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§ As rochas metamórficas são geradas em condições P-T
variadas dentro da crosta terrestre

§ Como sabemos que uma rocha sofreu metamorfismo mais 
“intenso” que outra?

§ É possível comparar o metamorfismo de duas rochas de 
composições diferentes?

§ Podemos perceber essas variações no campo?
§ Podemos atribuir valores de P e T para as condições do 

metamorfismo que afetou uma rocha?
§ Como podemos dividir o campo P-T do metamorfismo?



Ø Primeiros estudos de metamorfismo progressivo foram 
feitos por George Barrow (1893, 1912) nas terras altas 
(highlands) da Escócia

Ø Barrow identificou zonas metamórficas, caracterizadas 
por minerais índices, inicialmente atribuídas ao 
metamorfismo de contato em torno de granito

Ø clorita
Ø biotita
Ø granada
Ø estaurolita
Ø cianita (+biotita)
Ø sillimanita (+biotita)
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I, INTRODUCTION. 

T~E a re a  to  wh ic h  a tte n tio n  is  d ire c te d  in  th e  fo llowing  pa ge s  lie s  
in  th e  n o rth -e a s te rn  co rne r o f F o rfa rs h ire ,  a nd  fo rms  p a rt  of th e  
s in g u la rly fla t ta b le -la n d  of th e  S ou th -e a s te rn  Hig h la n d s .  It  is  
e s s e n tia lly a  moorla nd  d is tric t,  m u c h  cove re d with  pe a t a nd  h e a th e r,  
a n d  is  d ra in e d  b y two  rive rs ,  th e  No rth  E s k a nd  th e  S ou th  E s k.  
The  rocks  of wh ic h  th e  a re a  is  compos e d cons is t p rin c ip a lly o f 
gne is s cs  a nd  s ch is ts ; the s e  a re  c le a rly s e e n in  th e  c ra ggy s ide s  of 
th e  va lle ys  th ro u g h  wh ic h  th e  two  E s ks  a n d  th e ir trib u ta rie s  flow. 
Boulde rs  o f the s e  rocks  m a y be  no tice d  in  th e  ro u g h  wa lls  b y th e  
roa ds ide  a s  one  drive s  up  the  gle ns , a nd  th e ir in te n s e ly c rys ta llin e  
a s pe ct is  a  mos t s trikin g  fe a tu re .  A b rie f vis it to  th e  cra gs  a n d  th e  
t in , to p p e d  mo o rla n d  s pe e d ily convince s  th e  obs e rve r th a t  th is  
c rys ta lline  a s pe ct is  one  of th e  chie f cha ra c te ris tic s  of th e  d is tric t.  
It  is  propos e d to  s how ill th e  p re s e n t commun ica tion  th a t  th is  a re a  
con ta ins  s e ve ra l ma s s e s  o f in tru s ive  rock wh ic h  a re  p ro b a b ly con- 
ne c te d  unde rg round ,  a n d  th a t  th e  h ig h ly c rys ta llin e  cha ra c te r of 
the  s u rro u n d in g  s chis ts  is  m a in ly the  re s u lt o f th e rm o m c ta m o rp h is m .  

II.  DISTRIBUTION AND MODE OF OCCURRENCE OF THE IGNEOUS :ROCKS. 

The  n o rm a l cond ition  of the  in tru s ive  rock is  th a t  o f a  s lig h tly 
fo lia te d  g ra n ite ,  with  two  m ic a s ; b u t th e re  a re  cons ide ra b le  
va ria tions  from th is  type , b o th  a s  re ga rds  s tru c tu re  a nd  compos ition , 
a s  will be  s e e n  from the  de ta ile d  de s c rip tions  th a t  fo llow. It  is  
m e t with  in  ma s s e s ' wh ic h  va ry g re a tly in  s ize , a n d  the  la rg e r o f 
the s e  a re  more  or le s s  frin g e d  with  pe gma tite ,  ve ins  of wh ic h  cu t 
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ON THE GEOLOGY OF LOWER DEE-SIDE
AND THE SOUTHERN HIGHLAND BORDER.

