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PRESSURE-TEMPERATURE-TIME PATHS AND A TECTONIC MODEL FOR THE
EVOLUTION OF GRANULITES'

STEVEN R. BOHLEN

Department of Earth and Space Sciences, State University of New York, Stony Brook,
New York 11794

ABSTRACT

Petrologic studies and application of well-calibrated mineralogic thermometers and barometers reveal
several important features common to many granulite terrains: (1) “‘Peak’ metamorphic pressure and
temperature conditions cluster around values of 7.5 + 1 kbar and 800 = 50°C, implying average geothermal
gradients of 30-35°C/km. (2) In comparison with upper amphibolite facies rocks, especially in paired,
amphibolite-granulite terrains, it is evident that granulites are distinguished from amphibolites by the
former’s higher metamorphic temperatures but not higher pressure. (3) Initial cooling of granulite terrains
from “‘peak” conditions is nearly isobaric. For gamet closure temperatures of 600 + 50°C, the dP/dT
retrograde paths inferred from compositionally zoned garnet rims are 2-8 b/°C in most granulites. (4)
Primary, coarse sillimanite is found in most granulites, and retrograde kyanite is known in a few. These data
suggest that granulites form as a result of anomalous thermal gradients caused by the intrusion of magmas
beneath or into a given terrain rather than by increased heating as the resuit of increased burial. The data
also imply that heating occurs before and during tectonic loading, hence an anti-clockwise P-T-time path of
metamorphism. This contrasts sharply with the clockwise P-T-time paths (loading before heating) inferred
for Phanerozoic fold-thrust mobile belts. An anti-clockwise P-T-time path is likely to be characteristic of
magmatically thickened and heated crust such as that observed in an continental arc environment. If so,
then the time-honored explanation for the origin of granulites as resulting from continent-continent collision

must be revised.
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The origins of granulites: a metamorphic perspective
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Abstract ~ Although many recent reviews a unili in g lite pr

(P-T) conditions and paths, granulites in reality preserve a spectrum of important petrogenctic
features which indicate diversity in their modes of formation. A thorough survey of over 90 granulite
terranes or occurrences reveals that over 50% of them record P-T conditions outside the 7.5+ 1 kbar
and 800+ 50 °C average granulitc regime preferred by many authors. In particular, an increasing
number of very high temperature (900-1000 °C) terranes are being recognized, both on the basis
of di mineral bl and ic grid and h

y- ¥ 8
b pproaches to the i and interp ion of P=T histories are both evaluated
within the context of reaction textures to demonstrate that the large range in P~7 conditions is indeed
real, and that both ncar-isothcrmal ion (ITD) and isobaric cooling (IBC) P-T paths
are important, A ile-granulite it d by the passage of CO,-rich fluids, as

observed in southern India and Sri Lanka, are exceptional and not representative of fluid-related
processes in the majority of terranes. It is considered, on the contrary, that fluid-absent conditions
are typical of most granulites at or near the time of their recorded thermal maxima

ITD granulites are interpreted to have formed in crust thickened by collision, with magmatic
additions being an important extra heat source. Erosion alone is not, however, considered to be the
dominant post-collisional thinning process. Instead, the ITD paths are generated during more rapid
thinning (1-2 mm/yr exposure) related to tectonic cxhumation during moderate-rate or waning
extension. IBC granulites may have formed in a variety of settings. Those which show anticlockwise
P-T histories ure interpreted to have formed in and beneath arcas of voluminous magmatic accretion,
with or without additional crustal ion. IBC lites at shallow levels (< § kbar) may also be
formed during extension of normal thickness crust, but deeper-level IBC requires more complex
models. Many granulites exhibiting IBC at deep crustal levels may have formed in thickened crust
which underwent very rapid (S mm/yr) extensional thinning subsequent to collision. It is suggested
that the prescevation of 1BC paths rather than ITD paths in many granulites is primarily related to
the rate and timescale of extensional thinning of thickened ¢rust, and that hybrid ITD to IBC paths
should also be observed

Most IBC granulites, and probably many ITD granulites, have not been exposed at the Earth’s
surface as a result of the tectonic episodes which produced them, but have resided in the middle and
lower crust for long periods of time ( 100-2000 Ma) following these events. The eventual exhumation
of most granulite terranes only occur through their incorporation in later tectonic and magmatic
events unrelated 1o their formation,
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On the formation of granulites

S. R. BOHLEN
United States Geological Survey, MS-910, 345 Middlefield Road, Menlo Park, CA 94025, UUSA

ABSTRACT The tectonic settings for the formation and evolution of regional granulite terranes and the lowermost

continental crust can be deduced from pressure—temperature-time (P~T—time) paths and constrained by
pclmloglcal and geophysical considerations.

P-T ¢ deduced for regional granulites require transient, average geothermal gradients of
greater than 35°Ckm™', implying minimum heat flow in excess of 100 mW m™. Such high heat fiow is
probably caused by magmatic heating. Tectonic settings wherein such conditions are found include
convergent plate margins, continental rifts, hot spots and at the margins of large, deep-seated batholiths.
However, particular P-T—time paths do not allow specific tectonic settings to be distinguished at this
time. Under different conditions, hoth clockwise, CW (P,,, attaincd before 7,,,), and anticlockwise,
ACW (F,,, attained slightly after 7.}, paths are possible in the same tectonic setting. Both CW and
ACW end-member paths can yield nearly isobaric cooling, IBC, paths, Such cooling paths are clearly not
an artefact of thermobarometry, but can be constrained by solid—solid and devolatilization equilibria and
geophysical modelling.

