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Migmatitos
fusão parcial 
reações, texturas, leucossoma
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Onde começa a fusão?

• a fusão começa no contato 
dos grãos que participam da 
reação de fusão

• a avanço da fusão interliga 
as gotas de fundido
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• Como as rochas são materiais heterogêneos, a fusão
ocorre de forma parcial e dentro de certo intervalo de
temperatura (T) e pressão (P)

• A fusão é parcial porque a rocha funde apenas onde
todos reagentes estão em contato

• Há geração de um fundido e, quase sempre, há geração
de resíduo sólido (fase peritética)

• Fusão congruente – fusão total
• Fusão incongruente – fundido + fase(s) peritética(s)

Fusão parcial (anatexia)
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Do que depende a fusão parcial?

• Tempetura, Pressão
• Composição da rocha
• H2O
• Sistema aberto ou fechado

• Em que T uma rocha granítica funde?

5

Definições
• Sistema haplogranítico – Qtz – Ab – Or – (H2O)
• Solidus – curva de fusão mínima de qualquer sistema

(onde a primeira gota de fundido ocorre) e isso sempre
ocorre na curva com o sistema saturado em H2O

• Liquidus – curvas que representam a quantidade de água
em um fundido em equilíbrio com cristais de feldspato e
quartzo: se a água cair abaixo deste valor, parte do
fundido solidifica para recuperar o valor mínimo; se o teor
de água aumenta, ocorre a fusão para recuperar esse valor
mínimo

• Solidus seco - concide com a fusão total da rocha sem
H2O
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Definições

• Fusão saturada em H2O (wet solidus) – fusão que 
ocorre no solidus. Na natureza essa condição é 
muito restrita, pois a quantidade de H2O nos poros 
das rochas é muito baixa. Há necessidade de 
ocorrer influxo constante de fonte externa para 
que ocorra fusão em alto volume nessas condições
– o fundido é saturado em H2O
– ou seja ele tem o máximo de H2O dissolvida
– quanto maior a taxa de fusão, menor a quantidade de 

H2O que ocorrerá no fundido
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Maximum H2O content curves separate the melt field from the field
where melt and an aqueous fluid coexist. These curves correspond to
the water solubility in silicate melts and it increases with pressure
(horizontal dashed lines in Fig. 4c; Robertson and Wyllie, 1971; Holtz
et al., 2000) with only little temperature effect. Fig. 4a–c shows the
water-saturated solidus, liquidus and the maximum solubility curves
in P–T space for the haplogranite system (Qtz–Ab–Or). Minimum and
maximum H2O contents are similar on the water saturated solidus
and H2O contents of melts formed by dehydration melting also lie at
the minimum value for the given P–T conditions. These values have
been experimentally constrained (Fig. 4) and are used to predict rock
fertility.

Themaximum solubilities of H2O inmelts in Qtz–Ab, Qtz–Or systems
have been widely studied (e.g. Holtz and Johannes, 1994; Holtz et al.,
1992b, 1996, 2001; Johannes and Holtz, 1990; Pichavant et al., 1992).
Maximum water contents are dependent on melt composition and de-
crease slightly with decreasing Ab–Or ratios, and sharply with increasing
Qtz content (e.g. Holtz et al., 1996, 2000). At low temperatures andmod-
erate to high pressures, large amounts ofwater are required to complete-
ly melt a haplogranite of eutectic composition (Fig. 4c).

At specified P–T conditions above the water-saturated solidus (also
known as the wet solidus), hydrous silicate melt can in principle have
H2O content anywhere between the maximum water solubility and
the minimum H2O content (i.e., the liquidus), as long as it is chemically
isolated from the solid. This is fundamental for understanding the be-
haviour of the system: during melting, melt will interact chemically
with the solid, the system will typically be rock-dominated (rock-
buffered), and so melts generated above the wet solidus will tend to
have the minimum water content, dictated by the liquidus for the pre-
vailing P–T conditions. Thus, water-fluxing of rock-buffered systems
will generate undersaturated melts with water activities determined
by the P–T conditions of melting.

Figure 4d illustrates the heating of a haplogranite with pore aqueous
fluids. Upon reaching the solidus (point B), fluids and thermal energy
are consumed to produce water-saturated melt. Continued heating of
the anatectic terrane moves it into suprasolidus conditions (points C
and D) where the original water-saturated melt equilibrates with the
surroundings by melting in order to dilute the water in the melt and
reach the water content dictated by the liquidus curves. Thus, as T in-
creases, melt fraction increases and the water content of the melt and
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Fig. 4. P–T diagrams showing key curves for the Ab–Or–Qtz–H2O–CO2 system for: (a) solidus curves for different water activities (aH2O) and liquidus curves or curves of minimumwt.%
H2O inmelts (dashed lines), (b) solidus curves for differentXH2O=H2O/(H2O+CO2), and (c) liquidus curves (orminimumwater content curves; continuous lines) andmaximumwater
content curves (dotted sub-horizontal lines) inwt.%H2O.Diagrams after Johannes andHoltz (1996). (d) Evolution of a haplogranite undergoing isobaric heating (see also p. 53 in Johannes
and Holtz, 1996). Point A indicates a haplogranitic rock with 2 wt.% added H2O at 600 °C. Heating causes water saturated melting at 645 °C and melt would have 10 wt.% dissolved H2O
(point B), given by the intersection of the liquidus curve and the solidus curve, and therefore only 20% of the rock canmelt.When the rock reaches 785 °C, the liquidus curve for 4wt.%H2O
is reached and therefore 50% of the rock will be molten with a water activity aH2O= 0.4 (point C), as marked by the light grey, dashed line. Complete melting will be reached at 890 °C
where the liquidus curve for 2 wt.% H2O is reached with aH2O = 0.2 (point D).
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Maximum H2O content curves separate the melt field from the field
where melt and an aqueous fluid coexist. These curves correspond to
the water solubility in silicate melts and it increases with pressure
(horizontal dashed lines in Fig. 4c; Robertson and Wyllie, 1971; Holtz
et al., 2000) with only little temperature effect. Fig. 4a–c shows the
water-saturated solidus, liquidus and the maximum solubility curves
in P–T space for the haplogranite system (Qtz–Ab–Or). Minimum and
maximum H2O contents are similar on the water saturated solidus
and H2O contents of melts formed by dehydration melting also lie at
the minimum value for the given P–T conditions. These values have
been experimentally constrained (Fig. 4) and are used to predict rock
fertility.

Themaximum solubilities of H2O inmelts in Qtz–Ab, Qtz–Or systems
have been widely studied (e.g. Holtz and Johannes, 1994; Holtz et al.,
1992b, 1996, 2001; Johannes and Holtz, 1990; Pichavant et al., 1992).
Maximum water contents are dependent on melt composition and de-
crease slightly with decreasing Ab–Or ratios, and sharply with increasing
Qtz content (e.g. Holtz et al., 1996, 2000). At low temperatures andmod-
erate to high pressures, large amounts ofwater are required to complete-
ly melt a haplogranite of eutectic composition (Fig. 4c).

At specified P–T conditions above the water-saturated solidus (also
known as the wet solidus), hydrous silicate melt can in principle have
H2O content anywhere between the maximum water solubility and
the minimum H2O content (i.e., the liquidus), as long as it is chemically
isolated from the solid. This is fundamental for understanding the be-
haviour of the system: during melting, melt will interact chemically
with the solid, the system will typically be rock-dominated (rock-
buffered), and so melts generated above the wet solidus will tend to
have the minimum water content, dictated by the liquidus for the pre-
vailing P–T conditions. Thus, water-fluxing of rock-buffered systems
will generate undersaturated melts with water activities determined
by the P–T conditions of melting.