BvGEORGE BARROW,F.G.S.

T H E Excursion of the Association to the west of Scotland in
September, 1912, was undertaken in order to enable the

Members to examine two portions of the great mass of more
or less crystalline rocks that cover so large a part of the
north of Scotland and of the north-west of Ireland. As it
is now well known that the same metamorphosed sediments
occur in both countries it will be convenient to call these rocks
the Highland series. The object of this examination was to get
a true insight into the natnre of this great mass of crystalline
material; into the cause, in part at least, of its crystallisation,
and to study the phenomena occurring along the margins of the
mass where it ceases to be crystalline.

1.-THE NATURE OF THE HIGHLAND ROCKS.

Starting from any point along the south-eastern, or outer,
margin of the Highlands it is found that as we proceed in a
north-westerly direction the rocks steadily become more and
more crystalline. But the rate of increase in crystallisation
varies; it is most rapid in the area nearer the coast, and least
rapid in the area north-west of Dunkeld, which may be
conveniently taken as the limit of the south-eastern Highlands.
Moreover, in the coastal area we soon reach the most highly
crystalline portion of the Highland series. North of Stonehaven,
on the ., outer margin" of the series, the first rocks met with,
when examined in microscopic sections, prove to contain no
biotite ; but, on the other hand, all clastic micas have been
completely digested in the rocks that were originally shales or
gritty shales, but now are slates or gritty slates. In this district
this" outer margin" of the Highland series is only about 300 yds.
broad, but some distance farther inland it gradually widens
out, having a breadth of rather more than half a mile near the
Bridge of Cally, on the Ericht above Blairgowrie, At this point
the "outer margin" of the Highland series, which has so far
continued from Stonehaven in a nearly straight line, suddenly
projects for nearly a mile in a south-easterly direction, or in the
direction of decreasing metamorphism. This brings on the belt
of least-altered rocks along the Highland Border*; in this the
clastic micas are still present, though the rocks are much

:!< See the Folding Map.



Barrow, 1912



Ø Cecil .F. Tilley (1924a, 1925) confirmou e estendeu as 
zonas de Barrow por toda a região do Dalradiano

Ø Mineral índice caracteriza uma zona metamórfica (Tilley, 
1924b)

Ø O limite de cada zona mineral é marcado por isógradas -
linha que marca o primeiro aparecimento ou 
desaparecimento do mineral índice

Ø isógrada da biotita (Bt in)
Ø isógrada do desaparecimento da muscovita (Ms out)

Ø O termo isógrada foi cunhado por Tilley (1924b)
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].  12NTliODUC'I' lOS . 

1 illlc rY-o :E  ve in's  a go , Mr. Ge orge  Ba rrow / l) l  p re s e n te d  to  th is  
S oc ie ty his  eh~ss ie  a c c o u n t of th e  in tru s io n  l~he nolne na  o f a  g ro up 
of ' Oilie r G ra n ite s ' ,  in  th e  F o rfa rs h ire  a re a  o f th e  S o u th -E a s te rn  
l[iglda nd.~. Th a t  pa pe r is  d is tin g u is h e d  by re a s on o f th e  c le a r 
e n u n c ia tio n  of th e  two  o u ts ta n d in g  e one lus ions  to  wh ic h  th e  
a u th o r ~'a s  le d. in  th e  one  wa s  illu s tra te d  fo r the  firs t tim e  the  
e ffe c t o f c ru s ta l s tre s s e s  on th e  d iffe re n tia tio n -e o u rs  e  o f igne ous  
ma gnm, a  proce s s  which  p la s s  so im p o i~a n t a  p a rt  in  p re s e n t-d a y 
the o rie s  o f pe troge ncs is  ; in  th e  o th e r,  a ls o :for th e  firs t time ,  wa s  
in d ic a te d  th e  s ubd ivis ion  o f a  g ro u p  o f h ig h l3 ;-m e ta m o rp h 6 s e d  
wd im e n ts  in to  m e ta m o rp h ic  zone s  cha ra c te riz e d  b y th e  pre s e nce  o f 
c ritic a l inde x-mine ra ls .  S o fa r a s  1 a m  a wa re , h is  pa pe r re p re s e n ts  
th e  firs t a t te m p t  in p e tro lo g ic a l lite ra tu re  to  b rin g  pre c is ion  to  th e  
s tu d y of re g io n a l m e ta m o rp h is m ,  b y la yin g  upon a  m a p  zona l line s  
in d ic a tive  o f va ryin g  g ra de s  o f m e ta m o rp h is m .  

