts produced by
fluid-present evolving rapidly to fluid-absent muscovite melt-
ing, whereas MI in garnet were produced simultaneously to
slightly later via fluid-absent melting of muscovite. In contrast,
the matrix melt represents the latest melt produced by biotite
dehydration-melting up to peak conditions (Figure la).
Acosta-Vigil et al. (2010) modelled the amounts of melt
formed during prograde heating and obtained that ~20 wt% of
anatectic melt was produced by fluid- present muscovite melt-
ing, ~25 wt% by muscovite dehydration-melting and ~15 wt%
by biotite dehydration-melting (Figure 1a).

3.2 | Mount Stafford rocks (central
Australia)

Mount Stafford is located in central Australia, within the
southern part of the Northern Territory. This area is part of
the Proterozoic Arunta Region and is dominated by

Palaeoproterozoic metasedimentary rocks—Mt. Stafford
Beds—and large deformed granitoids (Mt. Stafford granite;
Compston, 1995; Vernon, Clarke, & Collins, 1990).
Metasedimentary rocks consist of metapelite interbedded
with metapsammite layers and cordierite granofels (Green-
field et al., 1996), and have been interpreted to represent
parts of a turbidite succession (Stewart, Shaw, & Black,
1984). A sequence of five metamorphic zones that range
from greenschist- to granulite-facies has been recognized and
mapped over a distance of 10-15 km towards the contact
with the granite (Greenfield et al., 1998; Greenfield et al.,
1996; Vernon et al., 1990; White et al., 2003). The strong
temperature increase across the sequence (from ~500°C in
Zone 1 to ~820°C in Zone 4) is accompanied by only a minor
increase in pressure from ~3 to ~4 kbar (Figure 1b; Green-
field et al., 1996; Vernon et al., 1990; White et al., 2003).

Prograde metamorphism and anatexis occurred between
c. 1,795 and c. 1,805 Ma and were synchronous with gran-
ite emplacement (c. 1,802 Ma; Rubatto, Hermann, &
Buick, 2006). Granite truncates the metamorphic isograd
pattern (Clarke, Collins, & Vernon, 1990; Greenfield et al.,
1996) and contains xenoliths of the metamorphic country
rocks (Collins & Williams, 1995). For these reasons, the
low-P high-T metamorphism is considered to be due to a
combination of a local and regional heat source (Greenfield
et al., 1996; Rubatto et al., 2006).

3.2.1 | Mt. Stafford metapelitic migmatites

This contribution is focused on migmatites of a pelitic
composition. The reader may refer to Greenfield et al.
(1996, 1998), Palya, Buick, and Bebout (2011), Vernon
et al. (1990), Wang, Dunkley, Clarke, and Dazko (2014)
and White et al. (2003) for a detailed petrographic descrip-
tion of rocks across the sequence. Zone 1 is characterized
by low-grade muscovite-quartz schists. Tourmaline may be
an accessory mineral. Within Zone 2, Zone 2a is defined
by the subsolidus breakdown of muscovite to andalusite
and K-feldspar, whereas the Zone 2a—2b boundary marks
the onset of partial melting (Figure 1b). Here rocks are
characterized by thin interconnected leucosomes oriented
predominantly normal to bedding; they are inferred to
reflect the onset of H,O-present melting (Greenfield et al.,
1996). The occurrence of tourmaline and, in turn, of boron
likely lowered the wet solidus in some rocks (Figure 1b;
Greenfield et al., 1996, 1998; White et al., 2003). The
boundary between Zones 2b and 2c is defined by the
appearance of sillimanite often pseudomorphing andalusite.
In Zone 3 (720-760°C) biotite mode strongly decreases
and migmatites show well-developed melanosome. Sch-
lieren diatexites are also described. Zone 4 contains numer-
ous diatexites and metapsammitic rocks are characterized
by the appearance of orthopyroxene. In contrast, Zone 5
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consists of biotite-rich hybrid diatexites that contain both
internally derived partial melts and injected granitic veins
(Greenfield et al., 1996, 1998). Zone 5 appears to record
lower-grade metamorphic conditions than Zone 4 (Green-
field et al., 1998; Vernon et al., 1990).

High-grade rocks show a somewhat large compositional
heterogeneity and different Bt-bearing and Bt-absent gran-
ulite-facies assemblages have been documented in metapelites
from Zone 4, such as Crd-Spl-Kfs—Qtz, Crd-Spl-Kfs—Sil,
Crd-Spl-Kfs—Qtz-Sil, Crd-Spl-Grt-Kfs—Qtz, Bt-Grt—Crd—
Sil-PI-Kfs—Ilm—Qtz, Bt-Crd-Sil-Pl-Kfs—Ilm, Grt-Crd-Pl-
Kfs—Ilm—Qtz and Crd-Sil-Pl-Kfs—IIm-Qtz—Mt (e.g. Green-
field et al., 1996; Palya et al., 2011; Wang et al., 2014; White
et al.,, 2003). K-feldspar and cordierite are often the most
abundant minerals in Zone 4 rocks and may comprise over
80% of the assemblage in a sample (e.g. Palya et al., 2011).

Anatectic melt in Zones 3 and 4 was mainly produced
by a series of multivariant biotite breakdown reactions
experienced by the different rock types (White et al.,
2003). Rocks from Zone 4 are expected to have had ~20-
25 wt% melt at peak conditions (Wang et al., 2014; White
et al., 2003). Melting was contemporaneous with localized
extension, as indicated by segregation of melt into cm- to
dm-scale boudin necks and conjugate shear zones (Green-
field et al., 1996, 1998; White et al., 2003). Melt loss is
documented by depletion in Si, K, Cs, Rb, U, B, Li of
some samples from Zone 4 with respect to the protolith
compositions (Palya et al., 2011).

4 | PHASE EQUILIBRIA
MODELLING

One of the best characterized Bt—Grt—Sil enclaves from El
Hoyazo (sample HO50) and a residual metapelitic migma-
tite from Zone 4 at Mt. Stafford (sample MST45) have
been selected for modelling. Enclave HO50 shows a very
residual composition (SiO, ~45 wt%, Al,03 ~30 wt%, FeO
~13 wt%). On the other hand, the Mt. Stafford migmatite
MST45 is chosen because, despite the clear chemical evi-
dence of melt loss with respect to Zone 1 protoliths (FeO
~8 wt%, Rb ~200 ppm, Cs ~4 ppm, U~4 ppm; see Palya
et al., 2011), the residual character of this rock is not
extreme (SiO, ~55 wt%).

