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eclogito
Hornelen Basin, Noruega
L. Gernigon
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boas ideias, 
mas algumas conclusões
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Histórico
� Primeira descrição foi feita há mais de 260 anos atrás 

(Justi, 1754)

� O termo granulito foi inicialmente utilizado para 
designar rocha quartzo-feldspática (com Ky e Grt) do 
Erzgebirge, maciço da Saxônia, Europa Central (Weiss, 
1803)
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Granulitgebirge

Granulito : Weiss (1803) usou para rochas do Granulitgebirge da Saxônia

Námest
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Granulitgebirge: domo de gnaisse em meio a xistos de baixo grau

Rochas:
granulito félsico
granulito com piroxênio:
félsico a máfico 
serpentinito com granada

figura de P. O’Brien

10



6

Localidade tipo na Saxônia:
rocha clara, daí o nome ‘Weiss-stein’
composição granítica, dominada por quartzo + feldspatos
com granada e cianita – SEM ortopiroxênio
biotita retrometamórfica
foliação milonítica marcante

foto de P. O’Brien
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10cm
foto de P. O’Brien
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Qtz + Kfs ± Pl

Grt

Grt

Grt

Bt + Sil

Ky

Ky

KfsGrt

Sil

fotos de P. O’Brien
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Histórico
� Após a proposição do conceito de fácies metamórfica (Eskola, 

1921), alguma confusão foi gerada, pois cada fácies metamórfica 
foi identificada com o nome da rocha máfica típica daquelas 
condições, e.g. xisto verde, anfibolito, xisto azul, eclogito

� Eskola estudou rochas da Lapônia, Finlândia, as quais são 
portadoras de ortopiroxênio metamórfico. Em alguns 
afloramentos, as rochas são mais deformadas e têm aspecto 
granular, como as do Maciço da Saxônia

� Assim, ele concluiu que o ortopiroxênio deveria ser o mineral 
índice da fácies granulito e deturpou o nome granulito, mas essa 
é a definição aceita hoje pela maior parte da comunidade 
internacional
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Histórico
� Na região do 

Erzgebirge, onde o 
termo granulito foi 
usado pela primeira 
vez, as condições do 
metamorfismo são da  
fácies eclogito, 
englobando rochas de 
pressão ultra-alta, 
com diamante 
metamórfico 
(Massone, 1999) 

� Retrometamorfismo 
da fácies granulito 
(UHT)
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Granulito
� Para Winkler (1976), o ortopiroxênio é o mineral índice 

da fácies granulito

� Rocha contendo mineralogia anidra, com predomínio de 
feldspatos e fases Fe-Mg, tais como ortopiroxênio, 
granada, clinopiroxênio; quartzo pode ou não estar 
presente

� O resto da mineralogia depende da composição do 
protolito

� Rocha com estrutura tipo flaser (ribbon /fita de quartzo)
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granulito  félsico, Complexo Anápolis-Itauçu, GO

Opx
Bt

Pl/Kfs Qtz
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granulito  félsico, Complexo Anápolis-Itauçu, GO

Qtz
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granulito máfico, Complexo Jequitinhonha, BA

Opx

Cpx

Pl
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De que T
estamos 
falando?
T > 750 - 800 °C

Bohlen (1987)
7.5 ± 1 kbar
800 ± 50 °C
mas......