In terms of understanding the evolution of the deep crust, a potentially significant group of regional
granulite terranes are those that show evidence for ACW-IBC paths. Such paths are the likely result of:
(i) episodic igncous activity resulting in intrusions within all levels of the crust, (ii) thickening of the crust
by magmatic underplating, (iii) slow uplift as a result of the formation of a decp, garnct-rich crustal root
and (iv) excavation resulting from a later tectonic event unrelated to that resulting in the formation of the
granulites. The later event might be triggered by the delamination of the garnet-rich, lowermost crust,

Key words: barometry; crustal evolution; granulite; P—7—¢ path, thermometry.

Historico

* Primeira descrigdo foi feita ha mais de 260 anos atras
(Justi, 1754)

* O termo granulito foi inicialmente utilizado para
designar rocha quartzo-feldspatica (com Ky e Grt) do
Erzgebirge, macico da Saxonia, Europa Central (Weiss,

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

Main Variscan Units
in Central Europe
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Granulitgebirge: domo de gnaisse em meio a xistos de baixo grau

/Massif

F51°N Rochas:

granulito félsico
granulito com piroxénio:
félsico a mafico

serpentinito com granada

[l serpentinite
[l Ophiolite

D Cordierite gneiss
5k complex
=0, [:I Schist cover figura de P. O’Brien
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Localidade tipo na Saxonia:

rocha clara, dai o nome ‘Weiss-stein’

composi¢do granitica, dominada por quartzo + feldspatos
com granada e cianita — SEM ortopiroxénio

biotita retrometamorfica

foliagdo milonitica marcante

foto de P. O’Brien
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Historico
* Ap0s a proposicao do conceito de facies metamorfica (Eskola,
1921), alguma confusdo foi gerada, pois cada facies metamorfica

foi identificada com o nome da rocha méfica tipica daquelas
condigdes, e.g. xisto verde, anfibolito, xisto azul, eclogito

¢ Eskola estudou rochas da Laponia, Finlandia, as quais sdo
portadoras de ortopiroxénio metamérfico. Em alguns
afloramentos, as rochas sao mais deformadas e tém aspecto
granular, como as do Macico da Saxdnia

* Assim, ele concluiu que o ortopiroxénio deveria ser o mineral
indice da facies granulito e deturpou o nome granulito, mas essa
¢ a defini¢do aceita hoje pela maior parte da comunidade
internacional
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Historico

Na regido do
Erzgebirge, onde o
termo granulito foi
usado pela primeira
vez, as condi¢oes do
metamorfismo sdo da
facies eclogito,
englobando rochas de
pressdo ultra-alta,
com diamante
metamorfico
(Massone, 1999)

Retrometamorfismo
da facies granulito
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Granulito

Para Winkler (1976), o ortopiroxénio é o mineral indice

da facies granulito

Rocha contendo mineralogia anidra, com predominio de
feldspatos e fases Fe-Mg, tais como ortopiroxénio,
granada, clinopiroxénio; quartzo pode ou nao estar

presente

O resto da mineralogia depende da composi¢ao do

protolito

Rocha com estrutura tipo flaser (ribbon /fita de quartzo)

)
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granulito félsico, Complexo Anapolis-Itaugu, GO 5 .' 3 : ﬂ
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granulito méfico, Complexo Jequitinhonha, BA®
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Harley 1989
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Winter, 2011, modificado por Moraes
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Paragéneses diagnosticas e nomenclatura

¢ Granulito mafico

e Opx + Ol + P1 + Hbl (baixa P)

e Opx + Pl + Cpx £ Grt + Qtz = Hbl

e Cpx + Grt + Pl = Hbl £ Qtz (alta P)
¢ Granulito félsico

* Qtz + Opx + Mesopertita + Pl + Grt + Di + Bt + Hbl
¢ Granulito aluminoso (pelitico)

e Qtz + Mesopertita + Opx + Pl + Grt + Crd

* Muitos granulitos tem aspecto de migmatito em campo,

apresentam leucossoma!

22
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contato entre diatexito estromatico e granulito félsico. Notar leucossoma dentro do granulito.
sul da Bahia, Complexo Jquitinhonha
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“

leucossoma ! ,‘
Nappe Varginha-Trés Pontas, MG : ‘

residuo-granulitico bandado, com bandas ricas em Hbl e bandas maficas, alternadas com

12



mesopertita
diatexito
Paraguacu, MG
Barros e Moraes
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Granada + cordierita

* Aspecto da rocha — metatexito ou diatexito

e T>750°C, P>4 kbar (Spear et al., 1999)

¢ Bt + Al,SiOs + Qtz — Grt + Crd + Kfs + liquido

* Associagdo tipica: Grt + Crd + Kfs + Qtz + Sil + Pl = Bt +
leucossoma (com Grt e/ou Crd)

¢ Kinzigito (Qtz + Grt + Crd + Sil + Kfs + Gph)

* Bt — estabilidade aumenta pela presenga de Ti e/ou F (alto Xy)

* Crd + Grt ocorrem na facies anfibolito superior, atravessam as
condicdes da facies granulito, mas até onde sao estaveis?