Phase diagrams have been constructed using the Perple_X
software (Connolly, 2009) with the thermodynamic database
of Holland and Powell (1998, as revised in 2003). Two differ-
ent model chemical systems Na,O-CaO-K,O-FeO-MgO-
AlL,03;-S10,-H,0-TiO, (NCKFMASHT) and Na,0O-CaO-
K;,0-FeO-MgO-Al,03-Si0,-H,0 (NCKFMASH)
selected. The Ti component plays a fundamental role in
extending the stability field of biotite in P-T space
(Tajémanova, Conolly, & Cesare, 2009; and references

were
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therein). On the other hand, the involvement of this compo-
nent may produce an unrealistic decrease of modal proportions
of some key Ti-free minerals (e.g. garnet, muscovite) at near-
solidus conditions (Bartoli, Acosta-Vigil, Tajcmanova,
Cesare, & Bodnar, 2016; Bartoli, Tajcmanova, Cesare, &
Acosta-Vigil, 2013). Because muscovite melting seems to
have played an important role in the anatectic history of El
Hoyazo samples (Acosta-Vigil et al., 2010), near solidus cal-
culations for granulite HO50 were done in the Ti-free system,
whereas Ti was considered for the high-T phase equilibria to
obtain more realistic estimates of the amounts of biotite con-
sumed and melt produced. Conversely, muscovite breakdown
commonly occurs in the subsolidus field at low-P conditions.
It follows that phase diagrams of Mt. Stafford migmatite were
all constructed in the Ti-bearing system.

Bt-Grt-Sil enclaves from El Hoyazo contain graphite,
implying the involvement of a graphite-saturated COH fluid,
as confirmed by the presence of primary CO,-bearing fluid
inclusions (Cesare et al., 2007; Ferrero, Bodnar, Cesare, &
Viti, 2011). In such a system, the H,O activity is lowered
below unity due to the presence of diluting carbonic species
such as CH,4 and/or CO, (Connolly & Cesare, 1993). The
involvement of the C component in the construction of pseu-
dosections for anatectic rocks is a recent advance (e.g. Chu &
Ague, 2013). In particular, it has been demonstrated that the
decrease of ay,phas a significant impact on the position of the
fluid-saturated solidus at low-P conditions (<4-5 kbar; Bar-
toli, Acosta-Vigil, Tajcmanov4, et al., 2016; Chu & Ague,
2013). For example, in graphite-bearing metagreywackes
studied by Bartoli, Acosta-Vigil, Tajémanova, et al. (2016)
the shift of the solidus from C-bearing to C-absent systems is
~100°C at 2 kbar. Because the C quantification in MI is still
in progress, the minimum shift of the fluid-saturated solidus
is expected to be negligible at the pressures of 6 kbar (cf. Bar-
toli, Acosta-Vigil, Tajcmanov4, et al., 2016; Cesare, March-
esi, Hermann, & Gomez-Pugnaire, 2003; Chu & Ague, 2013)
and the melt model used does not account for the solubility of
carbonic species, C component was not considered in the
phase equilibria modelling performed in this study. The solu-
tion models used are: melt from White et al. (2007), garnet
from Holland and Powell (1998), biotite from Tajémanova
et al. (2009), white mica from Coggon and Holland (2002),
plagioclase from Newton, Charlu, and Kleppa (1980) and K-
feldspar from Thompson and Hovis (1979). An ideal model
was used for cordierite and ilmenite.

4.1 | Phase equilibria modelling using the
residuum composition

A first series of P-T pseudosections was calculated using
the estimated bulk compositions (data from Palya et al.,
2011 and Tajémanova et al., 2009). The amount of H,O in
the bulk compositions was modified so that the observed
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peak assemblages are stable just above the solidus to reflect
the conditions where these assemblages are in equilibrium
with the last remaining melt after last melt loss event (see
Diener et al., 2008, 2013; Korhonen et al., 2010; White
et al., 2004; Yakymchuk et al., 2015). Moreover, this pro-
cedure can remove the possible effects of later subsolidus
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retrogression (White et al., 2004). H,O values of 0.39 and
0.50 wt% were determined for samples HO50 and MST45
using the 7-H,O diagrams calculated at 6 and 3.8 kbar
(Figure 2a,b), and the corresponding P-T pseudosections
are shown in Figure 2c,d (bulk composition reported in
Table 1). These diagrams are only valid for assessing the
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800

T(°C)

750

Bt PI Kfs llm

700 Crd Grt Sil Qtz

650 4 1 1
0 0.2 0.4 0.6 0.8 1
H,O for P-T pseudosection T MHZO(Wt%)
of Figure 2d
Mt. Stafford

Bt PI Kfs llm
Crd Grt Sil Qtz

P (kbar)

650 700 750 850 900

T (°C)

800

FIGURE 2 Phase equilibria modelling considering the bulk residual composition of the enclave HO50 (El Hoyazo) and migmatite MST45
(Mt. Stafford). Peak assemblage is underlined. Mineral abbreviations after Kretz (1983). (a, b) 7-My,o diagrams calculated at 6 and 3.8 kbar, in
the NCKFMASHT chemical system, for determining the bulk H,O content. The observed peak assemblages are stable just above the solidus for
My, values ranging from 0.37 to 0.41 wt% (a) and from 0.23 to 0.53 wt% (b) respectively. Orange dashed lines: selected My,o values. Owing
to the very narrow range, an average My,o value of 0.39 was chosen for El Hoyazo sample. A My,o value of 0.50 was, instead, selected for Mt.
Stafford migmatite because lower H,O contents would result in the peak assemblage to be stable at unreasonably high temperature. Red lines:
solidus. (c, d) P-T pseudosections calculated in the NCKFMASHT chemical system and using the bulk composition of the enclave HO50 and
migmatite MST45 obtained from the 7-Mpy,o diagram (see Table 1). Red line: solidus. Yellow ellipse: inferred P—T conditions of equilibration.