Harley, 1989
20



11

e

Winter, 2011, modificado por Moraes
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Paragêneses diagnósticas e nomenclatura

� Granulito máfico
� Opx + Ol + Pl ± Hbl (baixa P)
� Opx + Pl + Cpx ± Grt ± Qtz ± Hbl
� Cpx + Grt + Pl ± Hbl ± Qtz (alta P)

� Granulito félsico
� Qtz + Opx + Mesopertita + Pl ± Grt ± Di ± Bt ± Hbl

� Granulito aluminoso (pelítico)
� Qtz + Mesopertita + Opx ± Pl ± Grt ± Crd

� Muitos granulitos tem aspecto de migmatito em campo, 
apresentam leucossoma!
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contato entre diatexito estromático e granulito félsico. Notar leucossoma dentro do granulito.
sul da Bahia, Complexo Jquitinhonha
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resíduo granulítico bandado, com bandas ricas em Hbl e bandas máficas, alternadas com 
leucossoma
Nappe Varginha-Três Pontas, MG
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mesopertita
diatexito
Paraguaçu, MG
Barros e Moraes
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Crd

Grt

Grt + Crd
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Spear et al., 1999
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Granada + cordierita
� Aspecto da rocha – metatexito ou diatexito
� T ≥ 750°C, P ≥ 4 kbar  (Spear et al., 1999)
� Bt + Al2SiO5 + Qtz → Grt + Crd + Kfs + líquido
� Associação típica: Grt + Crd + Kfs + Qtz ± Sil ± Pl ± Bt + 

leucossoma (com Grt e/ou Crd)
� Kinzigito (Qtz + Grt + Crd + Sil + Kfs + Gph)
� Bt – estabilidade aumenta pela presença de Ti e/ou F (alto XMg)

� Crd + Grt ocorrem na fácies anfibolito superior, atravessam as 
condições da fácies granulito, mas até onde são estáveis?
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+ Liq

Winter, 2011, modificado por Moraes
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Granulito félsico ou pelítico

ortopiroxênio
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granada granulito félsico com boudin de ultra-restito com granada e ortopiroxênio, Varginha, MG

31

Spear et al., 1999
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granada granulito félsico, Varginha, MG

Grt
Opx

Qtz/Pl/Kfs
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Diagrama 
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Opx

Crd

Sil

Bt

+ Qtz
+ Kfs
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2

H 2O < 1)

KFMASH
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Ortopiroxênio
� T ≥ 800 °C, P ≥ 1,5 kbar   (Spear et al., 1999)
� Bt + Grt + Qtz → Opx + Crd + Kfs + líquido
� Associação típica pelítica: Opx + Crd + Kfs (mesopertita) ±

Pl ± Bt ± Grt + leucossoma (com Opx + Crd)
� Associação típica rocha quartzo-feldspática: Qtz + Kfs + 

Pl + Opx ± Grt + leucossoma ± Crd

� Se considerarmos o ortopiroxênio como mineral índice da 
fácies granulito, não seria interessante, então, colocar o 
início da fácies granulito em 800 °C?

35
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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 .

" 2007 Blackwell Publishing Ltd
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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.

PROGRESS RELAT ING TO CALCULAT ION OF PART IAL MELT ING EQUIL IBR IA FOR METAPEL ITES 521

" 2007 Blackwell Publishing Ltd
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Qual a Tmínima da fácies granulito?

�Deve ser aquela que dá condições para 
formação de ortopiroxênio metamórfico

� ~ 800 °C

Então por que os livros colocam em T
do início da fácies granulito entre 

700 e 750 °C?

40
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Início da fácies granulito
� A temperatura mínima do início da fácies granulito deve ser 

baseado em dados experimentais ou termobarometria?

� Dados experimentais vs. termobarometria
� Dados experimentais - Opx em T~ 800 °C
� Termobarometria  T calc ≥ 700 oC
� Os primeiros dados de termobarometria em granulitos foram 

baseados em termometria de dois piroxênios ou granada-
ortopiroxênio sem que correções na razão Fe/Mg dos minerais 
fosse feite e que ocorre durante o resfriamento gerando 
Tcalculada mais baixa que a Tpico

41
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Pattison et al.,  2003 - JPET
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T calculada em granulitos

� Investigação em granulitos máficos, félsicos e aluminosos 
(414)

� Método de cálculo combina resultados de:
� 2Alm + 1Grs + 3Qtz = 6Fs + 3An
� 1Alm + 3En = 1Prp = 3Fs
� 1Alm = 3Fs + AlOpx
� método é interativo e leva em conta a proporção modal de 