Figure 4d illustrates the heating of a haplogranite with pore aqueous
fluids. Upon reaching the solidus (point B), fluids and thermal energy
are consumed to produce water-saturated melt. Continued heating of
the anatectic terrane moves it into suprasolidus conditions (points C
and D) where the original water-saturated melt equilibrates with the
surroundings by melting in order to dilute the water in the melt and
reach the water content dictated by the liquidus curves. Thus, as T in-
creases, melt fraction increases and the water content of the melt and
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Fig. 4. P–T diagrams showing key curves for the Ab–Or–Qtz–H2O–CO2 system for: (a) solidus curves for different water activities (aH2O) and liquidus curves or curves of minimumwt.%
H2O inmelts (dashed lines), (b) solidus curves for differentXH2O=H2O/(H2O+CO2), and (c) liquidus curves (orminimumwater content curves; continuous lines) andmaximumwater
content curves (dotted sub-horizontal lines) inwt.%H2O.Diagrams after Johannes andHoltz (1996). (d) Evolution of a haplogranite undergoing isobaric heating (see also p. 53 in Johannes
and Holtz, 1996). Point A indicates a haplogranitic rock with 2 wt.% added H2O at 600 °C. Heating causes water saturated melting at 645 °C and melt would have 10 wt.% dissolved H2O
(point B), given by the intersection of the liquidus curve and the solidus curve, and therefore only 20% of the rock canmelt.When the rock reaches 785 °C, the liquidus curve for 4wt.%H2O
is reached and therefore 50% of the rock will be molten with a water activity aH2O= 0.4 (point C), as marked by the light grey, dashed line. Complete melting will be reached at 890 °C
where the liquidus curve for 2 wt.% H2O is reached with aH2O = 0.2 (point D).
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Linhas verticais quantidade de H2O dissolvida no fundido

Linhas horizontais tracejadas marcam a quantidade 
máxima de H2O que pode ser dissolvida no fundido. 
Abaixo da P referida haverá fundido + H2O se valor 
indicado for ultrapassado

Fundido saturado em H2O (B) não 
pode ascender, mas se for super –
aquecido e for insaturado em 
H2O, pode (C ou D)

9

Fusão com H2O
Veja que a composição da rocha pouco influencia a T
Compare as curvas 1 (Ms-granito) e 6 (Hbl-tonalito)
A inclinação das curvas é negativa

2.3. How does water invade rocks at conditions above their solidus?

There are numerous ways in which fluids can be delivered to hot
lower and middle crust and circumvent the solidus isotherm trap:
(i) intrusion and crystallization of water-rich magmas releasing water
to its surroundings (e.g. Annen and Sparks, 2002; Finger and Clemens,
1995; Pattison and Harte, 1988; Symmes and Ferry, 1995; Yardley and
Barber, 1991a); (ii) pervasive intrusion of water-rich magmas out of
equilibrium with their dry (lowwater activity) surroundings triggering
melting; (iii) diffusion or advection of fluids from a rock undergoing
sub-solidus dehydration reaction to another above its water-saturated
solidus (Droop and Brodie, 2012; White and Powell, 2010; White
et al., 2011b, 2005); or (iv) influx of fluids released at depth by

underthrusted water-rich rocks (Cloos, 1984; Le Fort et al., 1987) rising
through zones of localized high-strain (e.g. Berger et al., 2008; Genier
et al., 2008; Johnson et al., 2001) or fracture systems (Sawyer, 2010;
Ward et al., 2008).

3. Water-fluxed melting: reactions, composition and
physical characteristics

Water-fluxed melting reactions are significantly different from
dehydration melting reactions (Fig. 1, Tables 1 and 2; e.g. Patiño
Douce and Harris, 1998). The differences are so significant that
Clemens and Watkins (2001) suggested that “dehydration melting
reactions occurring at temperatures of the granulite facies are the only
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Fig. 1. Experimentally determined water-present melting reactions (a) and dehydration melting reactions (b). (a) 1— H2O saturated Ms-granite solidus from Huang andWyllie (1973);
2—H2O saturated solidus in Qtz+Or+Ab+H2O system from Johannes (1985)withmelt aH2O=1 (2a), aH2O=0.7 (2b), aH2O=0.5 (2c), aH2O=0.3 (2d) and aH2O=0.1 (2e); 3—

melting reaction Qtz + Pl + Kfs + H2O = melt from Stevens and Clemens (1993) with aH2O = 1 (3a) and aH2O = 0.1 (3b); 4 — Bt + Qtz + Kfs + H2O = melt melting reaction from
Peterson andNewton (1989); 5—H2O-saturatedmelting of tonalite Bt+Pl+Qtz+H2O=Hbl+melt from Büsch et al. (1974); 6— tonalite H2O-saturated solidus fromYoder and Tilley
(1962); 7—wet basalt solidus fromGreen (1982); 8—H2O-saturatedmelting reaction Qtz+Kfs+Als+H2O=melt from Johannes and Holtz (1996); 9—H2O-saturated granite solidus
(Qtz+Ab+Or+H2O= melt) from Ebadi and Johannes (1991); 10—melting reaction (Bt+ Pl+Qtz+Kfs+H2O=Hbl+Grt+ melt) of gneiss with 4wt.% added H2O fromGardien
et al. (2000). For comparison see position of similar reaction 6 in (b)with no addedwater. (b) 1—Ms-dehydrationmelting ofmuscovite–biotite schist (1a) andmuscovite schist (1b) from
Patiño Douce and Harris (1998); 2—Ms-dehydrationmelting from Pëto (1976); 3— Bt-dehydration melting ofmetagreywacke from Vielzeuf and Montel (1994); 4a,b— Bt-dehydration
melting ofmetagreywacke/gneiss fromPatiñoDouce and Beard (1995, 1996); 5—Bt-dehydrationmelting inMASH system fromVielzeuf and Clemens (1992); 6—Bt-dehydrationmelting
of gneiss from Gardien et al. (2000); 7— Bt-dehydration melting of metapelite from Le Breton and Thompson (1988); 8— Amphibole dehydration melting of amphibolite from Rushmer
(1987); 9— amphibolite dehydration melting of basalt from Rushmer (1989). (c) Summarizing diagram comparing H2O-present and absent melting reactions. Note different slopes and
solidus T. Thick solid lines represent similarmelting reactionswith no addedwater andwith 4wt.% addedwater (fromGardien et al., 2000). (d) Schematic diagram depicting difference in
volume changes during water-present and dehydration melting (from Clemens and Droop, 1998). Water-present melting results in negative volume change, in contrast to dehydration
melting which results in positive volume change and brittle failure and melt expulsion into the host. Rock volume is represented by grey deformed rectangles, melt is black.
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Efeito da H2O

4.2. Volume of melt produced

Thompson and Connolly (1995) estimated that residual free water
from subsolidus dehydration reactions remaining in pores produces
less than 0.5% granitic melt at the H2O-saturated solidus. Both experi-
ments and thermodynamicmodelling ofmelting assumeminimalmelt-
ing at the H2O-saturated solidus and that melting effectively starts by
dehydration melting reactions, which is characterized initially by very
low melt productivity at the dehydration melting solidus (Berger
et al., 2008; Hasalová et al., 2008; Johnson et al., 2008).

A number of studies investigated melt productivity of common
crustal rocks in the absence of free water (e.g. Brown and Korhonen,
2009; Johnson et al., 2008; Patiño Douce and Beard, 1995; Powell et
al., 2005). They demonstrate that at amphibolite facies conditions
small amounts of melt (b5%) is produced by Bt-dehydration melting
and temperatures well into granulite facies are needed to produce larg-
er amounts of melt (N10%). In metapelites, Ms-dehydration melting
typically produces low melt volumes but may reach up to ~ 15% melt
(e.g. Brown and Korhonen, 2009).

By contrast, the addition of even small amounts of water (1–2%)will
have large impact onmelt productivity (Fig. 3; Johannes andHoltz, 1996
p. 53). Inmelting experiments of Bt–Pl–Qtz gneiss, Gardien et al. (2000)
demonstrated that b4 wt.% melt will be produced at 900 °C with no
added H2O. When 4 wt.% H2O was added, melt production increased
to 50–60% even at T as low as 800 °C (Gardien et al., 2000). Hasalová
et al. (2008) modelled melting of Ms–Bt granite and showed that with
no added H2O (other than the ~2.6 mol% of H2O in the rock; path A,
Fig. 3b), melting is controlled only by mica-breakdown and starts at
670 °C (at 9 kbar), and at 700 °C and 800 °C, 1% melt and ~7.5% melt
are formed, respectively (path A, Fig. 3b). When 5 mol% of external
H2O is added, ~8% melt is generated at 700 °C and ~18% at 800 °C
(path B in Fig. 3b). Addition of 10 mol% of H2O generates ~24% melt at
700 °C and 40% melt at 800 °C (path C in Fig. 3b). This is consistent
with observations of White et al. (2005) who have shown for the

Hores gneiss in Broken Hill that at 700 °C and 4.2 kbar, the addition of
5 mol% of H2O generates ~15 mol% melt, and the addition of 10 mol%
H2O ~35 mol% melt.