28
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Winter, 2011, modificado por Moraes
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Granulito félsico ou pelitico

ortopiroxénio |

30
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granada granulito félsico com boudin de ultra-restito com granada e ortopiroxénio, Varginha, MG
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granada granulito félsico, Varginha, MG
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Diagrama KEMASH
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Ortopiroxénio

T>800°C, P>1,5kbar (Spear et al., 1999)
Bt + Grt + Qtz — Opx + Crd + Kfs + liquido
Associagao tipica pelitica: Opx + Crd + Kfs (mesopertita) +

P1 + Bt + Grt + leucossoma (com Opx + Crd)

Associacao tipica rocha quartzo-feldspatica: Qtz + Kfs +

PI + Opx + Grt + leucossoma + Crd

Se considerarmos o ortopiroxénio como mineral indice da

facies granulito, ndo seria interessante, entao, colocar o
inicio da facies granulito em 800 °C?

35

. metamophic Geol,, 2007, 25, 511-527
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Progress relating to calculation of partial melting equilibria for
metapelites

R. W. WHITE,"* R. POWELL' AND T. J. B. HOLLAND?
"School of Earth Sciences, University of Melbourne, Melbourne, Vic. 3010, Australia (rwwhite®unimelb.edu.au)
?Department 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
R¥j, +20H}, = Tinf; + 204, where HD represents the hydroxyl site. Relative 10 equivalent
biotite-breakdown melting reactions in P-7 grids in K,0-FeO-Mg0O-ALO;-S10,-H,0 (KFMASH),
those in K;0-FeO-MgO-ALO3-S10,-H,0-TiO2-0; (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 Na;O and CaO to
KFMASH to meke the NaO-Ca0O-K20-FeO-MgO- ALO;-Si0x- H20 (NCKFMASH) system lowers
key biotite-hreakdown melting reactions in P-T space relative to KFMASH, Combination of the
KFMASHTO and NCKFMASH systems to make NayO-Ca0-K,0-FeO-MgO-ALO;-Si0,-H,0
T10:-01 (NCKFMASHTO) results in key biotite-breakdown melting reactions occurring at temper-
atures mtermediate between those in KFMASHTO and those in NCKFMASH. Given such differences,
the choice of model system will be critical 1o inferred P-T conditions in the application of mineral
equilibriz 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 m 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; THERMOCALC.
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Qual a 7 minima da facies granulito?

* Deve ser aquela que da condig¢des para
formacao de ortopiroxénio metamorfico

e ~800°C

Entdo por que os livros colocam em T’
do inicio da facies granulito entre
700 e 750 °C?

40
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Inicio da facies granulito

A temperatura minima do inicio da fécies granulito deve ser
baseado em dados experimentais ou termobarometria?

Dados experimentais vs. termobarometria
* Dados experimentais - Opx em 7~ 800 °C
e Termobarometria 7 .4, > 700 °C
* Os primeiros dados de termobarometria em granulitos foram

baseados em termometria de dois piroxénios ou granada-
ortopiroxénio sem que corre¢des na razdo Fe/Mg dos minerais

fosse feite e que ocorre durante o resfriamento gerando
Tcalculada Mais baixa que a Tpic,
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Temperatures ol Granulite-facies
Metamorphism: Constraints from
Experimental Phase Equilibria and
Thermobarometry Corrected for Retrograde
Exchange
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T calculada em granulitos

¢ Investigacdo em granulitos méaficos, félsicos e aluminosos
(414)

* Método de calculo combina resultados de:
e 2Alm + 1Grs + 3Qtz = 6Fs + 3An
e 1Alm + 3En = 1Prp = 3Fs
e 1Alm = 3Fs + AlOpx

e método ¢ interativo e leva em conta a propor¢do modal de
Grt e Opx

46
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Unadjusted equilibria

Fe-Mg adjusted equilibria
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Conclusao

* Os experimentos indicam que a temperatura minima para a
formacao de ortopiroxénio metamorfico ¢ de ~800 °C para
rochas maficas, peliticas e graniticas

* Quando a corre¢do da composi¢cdo de granada e ortopiroxénio
¢ aplicada, os dados termobarométricos fornecem temperaturas
minimas da ordem de 800 °C

* A temperatura minima da facies granulito deve ser de ~ 800 °C
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Experimental Study of the Stability
of Cordierite and Garnet in Pelitic Compositions
at High Pressures and Temperatures