Grt e Opx
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� Os experimentos indicam que a temperatura mínima para a 
formação de ortopiroxênio metamórfico é de ~800 °C para 
rochas máficas, pelíticas e graníticas

� Quando a correção da composição de granada e ortopiroxênio 
é aplicada, os dados termobarométricos fornecem temperaturas 
mínimas da ordem de 800 °C

� A temperatura mínima da fácies granulito deve ser de ~ 800 °C

Conclusão
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Limite da estabilidade de Grt + Crd

� A investigação do limite superior de estabilidade do par 
Grt + Crd foi investigado de modo teórico (quimiografia) 
por Hensen (1970) e de modo experimental por Hensen
& Green (1971, 1972, 1973, CPM)

� Os resultados de seus experimentos não foram bem 
aceitos pela comunidade petrológica por causa das T
extremamente altas envolvidas (T > 900 °C)

� A partir da metade da década de 80 é que os resultados 
dos experimentos começaram a ser aceitos, quando 
termômetros que pudessem calcular T para essas rochas 
começaram a se tornar disponíveis
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Harley, 2006
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ML-67
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ML-67
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3. Newly identified UHT localities

Figure 2 and Table 1 show an updated graphic and list of the
world wide localities of UHT metamorphism. Recently recognised
localities (Fig. 2; Table 1) include the Acadian Orogen in northeast
USA (Ague and Eckert, 2012; Ague et al., 2013), the GarzónMassif in
Colombia (Altenberger et al., 2012), the Schirmacher Hills in
Dronning Maud Land, Antarctica (Baba et al., 2006; Baba et al.,
2010), the Central Indian Tectonic Zone (Bhandari et al., 2011;
Bhowmick et al., 2014), the Anosyen domain of SE Madagascar
(Jöns and Schenk, 2008; Rakotonandrasana et al., 2010; Jöns and
Schenk, 2011; Boger et al., 2012), the South Altay Belt in NW
China (Chen et al., 2006; Li et al., 2010), the Lapland Granulite Belt

on the Kola Peninsula, Russia (Bushmin et al., 2007; Lebedeva et al.,
2010), the Musgrave Province, central Australia (Smithies et al.,
2011; Gorczyk et al., in press; Walsh et al., in press) and the
young 16 Ma UHT granulites of Seram, eastern Indonesia (Pownall
et al., 2014). In addition, UHT rocks or terranes at depthdwithin the
7e13 kbar rangedhave been recognised from xenoliths in volcanic
rocks from Tibet (Hacker et al., 2000), southern Mexico (Ortega-
Gutiérrez et al., 2012) and central Mexico (Hayob et al., 1989;
Hayob and Essene, 1990). Whereas the number of newly identi-
fied localities/terranes is modest, most of the many studies con-
cerning UHT metamorphism since 2007 have involved more
comprehensively documenting and understanding already known
UHTmetamorphic terranes (Table 1), in particular, for UHT terranes
in India (Southern Granulite Terrane, Palghat Cauvery Tectonic
Zone and Eastern Ghats; Sajeev et al., 2001; Tateishi et al., 2004;
Bose et al., 2006; Tsunogae and Santosh, 2006; Bose and Das,
2007; Braun et al., 2007; Prakash et al., 2007; Sato and Santosh,
2007; Tadokoro et al., 2007; Tsunogae et al., 2008; Clark et al.,
2009; Kanazawa et al., 2009; Kondou et al., 2009; Santosh et al.,
2009c; Sato et al., 2009; Shimizu et al., 2009; Nishimiya et al.,
2010; Tsunogae and Santosh, 2010; Brandt et al., 2011; Das et al.,
2011; Dharma Rao and Chmielowski, 2011; Korhonen et al., 2011;
Tsunogae and Santosh, 2011; Dharma Rao et al., 2012; Shazia
et al., 2012; Korhonen et al., 2013a,b; Sarkar and Schenk, in press;
Sarkar et al., in press) and China (Inner Mongolia Suture Zone, or
Khondalite Belt, of North China Craton; Santosh et al., 2006,
2007a,b, 2008, 2009b,d, 2012, 2013; Liu et al., 2010; Peng et al.,
2010; Jiao and Guo, 2011; Jiao et al., 2011; Liu et al., 2011;
Tsunogae et al., 2011; Guo et al., 2012; Liu et al., 2012; Jiao et al.,
2013a,b; Wan et al., 2013; Yang et al., 2014).