See text for details
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peak and retrograde evolution of granulite HO50 and mig-
matite MST45, having been constructed using the composi-
tion of the residuum after anatexis and melt extraction
(White et al., 2004).

In the case of the El Hoyazo sample, the inferred peak
assemblage Grt—Bt-Sil-Pl-Ilm-Kfs-Liq (cf. table 1 in
Acosta-Vigil et al.,, 2010) corresponds to a quadrivariant
field in the high-T part of the diagram (Figure 2c). The
low-T boundary of the Grt-Bt-Sil-Pl-Ilm—Kfs-Liq assem-
blage coincides with the solidus (liquid-in curve). The rele-
vant compositional isopleths of garnet (Xamm, = 0.80,
Xars = 0.03), biotite (Xye = 0.35; Ti = 0.30 p.f.u.) and pla-
gioclase (Xa, = 0.33) cross consistently in this quadrivari-
ant field (Figure S2), indicating that sample HOS50
equilibrated at 820-850°C and 5.5-6.5 kbar (Figure 2c and
Figure S2), in agreement with previous estimates (Cesare
et al., 1997; Tajcmanova et al., 2009). Biotite disappears at
~890°C, whereas corundum appears at ~860°C (Figure 2c).

Considering Mt. Stafford migmatite, the inferred peak
assemblage Grt—Crd-Pl-Kfs—Ilm—Qtz—Liq corresponds to a
quadrivariant field in the high-T part of the diagram (Fig-
ure 2d). The low-T boundary coincides with the solidus
and with the Bt-out curve at <3.5 kbar. Although the min-
eral chemistry of sample MST45 is not reported in the lit-
erature, cordierite and K-feldspar amounts are predicted to
exceed 80 wt% at the inferred peak conditions of 800—
820°C and 3.8-4.0 kbar (Figure 2d and Figure S3) in
agreement with natural observations (Palya et al., 2011).

The proportions of melt predicted by the modelling at
850°C and 6 kbar (El Hoyazo) and at 810°C and 4.0 kbar
(Mt. Stafford) are <1-2 wt% (Figures S2 and S3), signifi-
cantly lower than the amount suggested by field observations,
microstructures, geochemistry and mass—balance calculations.
This discrepancy is expected in the case of pseudosections
constructed for residual (i.e. less fertile) compositions.

4.2 | Melt-reintegration approach

The melt-reintegration approach consists of the addition of
melt of a composition in equilibrium with the residuum at
a given pressure and temperature (White et al.,, 2004). A
second series of P-T pseudosections was constructed pro-
gressing step by step to lower temperatures along the
inferred P-T paths of Figure 1. Pseudosection panels and
modal abundance boxes for El Hoyazo and Mt. Stafford
rocks are presented in Figures 3 and 4, and Figures 5 and
6 respectively.

In the case of the El Hoyazo enclave, calculations
were initially performed reintegrating the measured MI and
matrix glass compositions and considering the melt
amounts inferred by mass—balance calculations (method 1).
Subsequently and in the case of Mt. Stafford migmatites,
reintegration has been done following the different single-
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and multi-step approaches proposed in the literature (meth-
ods 2, 3 and 4).

The bulk compositions used to calculate pseudosections
are reported in Table 1, whereas those of reintegrated melts
are in Table S1. Changes in bulk composition during melt-
reintegration, as well as the final protolith compositions,
can also be monitored in Figures 7 and 8.

4.2.1 | Reintegrating measured melt
compositions and calculated melt amounts (El
Hoyazo sample)

Method 1. The investigated enclave HO50 experienced pro-
grade melting from ~700 to ~850°C and melt loss.
Although the actual number of melt drainage events along
the prograde path is not known, each melting reaction
seems to have been able to produce an amount of melt
higher than that required for melt escape, ~7 vol.% (~6 wt
%) corresponding to the melt connectivity transition of
Rosenberg and Handy (2005). Therefore, it is reasonable to
assume that at least three different melt loss events
occurred during prograde heating.

Considering the inferred prograde history and the trace
element signatures of the analyzed melts (Figure la), the
composition of the matrix glass was reintegrated at 825°C,
whereas that of MI in garnet and plagioclase at 770 and
720°C respectively. Because the enclaves still have melt
present as primary MI and as films along foliation planes
of the matrix (Acosta-Vigil et al., 2007; Cesare et al.,
1997), the volume of melt to be reintegrated at each step
cannot be that modelled for the main melting reactions
(Figure 1a). According to the modal abundance of plagio-
clase, garnet and matrix glass in the enclave HO50 (see
Acosta-Vigil et al., 2010) and considering the abundance
of MI within host crystals (Acosta-Vigil et al., 2007), the
amount of melt to reintegrate at each step in the modelling
has been assumed to be 12 wt% at 825°C, 23 wt% at
770°C and 15 wt% at 720°C. This results in the cumulative
reintegration of 50 wt% melt, in accordance with estimates
by Cesare et al. (1997). After each reintegration, the
obtained bulk composition is then used to construct a new
pseudosection and this new bulk composition is used for
the next melt-reintegration step.

The resulting P-T pseudosection is shown in Figure 3a,
where the solidus calculated with the observed residual
composition is shown for reference. If compared with the
pseudosection for the residuum (Figure 2c), the topology
of Figure 3a is, predictably, significantly different. For the
melt-reintegrated composition, the entire solidus is H,O-
saturated and it is located at lower temperature than that in
the residual sample. In particular, the shift of the solidus
towards lower temperatures is ~160°C at the pressure of
interest (6 kbar), and ~200°C at <5 kbar (Figure 3a).
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Cordierite is stable only above the solidus at <5 kbar.
Quartz disappears between 770 and 800°C. The Ms-out
curve coincides with the H,O-saturated solidus between 4
and 5 kbar, whereas at 6 kbar muscovite is totally con-
sumed in the suprasolidus at ~700°C (Figures 3a and 4a).
Biotite abundance decreases with increasing temperature
and it is ~10 wt% at ~850°C, ~6 kbar (Figure 4a).
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4.2.2 | Reintegrating calculated melt
compositions and arbitrary melt amounts (EIl
Hoyazo and Mt. Stafford samples)

Single-step method 2. Figures 3b and 5a show the P-T
pseudosections for the samples HO50 and MST45 obtained
by reintegrating in one step the melt calculated at the
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intersection of the solidus for the residual compositions
with the inferred P-T paths, that is, at 825°C and 6 kbar
(El Hoyazo) and at 800°C and 3.7 kbar (Mt. Stafford). The
minimum amounts of reintegrated melt to saturate the soli-
dus in H,O at the pressures of interest are 27 and 24 wt%
respectively (Figures 3b and 5a).