I. Compositions with Excess Alumino-Silicate
B.J. Hexsex * and D. H. GrEEN

Department of Geophysics and Geochemistry, Australian National University

Received October 28, 1971

Abstreet. The stability of cordierite and garnet relative to their anhydrous breakdown pro-
duets, i.e. hypersthene, sapphirine, olivine, spinel, sillimanite and quartz, has been studied
experimentally in model pelitic compositions (system MgO-FeO-AlL Oy CaD-K,0-8i0,).
Below 1000° C cordicrite breaks down acoording to the divariant reaction cordieritoe gar-
net -|-sillimanite |- quartz (1) for most values of the MgQ/MgO - FeO ratio (X). At very high
valuies of X (ca. X >0.9) garnct in reaction (1) is replaced by hypersthene. The position
and width of the divariant field (in terms of pressure and temperature) in which cordierite
and garnet coexist, i& a function of the MgO/MgO - FeO ratio. If this ratio is increased
then the stability field of garnet is reduced and that of cordierite extended towards higher
pressure, Compositions of coexisting cordierite and garnet in divariant equilibrium have beon
analysed by electron probe micro-analyser. These compositions are unique functions of
presgure and. temperature. Above ca. 1000°C the breakdown of cordierite involves the
phases sapphirine and heroynite-rich spinel in Mg-rich and Fe-rich compositions respectively.
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Limite da estabilidade de Grt + Crd

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

* Os resultados de seus experimentos nao foram bem
aceitos pela comunidade petrologica por causa das T
extremamente altas envolvidas (7> 900 °C)

* A partir da metade da década de 80 ¢ que os resultados
dos experimentos comegaram a ser aceitos, quando
termometros que pudessem calcular 7 para essas rochas
comegaram a se tornar disponiveis

51

Granulitos UHT

900 1200

1000 1100
T (C)

OpX + Sil + QtZ Harley, 1998

52

26



Exemplos de terrenos UHT
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PT-62 — Complexo Anapolis-Itaucu, GO
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On the occurrence and characterization of
ultrahigh-temperature crustal metamorphism
SIMON L. HARLEY

Department of Geology and Geophysics, University of Edinburgh, Kings Buildings,
West Mains Road, Edinburgh, EH9 3JW, UK

Abstract: Ultrahigh (UHT) crastal hism is a division of medium-
pressure grunulite facies metsmorphism where peak temperatures of Y00-1100°C huve been
attained ut pressures in the range 7-13kbar. The key indicators of UHT conditions are
minecal b involving b of gurnet, ak ertho-
pyroxene, cordierite, silimanite, spinel and quartz in pelites and quartziies, Experimentally
constrained and calculated FMAS and KFMASH petrogenelic grids involving these phases
and additional osumilite and melt indicate that sapphiring - quanz is suable only at
> 1040°C in reduced rocks, that osumilite 35 restricted to >%00°C for pressures greater than
Gkbar and has an ulimate stability limit of 9kbar in FMAS, and that the ortho-
pyroxene + sillimanite + quartz assemblage is resteicted to pressures greater than 8 kbar in
KFMASH. These criteria, coupled with the grids isoplethed for the Me(Mg + Fe) of pamet
and Al-content of erchopyroxcne allow the peak pressure tempersture (P- T) conditions of
several UHT ocourrences to be defined and the post-peak P 7 paths delincated.

LHT conditions are seidom determined from slowly cooled granubies using conventional
geothermometry principally becauss of the propensity of Fe-Mg exchange thermometry (o
only reeard elosure temperatures of 700-850°C, However, pressure-comvergencs calculations
for several granulies with UHT minersl assemblages yield back-caleulated mineral

positi that arc with of 950-1000°C prior to post-peak
Fe-Mg i The best | indicator of UHT conditions remains the
preservation of high ALO; contents (8-12 wi%) in erthopyroxene coexisting with garner,
sillimanite or sapphirine.

The P-T conditions and records preserved in the currently documented UHT localitics
and terranes are varied. Both typas of post-peak -7 path isobaric cooling and isothermal
decompression (ITD) are secorded from reaction textuses in diffescut UHT terranes, and
several preserve very similar I'TD histories that may reflect the final siage of collisional

2 is. Although and cl P-T paths have been proposed on
the basis of teaturul observation for some terranes, the prograde -7 histonies of most UHT
areas are not known. Such information, and further experimental construints on quariz-
absent assemblages at UHT conditions, are of prime importance to interpret (urther this
extreme form of crustal metamorphism,

HARLEY, S. L, 1998. On the occurrence and characterization of ultrahigh-temperature crustal metamorphism. 2
TRELOAR, P. J, & O'BRIEN, P. ). {eds| What Drives Metamorphism and M phic Reactions? Geological
Socicty, London, Special Publications. 138, 81-107.
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On ultrahigh-temperature crustal metamorphism

David E. Kelsey *
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Abstract

Uknahigh- (UHT) hism i the most thenmally extreme type of crustal metamorphism, with the crust capoble of
\nhunlwlmnn;ru 5900 °C. Mineral ssemblages diagnostic of UHT metamorphison commonly ocear in My-Alrich rock composiions
that are unforiunately relotively rure in natawre, These include h quarz, and osumilite. However,
UHT mmpmmb&ndumﬁuug mom commaon pamet+ aly ! mwclhswmn feldspars and