It  is  ch ie fly upon th is  a s pe c t o f Ba rro w's  work th a t  I s h a ll 
dwe ll in  th e  ln a tte r now s e t fo rth .  

Nin e te e n  ye a rs  la te r (2 ) he  e xte n d e d  th e  a l'e a  of h is  zona l 
m e ta m o rp h ic  re a l), a t  th e  s a me  tim e  in c re a s in g  th e  n u m b e r o f 
zone s . Th e  n la p  p re s e n te d  to  th e  Ge o log is ts ' As s oc ia tion  th u s  
cove rs  th e  g ro u n d  in c lu d e d  in  th e  q u a rte r-in c h  s he e t (No .  12 ) o f 
th e  Ge o log ica l S u rve y m a p  of S co tla nd ,  e xte n d in g  to  th e  Hig h la n d  
Borde r fro m  S to n e h a ve n  to  lh m ke ld .  In  th e  m e a n tim e ,  o th e r 
S co ttis h  in ve s tig a to rs  by e xte nde d  s u rve ys  o f P e rth s h ire  a n d  
Arg ylls h ire  we re  b rin g in g  to  lig h t  ne w d a ta  on th e  m e ta ln o rp h is m  
of the s e  re g ions . C h ie f a m o n g  the s e  we re  C. T. C lough ,  J .  B. Hill,  
a n d  E .  1f. C u n n in g h a m -C n d g ,  who, by th e ir s tu d y re s p e c tive ly o f 
th e  Cowa l a re a , th e  Loch  Awe  re g ion , a n d  We s te rn  P e rths hire ,  

i NumerM.s in pa re nthe s e s  re fe r to the  Bibliogra l~hy, w IV, p. 109. 
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overlap and cut out the underlying hornstones and hard breccias,
" the transgression of the higher beds of the volcanic series on lower."

(iii) The outcrop of the Coniston Limestone is in places shifted
southward by transverse faults which apparently have not affected
the outcrops of still higher horizons (higher Coniston Grits and Flags).
This Aveline explains as due to the accommodating compression and
buckling, between the transverse faults, of the beds above the
Limestone Series and below the unaffected outcrops of Coniston
Grit, etc.

The Facies Classification of Metamorphic Rocks.
By C. E. TILLEY.

HPHE diversity in mineral composition of metamorphic rocks can
be regarded as the resultant of two independent variables,

first of the ultimate composition of the rocks, and secondly of the
grade of metamorphism, or the particular pressure-temperature
conditions under which the rocks have arisen. It is clear that these
two variables may well form the basis of a classification of rocks of
metamorphic origin.

In Grubenmann's well-known classification of the crystalline
schists * these two variables occupy the dominant positions, and are
the foundation upon which his classification is erected. Thus the
twelve groups adopted by Grubenmann represent the composition-
variable, and his three-fold division of depth zones—epi, meso, and
kata—is an attempt to express the variation induced by the
imposition of varying physical environment, in other words the
grade.

Whatever may be said of the chemical part of Grubenmann's
classification, there can be few who would regard the division into
three zones as satisfactory or at all adequate to express the diversity
of rock types brought about by their subjection to varying grades of
metamorphism. Moreover, Grubenmann has no well-defined place
for rocks which have arisen under the conditions prevailing in contact
metamorphism, and for any classification to be adequate, such rock
types cannot be ignored.