For enclave HOS50, quartz is predicted to be stable up to
~700°C and biotite up to ~770°C (at 6 kbar) respectively
(Figures 3b and 4b). The disappearance of biotite before
reaching peak conditions is not consistent with petrographic
and geochemical observations and is related to the chosen
Ti-free chemical system (Figure 3b). If Ti is considered in
near-solidus calculations, biotite is stabilized up to ~900°C
and quartz disappears at ~800°C, but muscovite is entirely
consumed in the subsolidus at <7.5 kbar and is not
involved in the melting process (not shown). The latter is
in contrast to the geochemical signature of MI in plagio-
clase and garnet (Acosta-Vigil et al., 2010). These observa-
tions highlight the importance of the choice of the
appropriate model chemical system in reproducing natural
rocks by means of phase equilibria modelling, because the
obtained results can be misleading (see discussion in White
et al., 2007). Despite the chosen chemical system, 21—
24 wt% of melt is predicted to be produced along the El
Hoyazo prograde path before the melt loss event at 8§25°C
(Figure 4b).

Considering Mt. Stafford migmatite MST45, muscovite
disappears before reaching the H,O-saturated solidus and
melting starts at ~660°C and ~3.1 kbar (Figures 5a and
6a). Biotite is predicted to be stable up to ~790°C (Fig-
ure 6a).

Multi-step method 3. Following the original method
proposed by White et al. (2004), a total of 15 wt% melt
was added back to sample HOS50 in six reintegration steps
along the inferred isobaric P-T path at 825, 805, 794,
763, 707 and 700°C, and 6 kbar (Figure 3c). The H,O-
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saturated solidus was encountered at 670°C (at 6 kbar).
Similarly, five reintegration steps (at 800, 795, 782, 725
and 720°C) are needed to generate a H,O-saturated soli-
dus at ~660°C and ~3.2 kbar for migmatite MST45 after
adding back 18 wt% melt (Figure 5b). The topology of
pseudosections (Figures 3¢ and 5b) and mode amounts
(Figures 4c and 6b) are comparable with those of dia-
grams for method 2.

Multi-step method 4. Following the method originally
proposed by Korhonen et al. (2013), a H,O-saturated soli-
dus was obtained at ~675°C (6 kbar) and at ~660°C
(3.1 kbar), respectively, after reintegration of a total of 20
wt% melt in four steps (Figures 3d and 5c). The resulting
P-T pseudosections and mode amounts are similar to those
previously obtained (Figures 3-6).

5 | DISCUSSION
5.1 | Model protolith composition

5.1.1 | El Hoyazo granulitic enclaves

The final model protolith composition HOS0f obtained
by reintegrating measured melt compositions and calcu-
lated melt amounts (method 1), plots inside the composi-
tional field of metasedimentary rocks from the Alboran
Sea basement and the nearby Alpujarride complex (Fig-
ure 7). These rocks are considered to be the analogous
of the source rocks of NVP melts (Cesare et al., 1997).
Although the link between the residual enclaves and their
protolith is not explicit and the chemical variability of
basement rocks is broad (Figure 7), the reintegrated com-
position HOS50f might represent an acceptable protolith
composition of El Hoyazo enclaves. Methods 2, 3 and 4,
instead, resulted in protolith compositions (HO50g,
HO50m and HOS50q; Table 1) more residual—that is,

FIGURE 3 Meltreintegration approach for granulitic enclave HO50 (El Hoyazo). Successive P-T pseudosection panels show from right to
left the changes in the topology of the phase assemblage fields after each melt-reintegration step. The right-hand panel is always from the P-T
pseudosection for the residuum composition. Labels reported above each panel refer to the bulk composition used for calculations (see Table 1)
and the chosen chemical system (NCKFMASH or NCKFMASHT). Red continuous line: solidus. Red dotted line: solidus for the residuum
composition. Yellow continuous line: muscovite-out curve. Blue continuous line: quartz-out curve. Orange continuous line: biotite-out curve.
Green continuous line: cordierite-out curve. Light blue field: region where liquid H,O is predicted. (a) P-T pseudosection obtained reintegrating
compositions of melt inclusions and matrix glass (method 1). (b—d) P-T pseudosections derived from melt-reintegration methods proposed in the
literature (methods 2, 3 and 4 respectively). Within the panel for bulk composition HO50j in (c), the phase assemblage change in absence of a
melt-reintegration step (method 3) is due to a change of the chosen chemical system. (1) Bt-Ms—Pl-Grt-Qtz—H,0-Liq; (2) Bt-Ms—Pl-Grt—Qtz—
Liq; (3) Ms—PI-Grt—Qtz—Liq; (4) Bt-Ms—P1-Kfs—-Sil-Grt—Qtz-Liq; (5) Bt-Ms—PI-Sil-Grt—Qtz—-H,0-Liq; (6) Bt-P1-Sil-Qtz—H,0-Liq; (7) Bt-Pl-
Grt-Sil-Qtz-Liq; (8) Bt—Pl-Kfs—Grt—Crd-Sil-Liq; (9) PI-Kfs—Crd-Grt-Spl-Liq; (10) PI-Kfs—Crd-Grt—Spl-Sil-Liq; (11) Ms—Pl-Grt-Sil-Qtz—
Liq; (12) Ms—PI-Kfs—-Grt-Sil-Liq; (13) Bt-Ms—-Pl-Kfs—Grt-Sil-Liq; (14) Ms—Pl-Kfs—Grt-Sil-Liq; (15) Bt-Pl-Grt-IIm-Sil-Qtz-Liq; (16) Bt-Pl—-
Kfs—Grt—Crd-Ilm-Spl-Liq; (17) Bt-Pl-Kfs—Grt—Crd—IIm—Spl; (18) Bt-Pl-Kfs—Grt-Ilm-Sil-Spl-Liq; (19) PI-Kfs—Grt—Crd-IIm-Spl-Liq; (20)
Bt—Pl-Grt—Crd-Sil-Qtz—H,0; (21) Bt-Pl-Grt—Crd-Sil-Qtz-Liq; (22) Ms—Pl-Grt-Sil-Qtz; (23) Ms—PIl-Grt-Sil-Qtz—Liq; (24) Bt-Pl-Kfs—Crd—
Grt—Spl-Liq; (25) Bt-Pl-Kfs—Grt-Sil-Qtz—Liq; (26) Bt—Pl-Grt—Crd-IIm-Sil-Qtz-Liq; (27) Bt-Pl-Kfs—Grt—Crd-Ilm-Sil-Liq; (28) Bt—Pl-Kfs—
Grt-Ilm-Sil-Qtz—Liq; (29) Ms—Pl-Kfs—Grt-Sil-Qtz; (30) Bt-Ms—Pl-Kfs—Grt—Sil-Liq; (31) Bt—Pl-Kfs—Grt-Sil-Crn—Liq. See text for details
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showing higher FeO, MgO, Al,03;, CaO and TiO, and
lower SiO,, K,O and H,O with respect to the expected
protolith composition (Figure 7). For example, FeO and
MgO are up to 29% and 43% relatively more enriched,
whereas K,O and H,O are moderately to highly depleted
(up to —16% and —47% relative compared with protolith
composition HOS50f).