h ic mumber of UHT Ioalmcs exceeds 20, and may contmoe to increase a5 petrologists apply new retricval
methods for extracting i ion from mines jon with mineral chemisiry, & g the aluminium content of orthopyroxene,
and calcu lsted phase equilibri, based on teenodynamic dassets that continue to be refined and impeoved. This contribution pessents a review of
UHT metamorphism, inchuding: 1) the history of experiments that have ultimately kead to the precise P—T constraints we can nosy place on the
gemertion and evolution of UHT mineral sssemblages; 2) the di cmbilages; 3) the age disuribution of UHT phisws 4) the uee of
calenfatad phase aquilibria 10 coastrain the evolution of UHT rocks; 5) the duraion of UHT meamorphic episodes, which & a very active fiald of
rescarch a1 present; and, 6) the tectonic scenarios that have been proposed for the gencration of UHT conditions in the decp crust The two
fsndamental types of orogenic systems, namely accrtionary and collisional, have been prpased to be potential sites for UHT metmorphism, In
contrast 10 current geodynamic mode ks that are 1y pically unabla to account for UHT matamoephic conditions in the deep erust, it may be posaible
that UHT metmorphism can occur duning ‘nomal” toctonic events, If Lll[ m:mmp}mm can ocow on 3 regional scak duning ‘normal’
Tecionism, it is. important to understand all aspects of UHT d the imphications it has for lithog: rhcology, cst-mantle
mtemctions 3 the grodynamics of gramulite ficies metimorphism,

Crowe: Copynight © 2007 Published by Elseviar B.V. oa behalf of Int:matioral Association for Gondwana Ressarch, All nghts reserved.

Keywards: UHT goun lbe; Mineral sssemblags; Culeubured phuse diagrams ; Zineon; Tesaok setiing
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On ultrahigh temperature crustal metamorphism: Phase equilibria,
trace element thermometry, bulk composition, heat sources,
timescales and tectonic settings

David E. Kelsey’, Martin Hand

Department of Geologr ond Geophysics, Scheol of Fhysionl Sciences, The Universiy of Adelstie. South Arsraiie 5005, Arcraiia

ARTICLE INFO ABSTRACT

Aticle fistory: Ultrahigh temperatuse {UHT) metamorphism is the most thermally extreme fomm of regional crustal

l«!‘!d 3 july 2014 metamorphism, with temperatures exceeding 900 °C. UHT crustal meeamorphism is recognised In more
m revised form han 50 localities globally in the memonphic rock record and is accepted 28 normal’ in the spectram of

% 5‘“"‘;' 208 I regional crusal processes, UHT metamorphisa is typically identified on te basis of diagnostic mineral

v rpbert o ooy assemblages such as sapphirine + quartz. orthopyroxene + silimanite = quartz and osumilite m Mg—Al-

cich rock compositions, now wsally coupled with pucudosection based thermobarometry asog
data sets andior Al- »omwmm: and ternary feldspar ther-

2 unbxun.y Significant progress in the f regional UHT in Tecent years

i e includes (1) of a ferric iron sctivity i model for sapphirive,
Zin-atile allowing p! for (2) of UHT conditions:
Ti-in-zhwcon Via fzace clesiwnt thenmmelry, with Zrinitis inors casmonly conling hights tepéralure fan
U-Pb geochiandlogy Tiin-zircon, Rutile is likely Lo be stable at peak UHT conditions whereas zircon may caly grow as UHT
Sutxtuction rocks are cookng. In addinon, the extent to which Zr diffuses out of natile &5 controlied by chemial
comemunication with xrcon; {3} more fully ising and utilising d dent thermal

properties of the crust, and the possible range of heat sources causing metamorphism In geodynamic
modelling studies; (4) recognising that crust partially melted cither in a previous event of earlier In 3
long-duration event has greater capacity than fertile, unmeled cnust o achieve UHT conditions due (o
the beatenergy consumed by partial melting reactions: { 5) more strongly |inking U-Pb geochronological
data from zircon and monazite ta P-T points o path segments through using ¥ + REE partitioning
between Xcesoty and major phases, as well = pmse w.lm lnwrponun; Zr and REE: .Ind (6)
improved insight into the settings and factars for-
ward models. These models suggest that regionsl UHT &, princi
related to subduction, coupled with elevated crustal radiogenic heat gemeration rates.
© 2014, China University of Geosdences (Beljing) and Peling University. Production and hosting by
Elsevier BV. This is an open access article under die CC BY-NC-ND license (b ./ crealivecominuns.ong
lioenses by -nc-nd/3.00),
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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.
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Granulito mafico

s W A C S

-

granada granulito mafico , Nappe Socorro-Guaxupé, Paraguacu, MG
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Lente,de granulito maficos” ~
Nappe”SocorroaGuaxupésAlfenas{ MGy

Granulito mafico

¢ Granulito méafico
e Opx + Ol + P1 + Hbl (baixa P)
e Opx + Pl + Cpx £ Grt = Qtz = Hbl
e Cpx + Grt + Pl £ Hbl + Qtz (alta P)
¢ Ortopiroxénio € o mineral caracteristico
* Associagdo mineral tipica ¢ Opx + Cpx + Pl + Grt + Hbl +
Rt + Ilm
* Reacao
Hbl + Qtz — Opx + PI1 + Cpx + H,O (ou fusdo)

se o protolito for gabro — s6 a recristalizagdo em alta 7 ¢
necessaria
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Granulito mafico

Paragéneses 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 discussao das paragéneses da facies granulito e da sua
transi¢do para a facies eclogito