In a recent paper Eskola 2 has attempted to surmount some of
the obvious difficulties which are associated with the classification
of Grubenmann.

Rocks are grouped into " facies " corresponding in kind to the
depth zones of Grubenmann, but greater in number. The term
" metamorphic facies " is defined " to designate a group of rocks
characterized by a definite set of minerals, which under the con-
ditions obtaining during their formation were in perfect equilibrium
with each other. The quantitative and qualitative mineral com-

1 Grubenmann, Die Kristallinen Schiefer, 1910.
8 Norsk. Geol. Tidsskr., vi, 1920, pp. 143-94.

1924 b





� Isógrada é a linha em mapa que marca o aparecimento ou 
desaparecimento de um mineral índice

� Paragênese é a associação mineral estável na rocha 
durante o pico do metamorfismo

� Pico metamórfico é a condição de mais alta temperatura 
alcançada pela rocha e pressão associada



Ø Barrow observou que entre as zonas da clorita e sillimanita
ocorre aumento do tamanho do grão; ele associou o fato ao 
efeito do aumento de temperatura – daí a ideia de 
metamorfismo progressivo

Ø Com o aumento do metamorfismo as rochas ficam mais 
“cristalinas” e perdem as características sedimentares 
originais

Ø Na Escócia, o denominado metamorfismo barroviano gera a 
sequência de minerais índices Chl, Bt, Grt, St, Ky, Sil

Ø A sequência de minerais pode mudar com a composição da 
rocha ou com variações nas condições  P-T (diferentes das 
rochas da Escócia)



Área
em que 
Barrow 
trabalhou

Mapa metamórfico
de Tilley



rocha da zona da biotita, Escócia
Foto: Renato Moraes



• Na região a NE da Escócia, distritos de Buchan e Banff, 
Tilley descobriu que pelitos de composição idêntica aos 
estudados por Barrow podem apresentar sequência de 
minerais - índice diferente:

clorita – biotita – cordierita – andaluzita - sillimanita

• Razão da diferença da sequência de minerais-índices: 
condições de P-T (P mais baixa) durante o metamorfismo





� Então duas coisas determinam a sequência dos minerias
metamórficos:

� P e T
� composição 
da rocha



Ø Victor Moritz Goldschmidt (1911, 1912a) foi o primeiro petrólogo a 
ver as rochas como sistemas químicos e aplicar os conceitos da 
termodinâmica às rochas, principalmente o conceito de equilíbrio 
químico e a regra das fases

Ø Ele estudou a auréola de metamorfismo de contato na região de Oslo, 
Noruega. No contato são observadas paragêneses em rochas pelíticas, 
calcárias e psamíticas

Ø Em cada rocha, a paragênese que ocorre em cada zona da auréola 
de contato é quimicamente equivalente à paragênese das outras 
zonas

Ø A paragênese (associação mineral) reflete condições de equilíbrio e 
está relacionada à P, T, composição da rocha e do fluido



Pelito

1 – Qtz + Ms + And + Bt
2 – Qtz + Kfs + And + Crd (Bt)
3 – Qtz + Kfs + And + Crd + Pl (Bt)
4 – Qtz + Kfs + Sil + Crd + Pl (Bt)
5 – Qtz + Kfs + Pl + Crd + Opx

Calcário

1 – Pl + Di + Grs + Cc + Qtz
2 – Di + Grs + Ves + Cc + Qtz
3 – Di + Grs + Wo + Ves + Cc 

Goldschmidt



� Goldschmidt é responsável por um dos maiores avanços 
no entendimento do metamorfismo quando começou a 
tratar as rochas como sistemas químicos e com base na 
termodinâmica
� Ele entendeu que sob o efeito da temperatura, a rocha é 

submetida ao metamorfismo e que a paragênese define um 
momento de equilíbrio químico

� Ele provou que o eclogito nada mais é do que gabro (ou 
basalto) metamorfizado; ele comparou a composição e o 
volume molar da associação plagioclásio + augita com as 
das fases quimicamente equivalentes, onfacita + piropo, e 
concluiu que o eclogito era o gabro submetido a altas 
pressões!