4.3. Maximum and minimum water contents in melts

The initial water content inmagmas is related to themelting reaction
and P–T conditions of magma generation (e.g. Clemens and Watkins,
2001; Johannes and Holtz, 1996). During dehydration melting the
amount of dissolved water in the melt is determined by temperature
and the amount ofmelt depends onwater availability. By increasing tem-
perature,melt fraction increases andwater content in themelt decreases.
For example,melt produced by dehydrationmelting ofmetasedimentary
rocks by muscovite breakdown at 750 °C and 4 kbar will be more hy-
drous (5–6 wt.% H2O) than melts produced by biotite breakdown at
850 °C and 4 kbar (2 wt.% H2O; Castro, 2013; Castro et al., 2000; Patiño
Douce and Beard, 1995; Patiño Douce and Harris, 1998). By contrast,
the water content in magmas generated by water-fluxed melting is con-
trolled by the minimum amount required to stabilize melts (e.g. Holtz
et al., 2001) and the maximum solubility of water in the melt.

Here, we follow the definition of Johannes and Holtz (1996) where
the solidus curve is defined by the first melt appearance, and this will
always be on the water-saturated curve (Fig. 4), except in the total
absence of free water. The solidus temperature is independent of the
amount of water available because even a very small amount of H2O
available to establish the water activity of 1 is sufficient to create the
first melt (Johannes and Holtz, 1996, p.50). Liquidus curves as defined
by Johannes and Holtz (1996) are curves of minimum water content
necessary to stabilize melt (Fig. 4). In haplogranites, these curves
represent the amount of water in a melt in equilibrium with crystals
of feldspar and quartz: if water drops below this value some of the
melt solidifies to regain the minimum value, if water content increases,
melting occurs to regain that minimum value (Holtz et al., 2001).
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Fusão sem H2O ou com influxo de H2O
• Fusão por desidratação ou fusão sem fluido – a 

fusão ocorre pela quebra de fases hidratadas 
(micas e anfibólio), gerando fundido e fases 
peritéticas anidras
– O fundido é sempre insaturado em H2O
– A reação de T mais baixa é da muscovita, depois 

da biotita e depois da hornblenda
• Fusão com influxo de H2O – ocorre quando a 

rocha está em T acima do solidus e recebe um 
influxo de H2O, fundindo

12
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fluxedmelting will have higher ASI values than those produced bymus-
covite or biotite dehydration melting (Acosta-Vigil et al., 2003) where
excess aluminiumgoes into forming peritectic phases such as sillimanite.

Pichavant et al. (1992) evaluated the role of pressure and water
content for solidus composition in the H2O-saturated (aH2O = 1) and
undersaturated (aH2O b 1) conditions in Qtz–Ab and Qtz–Or system.
They showed that increasing the water content of melt at 2 kbar lowers
the eutectic T more in the Qtz–Ab system than in the Qtz–Or system
(but the eutectic composition remains similar). When P is increased to
5 kbar, the eutectic composition in the Qtz–Ab system becomes more
albitic. This is attributed to higher water solubility in Na-bearing melt
than in K-bearing melts. Similar results were also reported by Holtz
et al. (1992a, 1992b).

Experimental studies on the anatexis of a quartz–feldspars gneiss at
3–5 kbar and 700–800 °C and various aH2O (reflecting between 1 and
7 wt.% added H2O; Holtz and Johannes, 1991) showed that melt
remained H2O-undersaturated (aH2O = 0.5) even though external
fluids were needed to trigger melting. They suggest that the control of
aH2O on melt composition is as significant as T and P. The average
aH2O of 0.5 in melt is similar to values estimated by Clemens and Wall
(1981) for Australian S-type granites.

Water influx also plays an important role in themelting ofmafic rocks.
There is a large number of water-absent melting experiments on mafic
protoliths (e.g. Rushmer, 1991 – basalt; Wolf and Wyllie, 1994 –

amphibolite; Patiño Douce and Beard, 1995 – amphibolite) and some
water-present melting experiments (e.g. Beard and Lofgren, 1991;
Springer and Seek, 1997 – metabasalt; Zamora, 2000 – ophiolite). Beard
and Lofgren (1991) performed melting experiments of amphibolites at
800–1000 °C at 1–6.9 kbar in the absence or presence of free water.
Melts produced by dehydration melting coexist with Pl + Cpx + Opx
+ Mag restites and have granodioritic to trondhjemitic compositions,
similar to low-K island arc magmas. In contrast, water-saturated melting
experiments produced strongly peraluminous, low iron melts unlike
most silicic igneous rocks, and amphibole-rich, plagioclase-poor residues
(Beard and Lofgren, 1991). These authors concluded that whilst dehydra-
tionmelting of amphibolites can generate low-potassiumsilicic rocks typ-
ical of magmatic arcs, water-saturated melting cannot. In the water-
present melting experiments (1 wt.% water added and some CO2) of
metamorphosed cumulate gabbros (Springer and Seek, 1997), melt com-
position changes from trondhjemitic to tonalitic to quartz dioriticwith in-
creasing T and degree of melting.

There is currently a lively debate concerning the nature of melting of
metamorphosed ocean basalts and the origin of Archean trondhjemites–
tonalites–granodiorites (TTGs, e.g. Drummond and Defant, 1990; Sen
and Dunn, 1994; Prouteau et al., 1999; Moyen and Stevens, 2006). Ex-
perimental studies have found that dehydration melting of metamor-
phosed oceanic basalt produces trondhjemitic–tonalitic–dacitic melts,
but at temperatures exceeding 1000 °C, over a wide range of P but
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Campo branco – fusão por desidratação
favorece fusão de Ms, Pl e Kfs

Campos cinza – fusão com influxo de H2O
enriquece o fundido em Na2O e FeO

13

Fusão com H2O
Veja que a composição da rocha pouco influencia a T
Compare as curvas 1 (Ms-granito) e 6 (Hbl-tonalito)
A inclinação das curvas é negativa

2.3. How does water invade rocks at conditions above their solidus?

There are numerous ways in which fluids can be delivered to hot
lower and middle crust and circumvent the solidus isotherm trap:
(i) intrusion and crystallization of water-rich magmas releasing water
to its surroundings (e.g. Annen and Sparks, 2002; Finger and Clemens,
1995; Pattison and Harte, 1988; Symmes and Ferry, 1995; Yardley and
Barber, 1991a); (ii) pervasive intrusion of water-rich magmas out of
equilibrium with their dry (lowwater activity) surroundings triggering
melting; (iii) diffusion or advection of fluids from a rock undergoing
sub-solidus dehydration reaction to another above its water-saturated
solidus (Droop and Brodie, 2012; White and Powell, 2010; White
et al., 2011b, 2005); or (iv) influx of fluids released at depth by

underthrusted water-rich rocks (Cloos, 1984; Le Fort et al., 1987) rising
through zones of localized high-strain (e.g. Berger et al., 2008; Genier
et al., 2008; Johnson et al., 2001) or fracture systems (Sawyer, 2010;
Ward et al., 2008).