4. Identifying UHT metamorphism

4.1. Diagnostic mineral assemblages

UHT metamorphism is primarily recognised and documented
on the basis of mineral assemblages found in MgeAl-rich ‘pelitic’
rocks or in MgeAl-rich layers in more siliceous rocks (the MgeAl-
rich part of rock can be either quartz-bearing or quartz-absent).

Figure 2. World map of exposed ultrahigh temperature metamorphic rocks (including xenoliths in some cases). The red filled circles denote newly found localities and localities not
included in Kelsey (2008). The black filled circles represent localities reported in Kelsey (2008). See Table 1 herein and table 1 in Kelsey (2008) for the studies conducted for each
locality.

Figure 1. Pressureetemperature (PeT) diagram showing the classification of ultrahigh
temperature (UHT) conditions above 900 !C (the ‘petrologists view’ in terms of facies).
Although UHT granulite metamorphism was originally defined as spanning the pres-
sure range 7e13 kbar, it is now defined to cover the range from zero kbar up to the
kyaniteesillimanite reaction. Thermal gradients (the ‘tectonicists view’) indicate that
UHT granulites require steep thermal gradients, and encompass the high-temper-
atureelow-pressure (HTeLP) as well as part of the Barrovian range. Adapted from
Brown (2006, 2007a,b, 2014) and Stüwe (2007).

D.E. Kelsey, M. Hand / Geoscience Frontiers xxx (2014) 1e46 3
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et al., 2014). In addition, UHT rocks or terranes at depthdwithin the
7e13 kbar rangedhave been recognised from xenoliths in volcanic
rocks from Tibet (Hacker et al., 2000), southern Mexico (Ortega-
Gutiérrez et al., 2012) and central Mexico (Hayob et al., 1989;
Hayob and Essene, 1990). Whereas the number of newly identi-
fied localities/terranes is modest, most of the many studies con-
cerning UHT metamorphism since 2007 have involved more
comprehensively documenting and understanding already known
UHTmetamorphic terranes (Table 1), in particular, for UHT terranes
in India (Southern Granulite Terrane, Palghat Cauvery Tectonic
Zone and Eastern Ghats; Sajeev et al., 2001; Tateishi et al., 2004;
Bose et al., 2006; Tsunogae and Santosh, 2006; Bose and Das,
2007; Braun et al., 2007; Prakash et al., 2007; Sato and Santosh,
2007; Tadokoro et al., 2007; Tsunogae et al., 2008; Clark et al.,
2009; Kanazawa et al., 2009; Kondou et al., 2009; Santosh et al.,
2009c; Sato et al., 2009; Shimizu et al., 2009; Nishimiya et al.,
2010; Tsunogae and Santosh, 2010; Brandt et al., 2011; Das et al.,
2011; Dharma Rao and Chmielowski, 2011; Korhonen et al., 2011;
Tsunogae and Santosh, 2011; Dharma Rao et al., 2012; Shazia
et al., 2012; Korhonen et al., 2013a,b; Sarkar and Schenk, in press;
Sarkar et al., in press) and China (Inner Mongolia Suture Zone, or
Khondalite Belt, of North China Craton; Santosh et al., 2006,
2007a,b, 2008, 2009b,d, 2012, 2013; Liu et al., 2010; Peng et al.,
2010; Jiao and Guo, 2011; Jiao et al., 2011; Liu et al., 2011;
Tsunogae et al., 2011; Guo et al., 2012; Liu et al., 2012; Jiao et al.,
2013a,b; Wan et al., 2013; Yang et al., 2014).