It could be correctly argued that knowing exactly the
protolith composition is essential for evaluating the vari-
ous methods. However, the fact that similar results have
been also found for a highly residual migmatite from
Mt. Stafford area—for which protolith composition is,
instead, precisely constrained (see discussion below)—al-
lows one to be more confident about the inferences
reported above.

5.1.2 | Mt. Stafford migmatite

The model protolith compositions MST45a, MST45f and
MST45]j obtained by applying melt-reintegration
approaches from the literature (methods 2, 3 and 4) plot
inside the compositional field of unmelted rocks from
Zones 1 and 2a (Figure 8). Therefore, all the applied meth-
ods seem to provide acceptable protolith compositions.

5.2 | Melting conditions and reactions
inferred by melt-reintegration approach

5.2.1 | El Hoyazo granulitic enclaves

For the melt-reintegrated composition HO50f obtained from
method 1, the solidus is at lower temperature than that in
the residual sample (compare Figures 2c and 3a), as
expected for a fertile metasedimentary rock. According to
the melt-reintegrated P—T pseudosection and assuming the
isobaric P-T path previously proposed for this section of
continental crust, melting begins at the H,O-saturated soli-
dus at ~660°C, 6 kbar consuming muscovite, and evolves
towards a fluid-absent state in which further melting pro-
ceeded by H,O-undersaturated melting of muscovite and
then biotite (Figures 3a and 4a). Quartz disappears at
~800°C, just before reaching peak conditions. This likely
inhibited further extensive melting and favoured the persis-
tence of biotite at 800-850°C (Cesare, 2000; Cesare et al.,
1997). Corundum is predicted to be stable at >860°C (for

FIGURE 4 Calculated mineral and melt abundance along
prograde path (at 6 kbar) for various melt-reintegration scenarios of
Figure 3 (El Hoyazo sample). Each vertical black line corresponds to
a single melt-reintegration step as reported in Figure 3. See text for
details
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enclaves is consistent with a maximum peak conditions of
~850°C (Figure 3a). At peak temperatures, cordierite
appears at <5 kbar, reinforcing the inference that its growth
mainly occurred during a decompression event after reach-
ing peak conditions (Alvarez-Valero et al., 2007). This is
in accordance with microstructural observations of sample
HOS50 suggesting that cordierite formed after the develop-
ment of the foliation defined by peak mineral assemblage
(Acosta-Vigil et al., 2010).
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FIGURE 5 Melt-reintegration approach for residual migmatite
MST45 (Mt. Stafford). Successive P—T pseudosection panels show
from right to left the changes in the topology of the assemblage fields
after each melt-reintegration step. The right-hand panel is always from
the P-T pseudosection for the residuum composition. Labels reported
above each panel refer to the bulk composition used for calculations
(see Table 1). The chosen chemical system is NCKFMASHT. Red
continuous line: solidus. Red dotted line: solidus for the residuum
composition. Yellow continuous line: muscovite-out curve. Orange
continuous line: biotite-out curve. Light blue field: region where liquid
H,O0 is predicted. (a, b, ¢) P-T pseudosections derived from
melt-reintegration methods proposed in the literature (methods 2, 3
and 4 respectively). (1) Bt-Ms-Pl-Kfs—And—Qtz; (2) Bt-Pl-Kfs—
Sill-Qtz—H,0; (3) Bt-PI-Kfs—Crd-Sill-Qtz—H,0; (4) Bt-Pl-
Kfs—Crd-Ilm-And-Qtz—H,O; (5) PI-Kfs—Crd-Ilm-Grt-Qtz-Liq;

(6) PI-Kfs—Crd-IIm-Grt—Qtz; (7) PI-Kfs—Crd—Grt-IIm-Spl-Ligq; (8)
PI-Kfs—Crd-Ilm-Spl-Liq; (9) Bt-PI-Kfs—Crd-Grt-Ilm-Qtz-Liq.

See text for details

Similar melting conditions and reactions can be inferred
from the various phase diagrams obtained applying melt-
reintegration approaches from the literature (Figure 3b—d).
Some discrepancies in phase modes (Figure 4) mostly
depend on the selected chemical system—that is, Ti-bear-
ing or -absent (see discussion above).