3. Water-fluxed melting: reactions, composition and
physical characteristics

Water-fluxed melting reactions are significantly different from
dehydration melting reactions (Fig. 1, Tables 1 and 2; e.g. Patiño
Douce and Harris, 1998). The differences are so significant that
Clemens and Watkins (2001) suggested that “dehydration melting
reactions occurring at temperatures of the granulite facies are the only
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Fig. 1. Experimentally determined water-present melting reactions (a) and dehydration melting reactions (b). (a) 1— H2O saturated Ms-granite solidus from Huang andWyllie (1973);
2—H2O saturated solidus in Qtz+Or+Ab+H2O system from Johannes (1985)withmelt aH2O=1 (2a), aH2O=0.7 (2b), aH2O=0.5 (2c), aH2O=0.3 (2d) and aH2O=0.1 (2e); 3—

melting reaction Qtz + Pl + Kfs + H2O = melt from Stevens and Clemens (1993) with aH2O = 1 (3a) and aH2O = 0.1 (3b); 4 — Bt + Qtz + Kfs + H2O = melt melting reaction from
Peterson andNewton (1989); 5—H2O-saturatedmelting of tonalite Bt+Pl+Qtz+H2O=Hbl+melt from Büsch et al. (1974); 6— tonalite H2O-saturated solidus fromYoder and Tilley
(1962); 7—wet basalt solidus fromGreen (1982); 8—H2O-saturatedmelting reaction Qtz+Kfs+Als+H2O=melt from Johannes and Holtz (1996); 9—H2O-saturated granite solidus
(Qtz+Ab+Or+H2O= melt) from Ebadi and Johannes (1991); 10—melting reaction (Bt+ Pl+Qtz+Kfs+H2O=Hbl+Grt+ melt) of gneiss with 4wt.% added H2O fromGardien
et al. (2000). For comparison see position of similar reaction 6 in (b)with no addedwater. (b) 1—Ms-dehydrationmelting ofmuscovite–biotite schist (1a) andmuscovite schist (1b) from
Patiño Douce and Harris (1998); 2—Ms-dehydrationmelting from Pëto (1976); 3— Bt-dehydration melting ofmetagreywacke from Vielzeuf and Montel (1994); 4a,b— Bt-dehydration
melting ofmetagreywacke/gneiss fromPatiñoDouce and Beard (1995, 1996); 5—Bt-dehydrationmelting inMASH system fromVielzeuf and Clemens (1992); 6—Bt-dehydrationmelting
of gneiss from Gardien et al. (2000); 7— Bt-dehydration melting of metapelite from Le Breton and Thompson (1988); 8— Amphibole dehydration melting of amphibolite from Rushmer
(1987); 9— amphibolite dehydration melting of basalt from Rushmer (1989). (c) Summarizing diagram comparing H2O-present and absent melting reactions. Note different slopes and
solidus T. Thick solid lines represent similarmelting reactionswith no addedwater andwith 4wt.% addedwater (fromGardien et al., 2000). (d) Schematic diagram depicting difference in
volume changes during water-present and dehydration melting (from Clemens and Droop, 1998). Water-present melting results in negative volume change, in contrast to dehydration
melting which results in positive volume change and brittle failure and melt expulsion into the host. Rock volume is represented by grey deformed rectangles, melt is black.
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As reações de fusão por 
desidratação 

T Ms< Bt < Hbl

Sempre produzem fases 
peritéticas anidras

Inclinações positivas

As reações com influxo de 
H2O produzem fases fases 
peritéticas hidratadas

2.3. How does water invade rocks at conditions above their solidus?

There are numerous ways in which fluids can be delivered to hot
lower and middle crust and circumvent the solidus isotherm trap:
(i) intrusion and crystallization of water-rich magmas releasing water
to its surroundings (e.g. Annen and Sparks, 2002; Finger and Clemens,
1995; Pattison and Harte, 1988; Symmes and Ferry, 1995; Yardley and
Barber, 1991a); (ii) pervasive intrusion of water-rich magmas out of
equilibrium with their dry (lowwater activity) surroundings triggering
melting; (iii) diffusion or advection of fluids from a rock undergoing
sub-solidus dehydration reaction to another above its water-saturated
solidus (Droop and Brodie, 2012; White and Powell, 2010; White
et al., 2011b, 2005); or (iv) influx of fluids released at depth by

underthrusted water-rich rocks (Cloos, 1984; Le Fort et al., 1987) rising
through zones of localized high-strain (e.g. Berger et al., 2008; Genier
et al., 2008; Johnson et al., 2001) or fracture systems (Sawyer, 2010;
Ward et al., 2008).

3. Water-fluxed melting: reactions, composition and
physical characteristics

Water-fluxed melting reactions are significantly different from
dehydration melting reactions (Fig. 1, Tables 1 and 2; e.g. Patiño
Douce and Harris, 1998). The differences are so significant that
Clemens and Watkins (2001) suggested that “dehydration melting
reactions occurring at temperatures of the granulite facies are the only
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Fig. 1. Experimentally determined water-present melting reactions (a) and dehydration melting reactions (b). (a) 1— H2O saturated Ms-granite solidus from Huang andWyllie (1973);
2—H2O saturated solidus in Qtz+Or+Ab+H2O system from Johannes (1985)withmelt aH2O=1 (2a), aH2O=0.7 (2b), aH2O=0.5 (2c), aH2O=0.3 (2d) and aH2O=0.1 (2e); 3—

melting reaction Qtz + Pl + Kfs + H2O = melt from Stevens and Clemens (1993) with aH2O = 1 (3a) and aH2O = 0.1 (3b); 4 — Bt + Qtz + Kfs + H2O = melt melting reaction from
Peterson andNewton (1989); 5—H2O-saturatedmelting of tonalite Bt+Pl+Qtz+H2O=Hbl+melt from Büsch et al. (1974); 6— tonalite H2O-saturated solidus fromYoder and Tilley
(1962); 7—wet basalt solidus fromGreen (1982); 8—H2O-saturatedmelting reaction Qtz+Kfs+Als+H2O=melt from Johannes and Holtz (1996); 9—H2O-saturated granite solidus
(Qtz+Ab+Or+H2O= melt) from Ebadi and Johannes (1991); 10—melting reaction (Bt+ Pl+Qtz+Kfs+H2O=Hbl+Grt+ melt) of gneiss with 4wt.% added H2O fromGardien
et al. (2000). For comparison see position of similar reaction 6 in (b)with no addedwater. (b) 1—Ms-dehydrationmelting ofmuscovite–biotite schist (1a) andmuscovite schist (1b) from
Patiño Douce and Harris (1998); 2—Ms-dehydrationmelting from Pëto (1976); 3— Bt-dehydration melting ofmetagreywacke from Vielzeuf and Montel (1994); 4a,b— Bt-dehydration
melting ofmetagreywacke/gneiss fromPatiñoDouce and Beard (1995, 1996); 5—Bt-dehydrationmelting inMASH system fromVielzeuf and Clemens (1992); 6—Bt-dehydrationmelting
of gneiss from Gardien et al. (2000); 7— Bt-dehydration melting of metapelite from Le Breton and Thompson (1988); 8— Amphibole dehydration melting of amphibolite from Rushmer
(1987); 9— amphibolite dehydration melting of basalt from Rushmer (1989). (c) Summarizing diagram comparing H2O-present and absent melting reactions. Note different slopes and
solidus T. Thick solid lines represent similarmelting reactionswith no addedwater andwith 4wt.% addedwater (fromGardien et al., 2000). (d) Schematic diagram depicting difference in
volume changes during water-present and dehydration melting (from Clemens and Droop, 1998). Water-present melting results in negative volume change, in contrast to dehydration
melting which results in positive volume change and brittle failure and melt expulsion into the host. Rock volume is represented by grey deformed rectangles, melt is black.

161R.F. Weinberg, P. Hasalová / Lithos 212–215 (2015) 158–188

Weinberg & Hasalova, 2015
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Reconhecendo fusão com ou sem H2O
• Leucossoma com Qtz + Kfsp + Pl ± Bt indica fusão em 

presença ou introdução de H2O

• Leucossoma contendo minerais Fe-Mg anidros (Crd, Grt, 
Opx) são produzidos por fusão incongruente em sistema 
insaturado em H2O

16
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Sawyer, 2008

Qtz + Pl + Kfs + H2O = Liq

sem fases peritéticas

17

metatexito com baixa taxa de fusão parcial, com leucossoma em veios isolados
Grupo Andrelância, Três Corações, MG

resíduo com Pl + Qtz + Bt + Grt + Rt
leucossoma – trondjemito (Qtz + Pl ± Bt ± Grt)
melanossoma – biotita ± granada

leucossoma

melanossoma

resíduo

Qtz + Pl + Ms + H2O = Bt + Liq
18
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Lucas Tesser

Metatexito estromático na zona de cisalhamento Pernambuco
Hbl peritética

Qtz + Pl + Bt + H2O = Kfs + Hbl + Liq

19

migmatito de anfibolito, córrego Uba, Acaiaca, MG

contato transcional entre leucossoma e resíduo
resíduo – anfibolito
leucossoma – tonalito
fase peritética – hornblenda (cpx?)