67
T 3 T T K T T T T
7 GABBROK 9 1o 1 2 3 4 5 6 10
30 ANORTHOSITE ANDESITE & HIGH ALUMINA QUARTZ ALKALIPOOR  ALKAL O OXIDISED  ALKALI- POOR  APOLLO
RHYOOACITE T H GREEN KENNEDY  BASALT THOWENTE QI THOLENTE BASALT ALK.OL OLIVINE "
(MM w7 BASALT  THOLENTE
. . s . . . .
251 - 2 wmRs e ECLOGITE
2 v 2 (ggynet + pyroxene % quartz), L)
20} - :
o
E § ' GARNET GBANULITE :
T 2 % (gam,'#pva;&no(sh i *
- - . - - .
. = . .
tor = 3 :
GABBRO OR PYROXENE GRANULITE
. . -
5 L (plagioclase +pyroxenetolivine £ spinel )
Ringwood, 1975
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Granulito mafico

* Baseado nesses trabalhos, cujo “reagente” nos experimentos ¢
gabro anidro, sem hornblenda, em alta P temos Cpx + Qtz
+ Grt = Pl

* Em rocha com hornblenda (anfibolito) o metamorfismo ¢
diferente, a hornblenda pode entrar em fusdo junto com
quartzo e plagioclasio; o quartzo ¢ consumido antes da
hornblenda, tornando sua coexisténcia com diopsidio
improvavel

* A transic¢do para a facies granulito ¢ dependente da
composicao da rocha, se quartzo toleiito ou se olivina toleiito

69

lochas wm Hbl + P1 + Qtz tundem Pyt % b s T \
andibofll 'C afelandia, nngmgtlto em que. Qtz ndo estava /prﬁs.en'ge( n6 estada sGlido no pico
.Tetam' 0 - Moraes (1997) & 5o L (2006, Z010). T e .

. e S Sy r -\
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Rochas de outras composi¢coes na
facies granulito

* rochas ultramaficas
e Di+En+ Fo
® rochas ultramaficas com Al,O;
e En+ Fo + Spl + Hbl
* rochas calcissilicaticas
e Fo+Di
e Wol + Cc (ou Qtz) £ Cpx
e Wol + Scp (se P> 9 kbar 7> 900°C)
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Traj et(’) rias P— T Complexo Anapolis-Itaucu
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Rt-Grt-Ky-Kfs-granulito de alta P
Trés Pontas, MG
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Granulitos HP

* Qtz + Ky + Grt + Kfs (ou feldspato ternario)

: - 7.9 : ,}‘
o diamante = F__ g ~

® coesita

Rt-Grt-Ky-Kfs granulito de alta P
[Trés Pontas, MG

75
Granulitos HP
e Grt + Cpx + Pl + Qtz = Hbl
* Podem ocorrer eclogitos e peridotitos associados
76
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Eclogito

* Haiiy (1822) rocha formada por granada e clinopiroxénio

e composic¢ao — basalto

» onfacita (Cpx rico em jadeita, alto AlIV! ¢ Na)

e granada rica em piropo

» plagioclésio ndo ocorre como fase primaria

* Rt, Qtz, Opx e Ky sao fases adicionais mais comuns

e fases hidratadas comuns: Hbl, Gln, Ms (fengita), Phl, Tc, Zo

* Diamante, coesita e aragonita indicam P extremamente altas
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R. G. COLEMAN
D. E. LEE .
L. B. BEATTY i
W. W. BRANNOCK

Eclogites and Eclogites:

U. 8. Geological Survey, Menlo Park, Calsf.

Their Differences and Similarities

Abstract: Fclognes are divisible into three groups
based on mode of occurrence: Group A, inclusions
in kimberlites, basalts, or Javers i ultramafic
rocks; Group B, bands or lenses within migmatite
gneissic terrains; Group C, bands or lenses within
alpinc-type metamorphic rocks. The compositions
range [rom olivine basalt for Group A to tholciitic
husalts [or Group C. New analytical data on six
eclogites [rom glaucophane schist terrains in Culs-
fornia and New Caledonia now permit companisons
among the three eclogite types. The pyrope content
of the garnets is distncuive 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. Pyrosenes coesisting with these gar-
nets also reflect a compasitional change related to
their occusrence. The jadeite content progressively
increases frorm Group A thraugh Group B, whereas
the diopside content decreases. A comparison of
eclogites from different peologic occurrences bue
with similar bulk compositions demonstrates varia-
tion in Ca-Mg partition between coexisting parnet
and pyroxenc. The Ca/Mg racio increases in garnet

aud decreases in pyroxene from Group A through
Group B eclogites. This obvious differcnce in the
Ca-Mg partition between coexistiog garnet-pyrox-
ene in cclogites of the same bulk composition indi-
cates 2 broad range of pressure-temperature condi-
tions obtained during crystallization. Expetimentai
synthesis of cclogite-like material at high pressures
and temperatures demonstrates that some eclogites
may forn in the earth’s mantle, bur naturally oc-
curring Group C eclogites have coexisting garnet-
pyroxene with distinct Ca/Mg ratios when com-
pared 1o Group A or B cclogites of similar bulk
composition. This difference in the Ca/Mg ratie
must reflect the pressure-temperature conditions
characterizing the glaucophane schist facies.