Some degrees of reaction overstepping are expected in
these rocks characterized by rapid heating (Cesare & Main-
eri, 1999). This can explain the apparent decoupling
between phase equilibria modelling, which predicts the
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FIGURE 6 Calculated mineral and melt abundance along
prograde path (at 3.3 kbar) for various melt-reintegration scenarios of
Figure 5 (Mt. Stafford sample). Each vertical black line corresponds
to a single melt-reintegration step as reported in Figure 5. See text for
details

presence of garnet and plagioclase from subsolidus condi-
tions (Figure 4), and the occurrence of MI in crystal cores
(Figure S2b,c) which, instead, prove their crystallization in

the presence of melt (i.e. beyond the solidus; see discussion
in Cesare & Maineri, 1999; Cesare et al., 2015). Taking
into account (1) that equilibrium-based models are simpli-
fied proxies for natural systems (White et al., 2011), (2)
that important minor components such as Mn and Fe*" are
not considered, and (3) that important departures from
rock-wide equilibrium may occur during reactions (Carlson,
Pattison, & Caddick, 2016), the prograde history inferred
by melt-reintegration approach can be considered satisfac-
tory because it considerably matches that inferred by
microstructures, geochemistry and mass-balances.

5.2.2 | Mount Stafford migmatites

According to the melt-reintegrated P—T pseudosections and
assuming the proposed P-T path (Figure 1b), muscovite
disappears in the subsolidus field and the H,O-saturated
solidus is encountered at ~650°C and 3.1 kbar. Quartz, sil-
limanite and biotite amounts decrease rapidly with rising
temperature and melt is mainly produced in the absence of
an aqueous fluid phase by biotite-consuming reactions (Fig-
ure 5). Cordierite and K-feldspar are the common peritectic
phases (Figure 6). Biotite mode strongly decreases up to
~720°C, in correspondence of the low-7 boundary of Zone
3 (Figure 6), as suggested by White et al. (2003). Biotite is
totally consumed before reaching the thermal peak (Fig-
ure 5), and the rock is dominated by cordierite, K-feldspar
and melt with minor amounts of garnet, plagioclase and
ilmenite at peak conditions (Figure 6). The described pro-
grade history is in agreement with that reconstructed by
previous studies (see above).

On the basis of pseudosections of Figure 5, melting of
Mt. Stafford rocks occurs in the sillimanite field. How-
ever, andalusite has been documented in Zone 2c¢ (i.e.
beyond the solidus) where it is pseudomorphosed by silli-
manite (Greenfield et al., 1996; Vernon et al., 1990). This
discrepancy between petrographic evidence and phase
equilibria modelling can be explained by the metastable
persistence of andalusite within the sillimanite field. This
occurrence has been already documented in other meta-
morphic terranes and a detailed discussion about this topic
is presented in White et al. (2003) for Mt. Stafford mig-
matites.

5.3 | Estimates of melt productivity of crustal
rocks

Accurately assessing the melt productivity of crustal
rocks is essential to explore the potential role of melt
loss and redistribution in the evolution of the continen-
tal crust. Pervasive migration and redistribution of melt
may produce felsic injection complexes, and has sev-
eral broad implications for the continental crust such
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as the rehydration of adjacent rocks and the increase
of radiogenic heat production (see Berger, Burri, Alt-
Epping, & Engi, 2008; Korhonen et al., 2013; Morfin,
Sawyer, & Bandyayera, 2013 Morfin et al., 2014).
Moreover, accumulation of melt causes a weakening of
the injected structures and a decrease of their density.
Yakymchuk and Brown (2014a) demonstrated that
when a subsolidus metapelitic crust accommodates
50 vol.% melt it becomes ~10% less dense. These
authors argued that such a decrease of density may
have a significant impact on the development of
detachments, migmatitic domes and metamorphic core
complexes (see Yakymchuk & Brown, 2014a).
Estimates of the amount of melt produced during crustal
anatexis have been obtained by melting experiments (Cle-
mens, 2006; and references therein), geochemical mass—
balance methods (Carvalho et al., 2016; Guernina & Saw-
yer, 2003) and phase equilibria calculations (Webb, Powell,
& McLaren, 2015; White, Powell, & Holland, 2001;
Yakymchuk et al., 2013). A common approach consists in
considering the probable melt productivity of the model
protolith composition reconstructed by melt-reintegration
method (e.g. Cai et al, 2014; Diener etal, 2014;

Cruz and Sanz de Galdeano (2014), Spadea and Prosser (1999)

Guilmette et al., 2011; Hasalova et al., 2008; Indares et al.,
2008; Nicoli et al., 2015; Taylor et al., 2014; White et al.,
2004; Zhang et al., 2015). These amounts of melt are a
maximum, because melt loss would reduce rock fertility at
higher temperature (Korhonen et al., 2010; Yakymchuk &
Brown, 2014b). However, the relative melt productivity
among different protoliths remains representative, as sug-
gested by Diener et al. (2014).

5.3.1 | El Hoyazo granulitic enclaves

Protolith composition HOS50f, obtained by reintegrating
measured melt compositions and calculated melt amounts
(method 1), would produce ~16-22, ~24-33 and ~48-
50 wt% melt at 700, 750 and 850°C (6 kbar), respectively,
and considering Ti-bearing and Ti-free chemical systems
(Figure 9a). At the same reference temperatures, the more
residual compositions HO50g, HO50m and HOS50q (ob-
tained from methods 2, 3 and 4) show much smaller melt
amounts: ~5-9, ~7-15 and ~20-28 wt% (Figure 9a). A
maximum melt productivity of ~50 wt% at peak conditions
is consistent with the petrogenetic history of these rocks
(Acosta-Vigil et al., 2010; Cesare et al., 1997). If the bulk
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composition obtained by reintegrating melt inclusion com-
positions is assumed to be representative of the actual pro-
tolith composition, then the other methods underestimate
melt productivity by up to ~90% at low temperature
(~700°C), and 45-60% at 850°C (Figure 9a).

5.3.2 | Mount Stafford migmatites

The three model protolith compositions (MST45a, MST45f
and MST45j) obtained by methods 2, 3 and 4 would pro-
duce similar melt amounts: 46, 8-10 and 18-21 wt% melt
at 700, 750 and 800°C respectively (Figure 9b). A maxi-
mum melt productivity of 22-23 wt% is predicted at peak
temperature of 820°C (Figure 9b), in agreement with previ-
ous estimates (White et al., 2003).