4. Identifying UHT metamorphism

4.1. Diagnostic mineral assemblages

UHT metamorphism is primarily recognised and documented
on the basis of mineral assemblages found in MgeAl-rich ‘pelitic’
rocks or in MgeAl-rich layers in more siliceous rocks (the MgeAl-
rich part of rock can be either quartz-bearing or quartz-absent).

Figure 2. World map of exposed ultrahigh temperature metamorphic rocks (including xenoliths in some cases). The red filled circles denote newly found localities and localities not
included in Kelsey (2008). The black filled circles represent localities reported in Kelsey (2008). See Table 1 herein and table 1 in Kelsey (2008) for the studies conducted for each
locality.

Figure 1. Pressureetemperature (PeT) diagram showing the classification of ultrahigh
temperature (UHT) conditions above 900 !C (the ‘petrologists view’ in terms of facies).
Although UHT granulite metamorphism was originally defined as spanning the pres-
sure range 7e13 kbar, it is now defined to cover the range from zero kbar up to the
kyaniteesillimanite reaction. Thermal gradients (the ‘tectonicists view’) indicate that
UHT granulites require steep thermal gradients, and encompass the high-temper-
atureelow-pressure (HTeLP) as well as part of the Barrovian range. Adapted from
Brown (2006, 2007a,b, 2014) and Stüwe (2007).

D.E. Kelsey, M. Hand / Geoscience Frontiers xxx (2014) 1e46 3

Please cite this article in press as: Kelsey, D.E., Hand, M., On ultrahigh temperature crustal metamorphism: Phase equilibria, trace element
thermometry, bulk composition, heat sources, timescales and tectonic settings, Geoscience Frontiers (2014), http://dx.doi.org/10.1016/
j.gsf.2014.09.006
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Grt
Opx

Pl

Cpx

granada granulito máfico , Nappe Socorro-Guaxupé, Paraguaçu, MG

Granulito máfico
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Lente de granulito máfico
Nappe Socorro-Guaxupé, Alfenas, MG
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Granulito máfico
� Granulito máfico

� Opx + Ol + Pl ± Hbl (baixa P)
� Opx + Pl + Cpx ± Grt ± Qtz ± Hbl
� Cpx + Grt + Pl ± Hbl ± Qtz (alta P)

� Ortopiroxênio é o mineral característico
� Associação mineral típica é Opx + Cpx + Pl ± Grt ± Hbl ±

Rt ± Ilm
� Reação

Hbl ± Qtz → Opx + Pl + Cpx + H2O (ou fusão)
se o protolito for gabro – só a recristalização em alta T é

necessária
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� Paragêneses de alta P com Qtz + Di + Pl + Grt

� cuidado com o livro do Yardley (1989)

� Alguns livros baseiam-se nos trabalhos experimentais de 
Green & Ringwood (1967, 1972) e Ito & Kennedy (1971) 
para discussão das paragêneses da fácies granulito e da sua 
transição para a fácies eclogito

Granulito máfico 

67

Ringwood, 1975
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� Baseado nesses trabalhos, cujo “reagente” nos experimentos é 
gabro anidro, sem hornblenda, em alta P temos Cpx + Qtz 
+ Grt ± Pl

� Em rocha com hornblenda (anfibolito) o metamorfismo é 
diferente, a hornblenda pode entrar em fusão junto com 
quartzo e plagioclásio; o quartzo é consumido antes da 
hornblenda, tornando sua coexistência com diopsídio 
improvável

� A transição para a fácies granulito é dependente da 
composição da rocha, se quartzo toleíito ou se olivina toleíito