Qtz + Pl + Hbl1 + H2O = Cpx + Hbl2 + Liq

20
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granulito máfico, leucossoma com Opx peritético, Stenigekusten, Província Sveconorwegian, Suécia

resíduo com Pl + Opx + Cpx + Ilm
leucossoma – tonalito
melanossoma / fase peritética – Opx

Opx

Qtz + Pl + Hbl = Opx + liq

21
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Fases peritéticas
• As fases peritéticas são aquelas fases sólidas 

formadas como resíduos sólidos das reações de 
fusão incongruente
– Qtz + Ms + H2O = Al2SiO5 + Liq
• A presença de H2O ajuda a fusão e faz com que haja 

apenas uma fase peritética
– Qtz + Ms = Al2SiO5 + Kfs + Liq
• Sem H2O ocorre número maior de fases peritéticas e 

aqui nenhuma é máfica!

– Qtz + Bt + Sil = Grt + Crd + Kfs + Liq
• A quebra de fase Fe-Mg gera fases peritéticas Fe-Mg

25

26
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De que T estamos falando?
reações 3 e 2 
(Ms) e 8 e 9 (Bt) 
são importantes 
e ocorrem em 
diversas 
composições

27

adição de Ab 
diminui a T de 
fusão, mas a 
adição de Pl
diminui a T em 
menor proporção

28
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Do que depende a T de fusão?

• Proporção Qtz, Kfs, Pl, Ms, Bt, Sill na rocha 
(ou seja, a composição da rocha)

• Da quantidade de H2O e da composição do 
fluido

• Da composição do plagioclásio (> An, > T)
• Da P (pressão confinante)

29

Progress relating to calculation of partial melting equilibria for
metapelites
R. W. WHITE,1* R. POWELL1 AND T. J . B. HOLLAND2

1School of Earth Sciences, University of Melbourne, Melbourne, Vic. 3010, Australia (rwwhite@unimelb.edu.au)
2Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, UK

ABSTRACT Improved activity–composition relationships for biotite, garnet and silicate liquid are used to construct
updated P–T grids and pseudosections for high-grade metapelites. The biotite model involves Ti charge-
balanced by hydrogen deprotonation on the hydroxyl site, following the substitution
R2þ

M1 þ 2OH1"
HD ¼ Ti4þM1 þ 2O2"

HD, where HD represents the hydroxyl site. Relative to equivalent
biotite-breakdown melting reactions in P–T grids in K2O–FeO–MgO–Al2O3–SiO2–H2O (KFMASH),
those in K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 (KFMASHTO) occur at temperatures close to
50 !C higher. A further consequence of the updated activity models is that spinel-bearing equilibria
occur to higher temperature and higher pressure. In contrast, the addition of Na2O and CaO to
KFMASH to make the Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O (NCKFMASH) system lowers
key biotite-breakdown melting reactions in P–T space relative to KFMASH. Combination of the
KFMASHTO and NCKFMASH systems to make Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2–O2 (NCKFMASHTO) results in key biotite-breakdown melting reactions occurring at temper-
atures intermediate between those in KFMASHTO and those in NCKFMASH. Given such differences,
the choice of model system will be critical to inferred P–T conditions in the application of mineral
equilibria modelling to rocks. Further, pseudosections constructed in KFMASH, NCKFMASH and
NCKFMASHTO for several representative rock compositions show substantial differences not only in
the P–T conditions of key metamorphic assemblages but also overall topology, with the calculations in
NCKFMASHTO more reliably reflecting equilibria in rocks. Application of mineral equilibria
modelling to rocks should be undertaken in the most comprehensive system possible, if reliable
quantitative P–T information is to be derived.

Key words: activity model; mineral equilibria; pseudosection; P–T grid; THERMOCALCTHERMOCALC.

INTRODUCTION

The calculation of mineral equilibria requires an
understanding of not only the end-member properties
of the minerals of interest but also the activity–com-
position relationships (a–x) for every phase involved.
While the end-member thermodynamic properties of
many minerals are relatively well constrained, especi-
ally those that are stable in their pure form (e.g. Hel-
geson et al., 1978; Berman, 1988; Holland & Powell,
1998), the a–x relationships are less well known.

The development of a thermodymamic model for
haplogranitic melt in Na2O–CaO–K2O–Al2O3–SiO2–
H2O (Holland & Powell, 2001) and its extension
into Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O
(NCKFMASH) (White et al., 2001) allowed the cal-
culation of melt-bearing equilibria for metapelitic
compositions. P–T grids in K2O–FeO–MgO–Al2O3–

SiO2–H2O (KFMASH) (White et al., 2001; Kelsey
et al., 2004), and K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2–O2 (KFMASHTO) (White et al., 2002), along
with P–T pseudosections in NCKFMASH (White
et al., 2001), Na2O–CaO–K2O–FeO–MgO–Al2O3–
SiO2–H2O–TiO2–O2 (NCKFMASHTO) (White et al.,
2003), MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–
SiO2–H2O (MnNCKFMASH) (Tinkham et al., 2001;
Johnson et al., 2003) and MnO–Na2O–CaO–K2O–
FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 (MnNCKF-
MASHTO) (Zeh & Holness, 2003; White et al., 2005)
have been used to constrain high-grade mineral equil-
ibria in metapelites. However, significant progress has
been made in formulating the a–x relationships of
many of the phases considered in these calculations
since they were published (e.g. Coggon & Holland,
2002; Holland & Powell, 2003).

Calculated mineral equilibria, especially in the form
of pseudosections, have become increasingly common
in applied metamorphic studies. Whereas such meth-
ods can provide important constraints on determining
P–T conditions and understanding metamorphic

*Present address: Institute of Geoscience, University of Mainz,
D-55099 Mainz, Germany.

J. metamorphic Geol., 2007, 25, 511–527 doi:10.1111/j.1525-1314.2007.00711.x
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invariant point [H2O mu osm opx ru hem] at 6 kbar
and 846.5 !C. In contrast, the equivalent invariant
point in KFMASH, [H2O mu osm opx], occurs at
3.7 kbar and 756.3 !C. Below this pressure, the
breakdown of biotite and sillimanite occurs via the
reaction

biþ sillþmtþ q ¼ spþ cdþ kspþ ilm þ liq. ð12Þ
A consequence of the large shift in pressure and

temperature of the [H2O mu osm opx ru hem] invariant
point from the equivalent KFMASH one is that uni-
variant equilibria containing coexisting spinel, quartz
and liquid occur to higher pressures and can affect more
magnesian-rich rocks (as at these higher P–T conditions
the ferromagnesian minerals are more Mg-rich) than
was possible with the model of White et al. (2002).

Pseudosections

While petrogenetic grids provide useful constraints on
the overall stability limits of mineral assemblages,
they provide little direct constraint on the mineral

assemblage boundaries that will occur in a given rock.
P–T pseudosections show the relationships between
rock composition and multivariant mineral assem-
blages over a P–T range. A P–T pseudosection in
KFMASH (Fig. 4) was constructed for a sub-alumi-
nous metapelite composition identical to that of fig. 5
in White et al. (2001). As expected, Fig. 4 is closely
similar to fig. 5 in White et al. (2001), except that
garnet-bearing equilibria occur at slightly higher P–T
in Fig. 4. A more useful comparison can be made
between Fig. 4 and a P–T pseudosection in
KFMASHTO (Fig. 5) for an equivalent bulk-rock
composition. The bulk rock for Fig. 5 is that of
Fig. 4 with the addition of 0.624 mol.% TiO2 and
0.1 mol.% O. As Fe2O3 in the bulk compositions is
composed of a 2:1 mix of FeO and O, additional FeO
(0.2 mol.%) was added to the bulk rock of Fig. 5
such that the XFe ¼ Fe2+/(Fe2+ + Mg) in both
Figs 4 and 5 were identical.
The inclusion of TiO2 and Fe2O3 in the calculations

has a profound effect on the pseudosections. In Fig. 5,
spinel is stable over a small P–T range %5.5 kbar and

Fig. 2. (a) Petrogenetic grid for the KFMASH system
calculated using the THERMOCALCTHERMOCALC software. Invariant points
are labelled using the [ ] absent phase notation. The boxes
outlined using dashed lines show the P–T conditions of the
enlargements shown in (b) and (c).