In contrast to El Hoyazo samples, the precise protolith
compositions are well known at Mt. Stafford area. Notably,
White et al. (2003) performed forward phase equilibria
modelling of Zone 1 metapelites 1107Pe and 9115Pe to
reconstruct the anatectic history of Mt. Stafford metapelitic
migmatites. Two P-T pseudosections have been con-
structed considering the bulk composition of these
unmelted rocks (Figure S4). Prograde melting along the
proposed P-T path would produce 4-5, 8-10, 15-16 and

FIGURE 8 Harker plots (wt%) showing the trajectories for the evolving
bulk rock compositions (Mt. Stafford sample) as melt is reintegrated (anhydrous
compositions from Table 1). Coloured dots: final protolith compositions. Empty
oL dots: intermediate compositions. Grey area: compositional variability of Zone 1
and Zone 2a metapelites. Data from: Greenfield (1997), Palya et al. (2011),
Wang et al. (2014), and references therein

18-26 wt% melt at 700, 750, 800 and 820°C respectively
(Figure 9b). Therefore, melt-reintegration approaches
applied in this study led to model protolith compositions
whose estimates of melt productivity at peak conditions
match those expected for Mt. Stafford migmatites (Fig-
ure 9b).

5.4 | An evaluation of the melt-reintegration
approach

Being the suprasolidus crust anisotropic and a highly
dynamic non-linear system (Brown, 2007), it is clear that
a wide variety of melt extraction scenarios is possible.
Therefore, the real melt loss history in anatectic terranes
remains mostly obscured and impossible to retrieve.
Despite this degree of uncertainty, the different melt-rein-
tegration approaches tested in this work produce similar
phase diagrams in terms of first-order topology (Fig-
ures 3—6). These similarities confirm the outcome of pre-
vious forward modelling studies that different melt loss
scenarios do not significantly change the major supra-
solidus topologies of P-T pseudosections because they are
largely controlled by solid phases (see Powell, Guiraud,
& White, 2005; White & Powell, 2002). This conclusion
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was used to argue that reintegrating a certain amount of
melt into the measured residual composition is sufficient
to recover an approximate protolith composition and, in
turn, to investigate the prograde evolution (e.g. Guilmette
et al., 2011; Indares et al., 2008; Lasalle & Indares, 2014,
Palin et al., 2013). Indeed, similar prograde histories (in
terms of melting conditions and reactions) can be inferred
in spite of the different methods adopted and they match
field, petrographic and geochemical evidence (see above).
In addition, the calculated melt productivity for Mt. Staf-
ford migmatites fits well with that determined by previous
studies (Figure 9b).

However, the modelling performed on the El Hoyazo
enclave demonstrates that, regardless of the different meth-
ods adopted, the development of a H,O-saturated solidus at
<700°C after melt-reintegration cannot always be used as a
reliable criterion to determine the amount of melt to be
added back, because it does not guarantee the restoration
of a reliable protolith composition (Figure 7). In the case
of El Hoyazo granulites, this constraint seems to result in
an underestimation of the amount of melt to be reintegrated
(Figure 7). The reduction in bulk H,O and K,O diminishes
the amount of total mica and water and hence melt produc-
tivity (Figure 9a).

An argument can be made that the discrepancy in melt
productivity exhibited by the El Hoyazo enclaves should
be smaller in the more common situation of slow heating.
This is because the rapid heating, such as in the case of
crustal melting triggered by mafic magma, may favour
fluid retention from the low-grade protolith maximizing
melt productivity (Acosta-Vigil et al., 2010; Buick, Ste-
vens, & Gibson, 2004; Johnson, Brown, & White, 2010).
Therefore, the wet solidus constraint (i.e. adding back an
amount of melt until the appearance of a H,O-saturated
solidus at <700°C and at pressure of interest) does not
work in this particular geological scenario.

On the other hand, the El Hoyazo granulitic enclaves
are highly residual rocks (SiO, ~45 wt%). In order to test
if such a compositional feature may somehow affect the
feasibility of the melt-reintegration approach, method 2 has
been applied to a more residual migmatite from Mt. Staf-
ford Zone 4 (sample MST16), characterized by 50 wt%
Si0,, 30 wt% Al,O3; and 12 wt% FeO+MgO (Table 1).
The Bt—Crd-Sil-Pl-Kfs—Ilm-Liq assemblage is predicted
to be stable at peak conditions of 820°C and 3.8 kbar (Fig-
ure S5). The development of a H,O-saturated solidus at the
pressure of interest (Figure S5) results in a model protolith
composition which does not plot inside the compositional
field of Zones 1 and 2b rocks—that is, composition
MST16a does not match the real protolith compositions of
Mt. Stafford migmatites (Figure 8). A consequence of the
underestimation of the melt to be reintegrated is that the
predicted rock fertility of model protolith is reduced with
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respect to that expected (Figure 9b). In particular, the max-
imum melt content (12 wt%) predicted at peak temperature
for the model protolith of sample MST16 underestimates
the expected values of 30-55% (Figure 9b).

There are some robust examples in the literature in
which the development of a H,O-saturated solidus at
<700°C after melt-reintegration resulted in reliable model
protolith compositions, and reliable prograde history infer-
ences and rock fertility estimates. For instance, Redler et al.
(2013) investigated anatexis and melt loss processes in the
crustal sequence of the Ivrea Zone (NW Italy). There, meta-
pelites underwent partial melting from amphibolite- to gran-
ulite facies conditions, with granulites showing significant
melt loss prior to cooling. In order to model the prograde
history of high-grade, melt-depleted rocks, these authors
progressively reintegrated melt back into residual composi-
tions until the wet solidus was reached. Fortunately, in the
Ivrea Zone appropriate protoliths for granulites are present
as amphibolite facies metatexites, and a comparison
between the two different types of modelling can be made.
Both the melt-reintegrated pseudosections and those for
amphibolite facies rocks show a similar topology and melt
productivity (see Redler et al., 2013).

Similarly, Yakymchuk et al. (2015) applied the melt-
reintegration approach on migmatitic gneisses from West
Antarctica, until the wet solidus was encountered at
~660°C. Following this procedure, the reintegrated compo-
sitions exactly evolved towards the compositional field of
the expected protoliths (cf. figure 4 in Yakymchuk et al.,
2015). The fact that both Redler et al. (2013) and Yakym-
chuk et al. (2015) adopted the multi-step method initially
proposed by White et al. (2004) (method 3 in this study)
for bulk rock compositions in which the residual character
is not extreme (SiO, >55 wt%) supports the results of this
study.