Granulito máfico 

69

rochas com Hbl + Pl + Qtz fundem
anfibolito Cafelândia, migmatito em que Qtz não estava presente no estado sólido no pico
metamórfico - Moraes (1997) ou Lima (2006, 2010)
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Rochas de outras composições na 
fácies granulito

� rochas ultramáficas
� Di + En + Fo

� rochas ultramáficas com Al2O3

� En + Fo + Spl ± Hbl
� rochas calcissilicáticas

� Fo + Di
� Wol + Cc (ou Qtz) ± Cpx
� Wol + Scp (se P > 9 kbar T > 900°C)

71

Trajetórias P-T Complexo Anápolis-Itauçu
Complexo Barro Alto
Complexo Niquelândia

Seqüência Andrelândia

Harley, 1989

72



37

Granulitos HP

73

Rt-Grt-Ky-Kfs granulito de alta P
Três Pontas, MG
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Granulitos HP
� Qtz + Ky + Grt + Kfs (ou feldspato ternário)

� diamante

� coesita
Qtz

Grt

Kfs

Ky

Rt-Grt-Ky-Kfs granulito de alta P
Três Pontas, MG
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Granulitos HP
� Grt + Cpx + Pl ± Qtz ± Hbl
� Podem ocorrer eclogitos e peridotitos associados
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Eclogito
� Haüy (1822) rocha formada por granada e clinopiroxênio

� composição – basalto
� onfacita (Cpx rico em jadeita, alto AlVI e Na)
� granada rica em piropo
� plagioclásio não ocorre como fase primária
� Rt, Qtz, Opx e Ky são fases adicionais mais comuns
� fases hidratadas comuns: Hbl, Gln, Ms (fengita), Phl, Tc, Zo
� Diamante, coesita e aragonita indicam P extremamente altas
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Eclogites and Eclogites:

Their Differences and Similarities

Abstract: Eclogites are divisible into three groups
based on mode of occurrence: Group A, inclusions
in kimberlites, basalts, or layers in ultramafic
rocks; Group B, bands or lenses within migmatite
gneissic terrains; Group C, bands or lenses within
alpine-type metamorphic rocks. The compositions
range from olivine basalt for Group A to tholeiitic
basalts for Group C. New analytical data on six
eclogites from glaucophane schist terrains in Cali-
fornia and New Caledonia now permit comparisons
among the three eclogite types. The pyrope content
of the garnets is distinctive for each group as
follows: Group A, greater than 55 per cent py;
Group B, 30-55 per cent py; Group C, less than 30
percent py. Pyroxenes coexisting with these gar-
nets also reflect a compositional change related to
their occurrence. The jadeite content progressively
increases from Group A through Group B, whereas
the diopside content decreases. A comparison of
eclogites from different geologic occurrences but
with similar bulk compositions demonstrates varia-
tion in Ca-Mg partition between coexisting garnet
and pyroxene. The Ca/Mg ratio increases in garnet

and decreases in pyroxene from Group A through
Group B eclogites. This obvious difference in the
Ca-Mg partition between coexisting garnet-pyrox-
ene in eclogites of the same bulk composition indi-
cates a broad range of pressure-temperature condi-
tions obtained during crystallization. Experimental
synthesis of eclogite-like material at high pressures
and temperatures demonstrates that some eclogites
may form in the earth's mantle, but naturally oc-
curring Group C eclogites have coexisting garnet-
pyroxene with distinct Ca/Mg ratios when com-
pared to Group A or B eclogites of similar bulk
composition. This difference in the Ca/Mg ratio
must reflect the pressure-temperature conditions
characterizing the glaucophane schist facies.