516 R . W. WHITE ET AL .
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820 !C related to three univariant reactions that are
seen (reactions A–C, Fig. 5). The reaction:

sillþ biþmtþ q ¼ cdþ spþ ilmþ kspþ liq ð13Þ
represents the initial breakdown of coexisting bio-
tite + sillimanite and constrains the lower-T stability
of spinel in this rock. A second reaction that consumes
biotite and sillimanite:

sillþ biþ spþ q ¼ gþ cdþ ilm þ kspþ liq ð14Þ
also consumes spinel, and introduces the common
association of coexisting garnet and cordierite. An
additional spinel-consuming reaction:

biþ spþ q ¼ gþ cdþ ilm þmtþ kspþ liq ð15Þ
also produces garnet and cordierite. Despite the com-
plexity in the mineral equilibria in the spinel-bearing
fields, the net effect of crossing these fields to higher
temperature is the breakdown of coexisting biotite and
sillimanite and the production of garnet and cordierite,
albeit via spinel-bearing equilibria. At pressures above
that of the spinel-bearing fields, the transition from
coexisting sillimanite and biotite to coexisting garnet
and cordierite occurs via higher variance equilibria
with a similar field topology to that in KFMASH
(Fig. 4). Thus, the overall mineral assemblage rela-
tionships have important similarities with those seen in
KFMASH (Fig. 4), though considerably more com-
plex. However, the equivalent fields in Fig. 5 occur at

30–50 !C higher temperature than those in KFMASH,
highlighting the effect of TiO2 and Fe2O3 on mineral
stability.
The addition of Na2O and CaO to KFMASH allows

the consideration of plagioclase and a more realistic
model for silicate melt as well as white mica. The bulk
composition used in Fig. 6 is the same as that of fig. 4
in White et al. (2001). The addition of two components
and one phase means that univariant equilibria in
KFMASH occur as (narrow) divariant fields in
NCKFMASH. The topology of the two pseudosec-
tions is very similar, except for the substantial shift of
the wet solidus and a smaller shift (%30 !C) of the
muscovite-breakdown reactions to lower temperature,
influencing the pressure range over which muscovite
dehydration melting may occur. The key biotite-
breakdown reactions (8) and (9), occur at temperatures
15–20 !C lower in NCKFMASH than in KFMASH,
relating to the increased stability of melt. In compar-
ison with the equivalent pseudosection in White et al.
(2001), garnet-bearing fields are restricted to higher
pressures and temperatures in Fig. 6.
The KFMASHTO and NCKFMASH models may

be combined into NCKFMASHTO which approaches
more closely the composition of natural rocks. Fig-
ure 7 is a P–T pseudosection in NCKFMASHTO
which shows similarities to features present in both
Figs 5 and 6. A small spinel-bearing field is present,

Fig. 4. Calculated KFMASH P–T pseudo-
section for a sub-aluminous metapelitic
composition identical to that of fig. 5 in
White et al. (2001). The composition used in
mol.% is given in Table 2.

518 R . W. WHITE ET AL .
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The differences between the P–T pseudosections in
NCKFMASHTO (Fig. 9a), NCKFMASH (Fig. 9b)
and KFMASH (Fig. 9c) for the Fe-rich aluminous
metapelite are more profound than those of the less
aluminous composition. The stability of spinel is
considerably enlarged in Fig. 9(a) compared with
Fig. 9(b), resulting in spinel–biotite-bearing fields
which are absent from Fig. 9(b). This predicted growth
of spinel along with garnet + cordierite + sillimanite,
or garnet + cordierite + biotite is quite a common
feature in aluminous pelitic granulites such as those
from Namaqualand (Waters, 1991), Madagascar (Ni-
collet, 1985) or Rogaland (Henry, 1974), and was also
attributed by Waters (1991) to stabilizing of spinel by
addition of Fe3+ into KFMASH. The enlarged
stability of spinel has several other effects, primarily
relating to the stability range of garnet and of silli-
manite. In Fig. 9(b), garnet is stable to low pressures
and garnet-bearing assemblages cover most of the
diagram. In contrast, garnet is restricted to pressures in
excess of !4 kbar in Fig. 9(a). Sillimanite is restricted
to higher pressures in Fig. 9(b) and only coexists with
spinel over a very narrow series of fields, whereas
coexisting sillimanite and spinel cover a substantial P–
T range in Fig. 9(a). The different P–T stability ranges
for equivalent metamorphic assemblages is not
restricted to spinel-bearing equilibria, or biotite-bear-

ing equilibria, being the two minerals most affected by
the consideration of TiO2 and Fe2O3. For example, the
spinel- and biotite-absent assemblages involving coex-
isting garnet, cordierite and sillimanite occupy a large
P–T range of !3–5.5 kbar and 720 to greater than
860 !C in Fig. 9(b), but are restricted to 5–5.8 kbar
and 780–850 !C in Fig. 9(a,d). Like the sub-aluminous
composition, the KFMASH model (Fig. 9b) is inter-
mediate between the NCKFMASHTO (Fig. 9b)
and the NCKFMASH (Fig. 9b) models but with
mineral assemblages more consistent with those in
NCKFMASHTO (i.e. spinel coexisting with sillimanite
and cordierite rather than garnet and cordierite).

The differences in pseudosection topology in Figs 8
and 9 between different systems stem in part from the
thermodynamic effects of particular components on
the stability of given equilibria and in part on the effect
of reducing the rock composition to the model sys-
tem. These effects are minimized in the larger
NCKFMASHTO system which will model the natural
evolution of metapelitic rocks most correctly.

DISCUSSION

The need to develop new and updated a–x relation-
ships for minerals is ongoing as new experimental
data, analytical data and new ways of expressing a–x

Fig. 7. Calculated NCKFMASHTO P–T pseudosection for a sub-aluminous metapelitic composition derived by combining the
compositions of Figs 5 & 6. The composition used in mol.% is given in Table 2.
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Sistema fechado e aberto

• Sistema fechado – o fundido é mantido junto 
com sua fonte

• Sistema aberto – o fundido é retirado, separado 
da sua fonte, em um único episódio ou em 
episódios. Isso implica em segregação do 
fundido (e mudança de fertilidade)

34
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ANEXO I 

The composition of anatectic melt and its complementary residue by forward modelling of 

closed-system and open-system melting using THERMOCALC 
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Abstract 

This paper presents results from forward modelling of graywacke and shale average bulk compositions 

assuming two partial melting processes, closed-system and open-system melting. For each process, 

several compositions of anatectic melt and corresponding solid residue have been calculated, and the 

results are compared in binary, ternary and normative diagrams to evaluate how their compositions 

evolved during an isobaric heating path. Melt compositions are peraluminous, calc-alkaline and with 

SiO2 contents that vary from 63.32 to 70.97 wt. % for the graywacke bulk composition and 63.43 to 

71.38 wt. % for the shale bulk composition. Aluminium saturation index (ASI) values range from 1.05 

to 1.45, increasing as P and T decrease. The #mg ranges from 0.23 to 0.35, increasing with consumption 

of biotite and other Fe-Mg phases by melting reactions as T rises. Compositions plotted in FeO+MgO, 

CaO+Na2O, K2O ternary, K2O vs. Na2O binary and chemical normative diagrams displays trends with 

an increase in the K2O content of melt as T rises, with an increase in FeO+MgO content after the 

complete consumption of biotite. An increase in orthoclase component along the heating path, followed 

by an increase in the proportion of quartz component after K-feldspar/plagioclase breakdown is 

observed on the mesonorm diagrams. Total melt volume produced for graywacke bulk compositions are 

within 33-53 mol % in closed-system and 21-33 mol % in open-system melting. For shale bulk 

Submitted to Lithos
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Table 1: Chemical composition of samples used in this work. Values in wt. % were 

extracted from Condie (1993), converted to mol. % and simplified to NCKFMASHTO 

chemical system to run the calculations in THERMOCALC. FeOt* corresponds to values 

converted from Fe2O3t. 