It is important to note that the reintegrated amount of
melt—necessary to reconstruct a plausible protolith compo-
sition—may not reflect precisely the amount of melt lost
along the prograde path. Indeed, multi-step approaches (in
particular method 3) entail the reintegration of low temper-
ature, H,O-rich melts (Figures 3 and 5; Table S1). Con-
versely, in the one-step reintegration method the melt
composition is generally calculated at the intersection of
the residuum solidus with the presumed prograde P-T path
or at peak conditions (Figures 3b and 5a). Therefore, only
a hotter and drier melt is generally added back and, in turn,
a higher amount of melt is needed to obtain a H,O-satu-
rated solidus at the same P-T conditions, with respect to
multi-step procedures (Figures 3 and 5).

Among proposed methods, method 4 (Korhonen et al.,
2013) seems to be the most realistic from the geological
point of view, because it is based on the 7 vol.% melt
threshold of Rosenberg and Handy (2005). It is generally
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accepted that the attainment of this value should facilitate
the development of a melt extraction network. However,
deformation and associated pressure gradients are likely to
lead to a critical threshold that is significantly lower than
7 vol.% (Brown, 2010b). Therefore, in the presence of syn-
anatectic deformation, the method originally proposed by
Korhonen et al. (2013) can be modified in order to add
back a minor amount of melt (<6 vol.%) for each reintegra-
tion step—that is, melt-reintegration steps can be more clo-
sely spaced.

6 | CONCLUSIONS

From the phase equilibria modelling performed in this
study it can be concluded that:

1. the single- and multi-step melt-reintegration approaches
proposed in the literature provide comparable results;

2. reintegrating melt into residual migmatites and gran-
ulites until the appearance of a H,O-saturated solidus at
<700°C permits, in spite of the different methods
adopted, reliable constraints on melting conditions and
reactions, and on melt productivity to be obtained;

text for details

3. the development of a H,O-saturated solidus after melt-
reintegration may not guarantee the restoration of a reli-
able protolith composition for highly residual (SiO,
<55 wt%) migmatites and granulites or for rocks for
which H,O retention from subsolidus conditions is high.
While melting conditions and reactions are likely to be
successfully constrained, significant underestimations of
melt productivity may occur and have to be taken into
account when melt-reintegration approach is applied to
these bulk compositions.

Overall, this comparative study confirms that reintegrat-
ing melt into residual compositions (White et al., 2004) is
a reliable and useful approach to reconstruct a plausible
prograde history for the melt-depleted suprasolidus crust by
means of phase equilibria modelling.
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Figure S1. (a) Field aspect of a Bt—Grt-Sil enclave from
El Hoyazo (SE Spain). (b, c) Photomicrographs of MI-
bearing garnet (b) and plagioclase (c). Plane-polarized light.
(d) SEM-BSE image of intergrowth between matrix glass
and sillimanite. Red arrows: clusters of hundreds of melt
inclusions. Yellow arrows: matrix glass. Additional details
in Cesare et al. (1997) and Cesare (2008)

Figure S2. Contours for almandine and grossular compo-
nents of garnet, for Ti content and Xy, value of biotite and
for Xa, of plagioclase from El Hoyazo sample; isopleths of
modal proportions of melt are also plotted (see Figure 2c).
Values for selected compositional parameters are from
Cesare (2008), Acosta-Vigil et al. (2010) and Tajémanova
et al. (2009). Yellow ellipse: inferred P-T conditions of
equilibration

Figure S3. Isopleths of modal proportions of cordierite,
K-feldspar and melt for Mt. Stafford migmatite (see Fig-
ure 2d). Yellow ellipse: inferred P-T conditions of equili-
bration

Figure S4. Forward phase equilibria modelling consider-
ing the bulk composition of two Zone 1 metapelites
(1107Pe and 9115Pe) from Mt Stafford. P-T pseudosec-
tions are calculated in the NCKFMASHT chemical system.
Peak phase assemblage is underlined. Red line: solidus.
Yellow line: muscovite-out curve. Orange line: biotite-out
curve. Light blue field: region where liquid H2O is pre-
dicted. (1) Bt—Ms—Pl-Kfs—And-Qtz; (2) Bt-Pl- Kfs-Sil-
Qtz-H,0; (3) Bt-Pl-Kfs—And-Qtz-H,0O; (4) Bt-Pl-Kfs—
Crd-Sil-Qtz-H20; (5) Bt-Pl-Kfs—Crd—And-Qtz—H,O

Figure S5. Phase equilibria modelling for the highly
residual migmatite MST16 (Mt. Stafford). Peak phase
assemblage is underlined. The chosen chemical system is
NCKFMASHT. (a) 7-Mu,0 diagram calculated at 3.8 kbar
for determining the bulk H,O content. The observed peak
assemblage is stable just above the solidus for My,o values
ranging from 0.78 to 0.88 wt% Orange dashed line:
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selected My, value. A My,o value of 0.82 was selected so
that the peak assemblage is stable just above the solidus at
peak temperatures (800-820°C) to reflect the conditions
where this assemblage is in equilibrium with the last
remaining melt after last melt loss event (see Diener et al.,
2008). Red lines: solidus. (b) The P-T pseudosection is
derived from the one-step reintegration approach (method
2). Labels reported above each panel refer to the bulk com-
position used for calculations (see Table 1). Red continu-
ous line: solidus. Red dotted line: solidus for the residuum
composition. Yellow continuous line: muscovite-out curve.
Orange continuous line: biotite-out curve. Light blue field:
region where liquid H,O is predicted. (1) Bt—Pl-Kfs—Sil—

Qtz-H,0; (2) Bt-Pl-Kfs—Crd-Sil-Qtz-H,0; (3) Bt-Pl-
Kfs— Crd-Sil-1lm-H,0; (4) PI-Kfs—Crd-Sil-Ilm-Crn-H,O

Table S1. Melt compositions (Wt%) used in the mod-
elling
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