The formation of eclogites \vithin different meta-
morphic facies is strong evidence of the divergent
pressure-temperature conditions that allow basalts
to recrystalhze into garnet-pryoxene rocks. In view
of the rather compelling field evidence, it would
seem advisable to discontinue the concept of an
eclogite metamorphic facies.
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LT, MT, HT eclogitesMINERALOGY 499

pressure-temperature conditions of formation
and not to bulk composition, since even the
garnets from silica-rich granulites and char-

A deep-seated eclogites contain garnets whose
py content usually exceeds 55 molecular per
cent; garnets of Group B eclogites, from

nockites contain unusually large amounts of migmatitic gneisses, contain 30-55 molecular
ugrandite. It would seem that extreme pres- per cent py; and garnets of Group C, from

AI + Sp

,30mol .%Py

GARNETS FROM
ECLOGITES W I T H I N

G L A U C O P H A N E S C H I S T S
55mol.%Py

Gr +
Figure 9. Triangular diagram showing relative proportions of (al -\- sp), (gr -j- an), py garnet end

members for garnets in eclogites and related rock types. Dots represent all known analyses of garnets
from Group C eclogites; triangles, average composition of garnets given by Troger (1959) for garnets
from certain rock types; dotted lines, the range in composition for the following averages: 1—garnets
from amphibolites, 2—garnets from charnockites and granulites, 3—garnets from eclogites occurring in
gneissic or migmatite metamorphic terrains, 4—garnets from eclogites associated in kimberhte pipes,
5—garnets from eclogites within ultramafic rocks such as dunite and peridotite. Diagonal dashed lines
set off compositional ranges based on the pyrope content of the garnet as related to the geological
groupings of the eclogites.

sures may be most effective in producing such
extensive mixing of ugrandite with pyralspites,
as even those garnets from the low-grade
glaucophane schists (Type III of Coleman and
Lee, 1963) contain up to 33 molecular per cent
ugrandite.

The comparison (Fig. 9) of garnet composi-
tions from the three main groups of eclogites is
related more directly to the mode of occurrence
than to the bulk rock composition. The Group

glaucophane schists, contain less than 30
molecular per cent pyrope. The effect of bulk
composition on such a comparison will be dis-
cussed in the section on petrogenesis.

According to the experimental work of
Yoder and Chinner (1960), substitution of
pyrope in almandme is more a function of
pressure than temperature. Assuming that
these experimental results approximate the
conditions of formation of eclogitic garnets

Coleman, 1965

Grupo A - xenólitos em basaltos, 
kimberlitos ou camadas em rochas
ultramáficas (algumas lentes de 
manto)

HT - T > 900 °C

Grupo B - lentes em granulitos e migmatitos
MT - T ~ 900 °C

Grupo C - lentes em xistos azuis
LT - T ~ 600 °C
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Condições P-T

� Equilavente de alta P das fácies anfibolito e granulito
� 550 °C ~ 12 kbar
� 800 °C ~ 14 kbar
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Fácies eclogito

Carswell, 1990
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C. Nicollet
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eclogito de pressão 
ultra alta

rochas com coesita

ou 

diamante
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micro-diamante metamórfico
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“cold” subduction

Site do Prof. Bradley Hacker
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“warm” subduction

Site do Prof. 
Bradley Hacker
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Site do Prof. 
Bradley Hacker
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Complexo Anápolis-Itauçu, GO
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Rt-Grt-Ky-Kfs granulito de alta P
Três Pontas, MG
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Leucossoma com Opx em granulito máfico
Complexo Acaiaca, MG
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Leucossoma com Opx em granulito máfico
Complexo Acaiaca, MG
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Leucossoma praticamente todo exaurido/extraído 
com Opx peritético deixado para trás em granulito máfico
Complexo Acaiaca, MG

í

í

98



50

Leucossoma praticamente todo exaurido/extraído 
com Opx peritético deixado para trás em granulito máfico
Complexo Acaiaca, MG

í

99

Complexo Jequitinhonha, BA
filme de quartzo mimetizando líquido aprisionado em granulito félsico

í
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Complexo Jequitinhonha, BA
filme de quartzo mimetizando líquido aprisionado em granulito félsico