The tormation of cclogites within different meta-
morphic facies is strong evidence of the divergent
pressure-temperature conditions that allow basalts
to recrysiallize into parnet-pryoxene rocks. In view
of the rather compelling feld evidence, it would
seemy advisable to discontinue the concept of an
eclogite mctamorphic facies,

Geolagical Sociery of America Bulletin, v. 76, p. 483-508, 12 figs., May 1965
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LT, MT, HT eclogites

Grupo C - lentes em xistos azuis

mal % Py

. g
GROUP C - GROUP B
ECLOGITE  ~ ECIORITE

el in K <.
orree. Drapsaal dadhel tnee
%o bzl 1 the ool

LT- T~600°C

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

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

HT - T>900°C

Coleman, 1965
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Condicoes P-T

* Equilavente de alta P das fécies anfibolito e granulito

* 550 °C ~ 12 kbar
* 800 °C ~ 14 kbar

Pressure (GPa)
& &

°
>

0
100 200

300 400 500 600 700 800 900 1000

Temperature (°C)
81
r e .
Facies eclogito
0| \‘O“ "
g [
2 aof §
2 u)::-: 'E:;j:\-,;;\—i‘ ‘ gt | a
Carswell, 1990
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micro-diamante metamorfico

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. BI, 2029, doi:10, [129/2001JB001127, 2003

Subduction factory
1. Theoretical mineralogy, densities, seismic wave speeds,
and H,O contents

Bradley R. Hacker

Department of Geological Scissces, University of Califorsia, Santa Barbam, Califormia, USA

Geoffrey A. Abers
Depurtment of Eanh Sciences, Boson University, Bostos, Massachsserts, USA

Simon M. Peacock

Department of Geological Sciences, Arzosa Sswe Usiversity, Tempe, Arizona, USA

Recaved 27 August 2001; cevised 11 June 2002; sccepted 18 July 2002; published 18 Jamuary 2003,

[1] We present a new compilation of physical properties of minerals relevant to

subduction zones and ncw phase di for mid- ridge basalt, Ih lite, depleted
lherzolite, harzburgite, and serpentinite. We use these data to calculate H>O content,
density and seismic wave speeds of subduction zone rocks, These caleulations provide a

new basis for cval g the factory, including (1) the p of hydrous
phases and the distribution of H,0 within a subduction zone; (2) the densi ion of the
subducting slab and resultant cffects on measured gravity and slab shape; and (3) the
variations in seismic wave speeds resulting from thermal and metamorphic processes at
depth. In considering specific examples, we find that for ocean basins worldwide the lower
oceanic crust is partially hydrated (<1.3 wt % H>0), and the uppermost mantle ranges from

hydrated o ~20% serpentinized (~2.4 wi % H>0). Anhydrous eclogite cannot be
distinguished from harzburgite on the basis of wave speeds, but its ~6% greater density
may render it detectable through gravity measurements. Subducted hydrous crust in
cold slabs can persist to several gigapascals al seismic velocities that are several percent
slower than the surrounding mantle, Scismic velocities and V'V ratios indicate that
mantle wedges locally reach 60-80% hydration.  IVOEX TERMS: 3040 Marine Geology and
Geophysics: Plate tectonics (8150, 8155, 8157, 8158), 3660 Mincralogy und Petrology. Metamorphic
petrology; 3919 Mineral Physics;: Equations of state; 5199 Physical Propertics of Rocks; General or
miscellancous; 8123 Tectonophysics: Dynamics, KEYWORDS: subd seismic velocitis,
mincral physics, H20

Citation: Haocker, B. R, G. A, Abers, and S. M. Peacock, Subduction factory, 1, Theoretical mineralogy, densities, seismic wave
speeds, and HO contents, J. Geaplns. Rev., 108(B1), 2029, doi:10.10292001JB001 127, 2003
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Leucossoma com Opx em granulito méfico
Complexo Acaiaca, MG

Rt-Grt-Ky-Kfs granulito de alta P
Trés Pontas, MG
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Leucossoma-com Opx em granulito méfice
Complexo Acaiaca, MG

Leueossoma praticamente todo exaurido/extraido

‘com-Qpx

ritétieo. deixado para tras em granulito mafico
ataca, MG
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Leticossoma praticamente todo exaurido/extraido
ot Opx.petitético deixado:para tras em granulito mafico

L

Complexo Jequitinhonha, BA
filme de quartzo mimetizando liquido aprisionado em granulito félsico
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Complexo Jequitinhonha, BA -
filme de quartzo mimetizando liquido aprisionado em granulito félsico 100 pm
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Caracteristicas gerais

* Anatexia se inicia na facies anfibolito, com fusao da
muscovita (com ou sem excesso de H,0)

¢ Granulitos sao formados por reagdes de fusao por
desidratacdo de biotita ou hornblenda

e fusdo incongruente — liquido insaturado em H,O + residuo
solido
¢ Granulitos - produtos in situ de reagdes de fusao

* A geragdo de granulitos esta ligada com a diferenciagdo
da crosta continental

e crosta superior fértil e rica material granitico

e crosta inferior exaurida e pobre em elementos produtores de
calor
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Caracteristicas gerais

O granulito ¢ formado pelo residuo do protolito (fases em
excesso das reagdes de fusdo) + fases peritéticas (Opx, Grt,
Crd, etc)

Em muitos casos ndo ha melanossoma algum (principalmente
de Bt), pois as fases peritéticas podem estar misturadas no
residuo