Samples Graywacke bulk 
composition 

  Shale bulk 
 composition   

oxides wt. % mol. %  wt. % mol. %  
      

SiO2 66.10 70.22  63.1 68.26 
TiO2 0.77 0.61  0.64 0.52 
Al2O3 15.00 9.39  17.5 11.15 
Fe2O3 - 0.10  - 0.10 
FeOT* 5.80 5.15  5.65 4.99 
MgO 2.10 3.32  2.2 3.55 
CaO 2.60 2.96  0.71 0.82 
Na2O 2.80 2.88  1.06 1.11 
K2O 2.50 1.70  3.62 2.50 
H2O - 3.67  - 7.00 
Sum 97.67 100.00  94.6 100.00 
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wacke
sistema fechado

37

wacke - sistema aberto
retirada do fundido em 0,45 GPa

P 
(G

Pa
)
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wacke - sistema aberto
retirada do fundido em 0,45 GPa

P 
(G

Pa
)

P 
(G

Pa
)
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pelito
sistema fechado
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pelito
sistema aberto
retirada do fundido 
em 0,45 GPa

P 
(G

Pa
)

P 
(G

Pa
)
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pelito
sistema aberto
retirada do fundido 
em 0,45 GPa

P 
(G

Pa
)

P 
(G

Pa
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resíduo

fundido
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Relação entre composição de rocha, reação de 
fusão, resíduo, T, fase peritética e composição 

do fundido

• Cada rocha funde intervalo específico de T
em T mais baixa ( ~730 ℃) a reação de fusão em um 
pelito

– Qtz + Ms + Pl = Kfs + Al2SiO5 + Liq
o fundido é granítico, pois a reação funde Ms, Qtz e Pl
as fases peritéticas tem K2O e Al2O3, relacionadas à Ms

45

• Em T mais elevada (T >750 ℃) a reação de 
fusão em um pelito

– Qtz + Bt + Sil + Pl = Kfs + Grt + Crd + Liq

o fundido é granítico a granodiorítico, pois a reação 
funde Qtz, Pl e Bt (e se soma ao fundido granítico que 
já estava presente)

as fases peritéticas tem K2O, FeO, MgO, Al2O3, 
relacionadas à Bt e Sil
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• Em T mais elevada (T >850 ℃) a reação de 
fusão em um anfibolito

– Qtz + Pl + Hbl = Cpx + Liq

o fundido é tonalítico, pois a reação funde Qtz, Pl e 
não há de onde tirar K2O

a fase peritéticas tem CaO, FeO e MgO relacionadas 
à Hbl e Pl

47

Leucossoma

• Fundido (granito) mínimo – representa 
composição do eutético, onde feldspato 
alcalino (albita - ortoclásio) coexistem com 
quartzo, Qtz-Ab-Or-H2O, ou de um ponto em 
cima da linha cotética em sistema Qtz-Ab-Or-
An-H2O

• Muitos granitos apresentam composição 
normativa em torno dessa composição

• Leucossoma com essa composição é raro

48
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Objetivos
• Comparar:
– composição do leucossoma dentro do schollen
– composição do leucossoma grosso do diatexito
– avaliar semelhanças, diferenças de fonte, fusão e o 

processo de cristalização

51

Nappe Socorro-Guaxupé, unidade de diatexito, Alfenas, MG
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Nappe Socorro-Guaxupé, unidade de diatexito, Alfenas, MG
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Conclusões

• A investigação do neossoma do diatexito em 
questão permite concluir que a sua cristalização 
teve envolvimento de:
– segregação do líquido
– cristalização na fonte do líquido remanescente
– cristalização paulatina do líquido segregado
– acúmulo de feldspato potássico

• O volume de fundido observado, se balizado pela 
proporção de Grt, é muito maior, implicando que 
pode ter ocorrido adição proveniente de outras 
unidades
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Stolen from Edward Sawyer

• Model for leucosomes!

61

62

What controls what we see in leucosomes is not so much the prograde stage,
but the cooling of migmatites.  Most deep regional migmatites cool very slowly and
are above the melt solidus temperature (~650oC) for ~30 My, during this time the melt
they contain is slowly crystallising.  So there is a low viscosity, low density melt with
high viscosity dense crystals; these can be separated from one another.  

Crystallising anatectic melt

New dilatancy develops

An explanation: segregation during  crystallisation of melt

Largely melt-depleted matrix

Start of cooling
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63

What controls what we see in leucosomes is not so much the prograde stage,
but the cooling of migmatites.  Most deep regional migmatites cool very slowly and
are above the melt solidus temperature (~650oC) for ~30 My, during this time the melt
they contain is slowly crystallising.  So there is a low viscosity, low density melt with
high viscosity dense crystals; these can be separated from one another.  

Crystallising anatectic melt

New dilatancy develops
low pressure site

An explanation: segregation during  crystallisation of melt

Melt fraction moves down
the pressure gradientM

elt
 →
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64

What controls what we see in leucosomes is not so much the prograde stage,
but the cooling of migmatites.  Most deep regional migmatites cool very slowly and
are above the melt solidus temperature (~650oC) for ~30 My, during this time the melt
they contain is slowly crystallising.  So there is a low viscosity, low density melt with
high viscosity dense crystals; these can be separated from one another.  

Fractionated melt, which continues to crystallise

Largely solid; early-crystallised minerals
(mostly plagioclase) + a little trapped melt

Leucosome 1

An explanation: segregation during  crystallisation of melt
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65

What controls what we see in leucosomes is not so much the prograde stage,
but the cooling of migmatites.  Most deep regional migmatites cool very slowly and
are above the melt solidus temperature (~650oC) for ~30 My, during this time the melt
they contain is slowly crystallising.  So there is a low viscosity low density melt with
high viscosity dense crystals; these can be separated from one another.  

Fractionated melt + crystals

Largely solid; early-crystallised minerals
(mostly plagioclase) + a little trapped melt

Leucosome 1

New dilatancy develops, creating 
a lower pressure site

An explanation: segregation during  crystallisation of melt

Melt fraction moves down 
the new pressure gradientMelt →

65
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What controls what we see in leucosomes is not so much the prograde stage,
but the cooling of migmatites.  Most deep regional migmatites cool very slowly and
are above the melt solidus temperature (~650oC) for ~30 My, during this time the melt
they contain is slowly crystallising.  So there is a low viscosity low density melt with
high viscosity dense crystals; these can be separated from one another.  

Leucosome 2

Largely solid; early-crystallised minerals
(mostly plagioclase) + a little trapped melt

Leucosome 1

More fractionated melt,
which continues to
crystallise 

Largely solid: crystallised minerals
(plagioclase + K-feldspar) +  a little trapped melt

An explanation: segregation during  crystallisation of melt
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67

What controls what we see in leucosomes is not so much the prograde stage,
but the cooling of migmatites.  Most deep regional migmatites cool very slowly and
are above the melt solidus temperature (~650oC) for ~30 My, during this time the melt
they contain is slowly crystallising.  So there is a low viscosity, low density melt with
high viscosity dense crystals; these can be separated from one another.  

An explanation: segregation during  crystallisation of melt

Leucosome 2

Solid; framework of early-crystallised
plagioclase

Leucosome 1

Leucosome 3

Solid; framework of
plagioclase + K-feldspar

Solid; crystallised fractionated 
melt, dominated by
K-feldspar + quartz

Change in composition 
microstructure  (and 
crystallisation age)

Solidification complete

Oldest

Youngest

67

CONCLUSIONS
• Microstructure and compositions of leucosomes

are powerful tools for understanding the 
relationships and processes that occur in 
migmatites as they cool and solidify.

• But you need to know which part of a migmatite
has been sampled; e.g. to demonstrate melting 
you need the residuum, not the leucosome. 