ê

ê
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Características gerais
� Anatexia se inicia na fácies anfibolito, com fusão da 

muscovita (com ou sem excesso de H2O)
� Granulitos são formados por reações de fusão por 

desidratação de biotita ou hornblenda
� fusão incongruente – líquido insaturado em H2O + resíduo 

sólido

� Granulitos - produtos in situ de reações de fusão
� A geração de granulitos esta ligada com a diferenciação 

da crosta continental
� crosta superior fértil e rica material granítico
� crosta inferior exaurida e pobre em elementos produtores de 

calor
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Características gerais
� O granulito é formado pelo resíduo do protolito (fases em 

excesso das reações de fusão) + fases peritéticas (Opx, Grt, 
Crd, etc)

� Em muitos casos não há melanossoma algum (principalmente 
de Bt), pois as fases peritéticas podem estar misturadas no 
resíduo

� A rocha é intensamente recristalizada, raras texturas associadas 
à fusão são preservadas e algumas poucas de cristalização de 
líquido aprisionado podem ser observadas

� A preservação das paragêneses requer a separação/perda do 
fundido do resíduo
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granada granulito félsico com boudin de ultra-restito com granada e ortopiroxênio, Varginha, MG
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White et al (2001) JMG

White & Powell (2002) 
JMG
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White & Powell (2002)

pelito rico em Al

108



55

White & Powell (2002)

pelito pobre em Al

109

White & Powell (2002)

leucossoma (cinza claro) que reagiu com 
resíduo granulítico (cinza escuro) gerando 
zona de reação (selvedge, cinza médio)

leucossoma (cinza claro) cristalizado após 
perda de parte do fundido, que modificou a 
razão líquido/resíduo impedindo a reação 
com o resíduo granulítico (cinza escuro)
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Charnockito

� Charnockitos são rochas ígneas, granitóides, (Qtz, Kfs, Pl) 
portadoras de ortopiroxênio

� Apresentam contatos intrusivos
� Apresentam microestruturas ígneas (são rochas 

isotrópicas)
� Nomenclatura proposta por Streckeisen (1974)

111

Charnockito

2 3a 3b 4 5

35 65 9010

6* 7* 8* 9* 10*

Q

A P

60 60

20 20

camp
o

termo geral nome

2 hiperstênio feldspato-
alcalino granito

feldspato-alcalino 
chanockito

3 hiperstênio granito chanockito (3b farsundito)

4 hiperstênio granodiorito opdalito or charno-
enderbito

5 hiperstênio tonalite enderbito

6 hiperstênio alkali 
feldspar sienito

7 hiperstênio syenito

8 hiperstênio monzonito mangerito

9 monzonorito (hiperstênio 
monzodiorito)

jotunito

10 norito (hiperstênio 
diorito), anortosito 
(M<10)
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Charnockitos, granulitos e o papel do CO2

� Comum a ocorrência de charnoquitos sintectônicos
� são transformados em produtos deformados, gerando confusão 

na distinção entre charnockito e granulito
� Na Índia e em outros locais do planeta onde ocorrem 

charnoquitos é comum a ocorrência de granitos
“charnockitizados” 

� Nas décadas de 1970 e 1980 foi muito difundido o 
modelo de frentes de CO2 provenientes do manto para 
explicar tal feição

� Isso se deve ao fato de que as porções charnockíticas 
ocorrem apenas inclusões fluidas ricas em CO2
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charnockito

Bt-Hbl granito
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Modelo de Newton et al. (1980)

Modelo hot spot Modelo tectônica de placas
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Problema do CO2 e dos granulitos

� Em muitos granulitos foi demonstrado que as inclusões de 
CO2 são aprisionadas após o pico metamórfico

� Hoje muitos pesquisadores defendem que o mais 
importante na formação de granulitos é a baixa quantidade 
de água, formando sistema praticamente anidro
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