A rocha ¢ intensamente recristalizada, raras texturas associadas
a fusdo sdo preservadas e algumas poucas de cristaliza¢do de
liquido aprisionado podem ser observadas

A preservacdo das paragéneses requer a separacao/perda do
fundido do residuo
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granada granulito félsico com boudin de ultra-restito com granada e ortopiroxénio, Varginha, MG
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1. metazmorphic Geol,, 2002, 20, 621-632

Melt loss and the preservation of granulite facies mineral
assemblages

R.W. WHITE AND R. POWELL
School of Earth Sciences, University of Melbourne, Parkville, Victoria 3052, Auslralia
(r.white@tearthsci animelb. edu_au)

ABSTRACT

The loss of a metamorphic tuid via the partitiomng of H20 mto silicate melt at higher metamorphic
grode implies that, in the absence of open system behmiour of mel, the amount of H,0 contained
within rocks remains constant al temperatures above the solidus. Thus. granulite facies rocks. composed
of predominently anhydrous minerals and a hydrous silicate melt should undergo considerahle
retrogression 1o hydrous upper amphibolite facies on eooling as the melt erystallizes and
refeases its HaO. The common owurrence of weakly 2y d gr lite lacies blages is
consistent with substantial mell loss from the majority of granulite facies rocks. Phase diagram
maodelling of the effects of melt loss in hypothetical aluminons md subaluminous metapelitic
compositions shows that the amount of melt thit has 1o be removed from a reck Lo preserve o granulite
facies assemblage varies markedly with rock composition. the number of partial melt loss events and the
P-T conditions ut which melt loss oceurs. Tn an aluminous metapelite. the removal of nearly all of the
melt at temperatures above the breakdown ol botite is required lor the preservation of the peak mineral
assemblage. In contrast, the proportion of mdt loss required 1o preserve peak assemblages in oa
subalumineus metapelite is close to hall that required lor the aluminous metapelite. Thus, il a given
proporiion of mdt is removed from a sequence of metapelitic granulites of varying composition, the
degree of preservation of the peak metamorphic assemblage may vary wi

Kev words: granulites; melt loss; meltmg, metapelite.

Mineral abbeeviations: quarte, g garnet, g sillmanne, sll; cordiente, od: K-feldspar, ksp: plagioclase,
ol biotite, hi; muscovite, mu; silicate melt, lig.
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leucossoma (cinza claro) cristalizado apos
perda de parte do fundido, que modificou a
razdo liquido/residuo impedindo a reacdo
com o residuo granulitico (cinza escuro)

leucossoma (cinza claro) que reagiu com
residuo granulitico (cinza escuro) gerando
zona de reagao (selvedge, cinza médio)

[Leucosome/mel: segregation
[Jretrogressed assemblages

Fig. 5. (a-b). Sketches of two melt segregation/melt loss scenarios. The bozes labelled A-D in both sketches show different
amounts of melt-rock interaction (see text for explanation). (a) Sketch showing the possible outcome of melt segregation but no melt
loss. In this scenario melt can interact with part of the source rock (b) Skcn,h showing the prmrvaucm of mineral assemblages adjacent
to the melt segregation (leucosome), The preservation of the peak metamorphic mineral ges adjacent to the melt segregation in
this example reflects melt loss from the leucesome.

‘White & Powell (2002)
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Charnockito

Charnockitos sdo rochas igneas, granitdides, (Qtz, Kfs, PI)
portadoras de ortopiroxénio

Apresentam contatos intrusivos

Apresentam microestruturas igneas (sdo rochas
isotropicas)

Nomenclatura proposta por Streckeisen (1974)

111
camp | termo geral nome
o
[ J
‘ h a r n O c klt O 2 hipersténio feldspato- feldspato-alcalino
alcalino granito chanockito
3 hipersténio granito chanockito (3b farsundito)
4 hipersténio granodiorito | opdalito or charno-
enderbito
Q 5 hipersténio tonalite enderbito
6 hipersténio alkali
feldspar sienito
7 hipersténio syenito
8 hipersténio monzonito mangerito
9 monzonorito (hipersténio | jotunito
60 60 monzodiorito)
10 norito (hipersténio
diorito), anortosito
(M<10)
2/ 3a 3b 4 \5
20 20
Jof 7 [ s\ o o\
A yAn A I | | A\
10 35 65 90
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Charnockitos, granulitos e o papel do CO,

e Comum a ocorréncia de charnoquitos sintectonicos
* sdo transformados em produtos deformados, gerando confusdo
na distingdo entre charnockito e granulito

* Na India e em outros locais do planeta onde ocorrem
charnoquitos € comum a ocorréncia de granitos
“charnockitizados”

* Nas décadas de 1970 e 1980 foi muito difundido o
modelo de frentes de CO, provenientes do manto para
explicar tal feicao

¢ Isso se deve ao fato de que as por¢des charnockiticas
ocorrem apenas inclusdes fluidas ricas em CO,

113

charnockito

Bt-Hbl granito
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Modelo de Newton et al. (1980)
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Problema do CO, e dos granulitos

Em muitos granulitos foi demonstrado que as inclusdes de
CO; sao aprisionadas ap6s o pico metamorfico

Hoje muitos pesquisadores defendem que o mais
importante na formagao de granulitos ¢ a baixa quantidade
de 4gua, formando sistema praticamente anidro
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