• If you are interested in dating; be aware that 
leucosomes can have many different 
morphologies and all come from the same 
melting event. 
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Texturas

• Existem microestruturas que indicam:
– fusão (auréolas de contato – texturas raras)
– cristalização de líquido residual (resíduo)
– cristalização do líquido anatético 

(leucossoma)
– recristalização
– fases peritéticas
– reações de substituição de fases peritéticas
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Início da fusão e o ângulo diedral
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Progressão da fusão e o ângulo diedral

71

Experimentos 
de fusão

• Notar forma 
arredondada 
dos grãos 
dissolvidos

• Forma dos 
instertícios 
entre os grãos 
dissolvidos
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Cristaliazação 
de líquido 
residual nas 
junções 
tríplices

au
m

en
to

 d
e 

T
e 

da
 ta

xa
 d

e 
fu

sã
o
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• As texturas de fusão são raras

• Ocorrem em auréolas de contato

• São facilmente destruídas pela deformação e recristalização

• e com o metamorfismo regional?
– envolve fusão, segregação, deformação
– formação de migmatitos

Texturas de fusão parcial
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Por que o ângulo diedral é importante?

começo da fusão
T ~700 oC – θ > 60o

Até uns 23% de 
fusão, ainda ocorre 
contato físico entre 
as bordas dos grãos

T >800 oC

1o LIMITE – quando uma 
rede de líquido é gerada 
pode ocorrer segregação do 
fundido   5-7% fundido - θ 
< 30o

transição da 
conectividade de fundido

2º LIMITE – acima de 23% de fusão (valor maior 
quando ocorre maior proporção de minerais 
placóides), os grãos perdem o contato e a rocha pode 
fluir – transição sólido  para líquido

81

Cristalização de líquido residual dentro do resíduo 
(neossoma não segregado)

• Comumente 
formada por filmes 
de quartzo e ou 
feldspatos 
cristalizados entre 
as fases residuais e 
com continuidade 
óptica
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• Notar:
– quartzo intersticial com orientação cristalográfica 

contínua

83

Leucossoma

• Cristalização do leucossoma produz texturas ígneas 
que podem ser subsequentemente modificadas por 
recristalização

} Notar:
◦

plagioclásio 
euhedral
◦ quartzo 

intersticial
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ALF-71
Diatexito – Alfenas
Nappe Socorro- Guaxupé
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MGR-06 – leucossoma
Pelito
Cristais subeuédricos de PL
Crd na borda do leucossoma
Luz polarizada

Crd

Pl

Pl

Pl

Qtz
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Luz polarizada + placa de gypso
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MGR-06 – resíduo de pelito
Crd na borda do leucossoma
Luz polarizada + placa de gypso

Pl

Crd

Kfs

Notar as terminações em cunha e reentrencias do 
Pl, Kfs e do Qtz – isso é cristalização de fundido!

Qtz
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MGR-06 – resíduo de pelito
Crd na borda do leucossoma
Luz polarizada

Notar os filmes de Pl, Kfs e do Qtz em torno da Grt
e Crd - isso é cristalização de fundido!

Grt

Crd
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MGR-06 – resíduo de pelito
Crd na borda do leucossoma
Luz polarizada

Notar os filmes de Pl, Kfs e do Qtz em torno da Grt
e Crd - isso é cristalização de fundido!

91

Recristalização

• Texturas formadas pela cristalização de líquido 
aprisionado (intersticial) podem ser 
recristalizadas pela deformação

– ângulos diedrais menores que 30o são substituídos 
por 120o
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Sawyer, 2013
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Sawyer, 201394
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Sawyer, 2013
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Sawyer, 2013
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Sawyer, 2013
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Microestruturas em diatexitos
98
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Sawyer, 2013
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Sawyer, 2013
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Granada peritética
no leucossoma

101

Crd no leucossoma
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MGR-06
resíduo rico em Crd

Crd

Crd

Pl

Bt

Kfs
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MGR-06
resíduo rico em Crd

Crd

Crd

Pl

Bt

Kfs
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Bt

Grt

105

Bt

Grt

filme de Pl + Kfs + Qtz

Bt + Qtz e Pl
na borda da Grt
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• Isso implica em perda de 
fundido (ou seja, a 
proporção fundido 
gerado/fases peritéticas 
mudou)

• aBt + bQtz →
cKfs + dGrt + eL

107

Retro reação (back-reaction)
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Moraes et al., 2002
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Moraes et al., 2002
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Opx

Opx

Rt

Bt + Qtz ± Feld

Moraes et al., 2002
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Texturas - conclusão
• A textura do migmatito:
– leucossoma – textura ígnea + fases petitéticas
• pode ser alterada por deformação tardia com recristalização

– resíduo – textura metamórfica + cristalização do líquido 
aprisionado
• pode mudar por rescristalização + deformação
• colar de pérolas, grãos recristalizados, contatos 120 °
• textura de consumo parcial das fases peritéticas por reação 

com o líquido
– diatexito – predomina textura ígnea + fases peritéticas
• pode mudar por rescristalização + deformação, gerando grãos 

recristalizados e contatos de 120 °

113

114



12/3/20

58

Kriegsman, 2001

Modelo dinâmico para 
formação de migmatito

115

Kriegsman, 2001
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117

descrição leucossoma
(neossoma)

melanossoma
(neossoma)

resíduo
(neossoma)

paleossoma selvedge mesossoma

Mehnert
(1967)

porção 
leucocrática
Qtz + Kfs + Pl

porção 
melanocrática
Bt, Grt, Crd, Hbl, Px

porção da rocha 
que sobrou da 
fusão após 
segregação do 
fundido

- porção da rocha 
pouco ou não 
modificada pela 
fusão
-rocha encaixante
- protolito

Brown (1973) porção 
leucocrática
Qtz + Kfs + Pl

porção 
melanocrática
Bt, Grt, Crd, Hbl, Px

porção da rocha 
que sobrou da 
fusão após 
segregação do 
fundido

porção da rocha 
que sobrou da 
fusão após 
segregação do 
fundido

Johannes & 
Gupta (1982)

porção 
leucocrática
Qtz + Kfs + Pl

porção 
melanocrática
Bt, Grt, Crd, Hbl, Px

porção da rocha 
que sobrou da 
fusão após 
segregação do 
fundido

resíduo
mesocrático de 
qualquer rocha 
bandada

Sawyer (2008) porção 
leucocrática
Qtz + Kfs + Pl

porção 
melanocrática
Bt, Grt, Crd, Hbl, Px

fases peritéticas das 
reações de fusão

porção da rocha 
que sobrou da 
fusão após 
segregação do 
fundido

rocha que não 
fundiu

(algo totalmente 
diferente do 
protolito)

porção máfica
que separa duas 
porções 
diferentes do 
migmatito

Kriegsman
(2000)

porção 
leucocrática
Qtz + Kfs + Pl

porção 
melanocrática
Bt, Grt, Crd, Hbl, Px

porção da rocha 
que sobrou da 
fusão após 
segregação do 
fundido

várias definições porção máfica
tardia (confunde 
com a definição 
de melanossoma) 
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origem leucossoma
(neossoma)

melanossoma
(neossoma)

resíduo
(neossoma)

paleossoma selvedge mesossoma

Mehnert
(1967)

cristalização do 
fundido após 
segregação

fases residuais da 
fusão parcial

rocha que sobra 
após fusão e 
segregação de 
fundido

termo mal 
definido (um 
enigma), pois a 
definição muda 
ao longo livro
~ resíduo do 
protolito

Brown (1973) cristalização do 
fundido após 
segregação

fases residuais da 
fusão parcial

rocha que sobra 
após fusão e 
segregação de 
fundido

resíduo do 
protolito

Johannes & 
Gupta (1982)

cristalização do 
fundido após 
segregação

fases residuais da 
fusão parcial

resíduos 
mesocráticos de 
rochas bandadas
submetidas à 
fusão parcial

Sawyer (2008) cristalização do 
fundido após 
segregação
com cristalização 
fracionada ou 
não

fases residuais 
(peritéticas) da 
fusão parcial

rocha que sobra 
após fusão e 
segregação de 
fundido

parte que não 
fundiu da rocha

uma rocha 
totalmente
diferente do 
protolito do 
migmatito

porção máfica
formada por 
reação entre o 
fundido e uma
porção adjacente, 
normalmente 
resíduo, durante o 
resfriamento

Kriegsman
(2000)

cristalização do 
fundido após 
segregação

fases residuais 
(peritéticas) da 
fusão parcial

rocha que sobra 
após fusão e 
segregação de 
fundido

várias definições porção máfica
tardia gerada por 
reação entre 
fundido e porção 
adjacente 
melanossoma
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