• Pentii Eskola (1914, 1915) estudou a auréola da região de 
Orijärvi, Finlândia

• Em Oslo foram observadas rochas com feldspato potássico + 
cordierita, mas em Orijärvi ocorre o par equivalente biotita + 
muscovita

• Através da comparação das várias associações minerais, 
Eskola concluiu que as diferenças devem refletir condições 
físicas (P-T) diferentes durante a formação das auréolas de 
contato, já que as composições  das rochas são semelhantes

• Concluiu ainda que as rochas da Finlândia, que apresentam 
associação hidratada e de menor volume molar, foram 
formadas em condições de T mais baixa e P mais alta do que 
as rochas da Noruega



2 KMg3AlSi3O10(OH)2 + 6 KAl2AlSi3O10(OH)2 + 15 SiO2

Bt Ms Qtz

= 3 Mg2Al4Si5O18 + 8 KAlSi3O8 + 8 H2O
Crd Kfs

Oslo Orijärvi
Kfs + And Ms + Qtz
Kfs + Crd Bt + Ms

Kfs + Opx + Pl Bt + Hbl
Opx Ath

Pentti Eskola



Orijärvi

Oslo



Ø Baseado nas observações das duas auréolas de contato Eskola
(1915, 1920) desenvolveu o conceito de fácies metamórfica:
• Duas rochas de composições semelhantes produzem sequências

de associações metamórficas diferentes se submetidas a 
condições P-T diferentes

• Se a rocha atingiu o equilíbrio químico em dada condição P-T do 
metamorfismo, sua mineralogia é controlada pela composição da 
rocha

• A evolução para a petrologia metamórfica é o entendimento da 
associação mineral (paragênese) como resultado do equilíbrio 
químico alcançado durante o metamorfismo, ao invés de 
considerar só os minerais - índices



• Nome das fácies é proveniente do nome da rocha máfica
característica daquelas condições P-T (ex: xisto verde, 
xisto azul, eclogito, anfibolito)

• os limites das fácies são definidos por mudanças na associação 
mineral ou na química dos minerais das rochas máficas

• os limites das fácies não são absolutos pois dependem de 
H2O/CO2 e da composição da rocha

• os limites são faixas e podem ser representados por reações 
contínuas

• A fácies metamórfica é dada pela paragênese (associação 
mineral) formada no pico do metamorfismo (Tmax)



� basalto – augita + plagioclásio (An50)

� xisto verde – clorita ou epidoto + actinolita + albita +
granada

� anfibolito – hornblenda + plagioclásio (An > 17) +
granada

� granulito – ortopiroxênio + clinopiroxênio + plagioclásio
+ granada

� xisto azul – glaucofâna + epidoto ou lawsonita + albita +
granada + clorita

� eclogito – onfacita + piropo



Fig. 25-1 The metamorphic facies proposed by Eskola and their relative temperature-pressure relationships. 
After Eskola (1939) Die Entstehung der Gesteine. Julius Springer. Berlin. 
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Contr. Minera l. a nd P e trol. 12, 354--364 (1966) 

Reappraisal of the  Metamorphic Facies  Concept 

W. S. FYFE and F. J. TV~N]~ 

De pa rtme nt of Geology, Ma nche s te r Unive rs ity, and De pa rtme nt of Geology, Unive rs ity of 
California 

Re ce ive d Fe brua ry 28, 1966 

Abstract. EsKo~A's  conce pt of me ta morphic facies , now 50 ye a rs  old, is  re a ppra is e d in  the  
light of curre nt knowledge  a nd  usage  a mong pe trologis ts . Fa cie s  s hould be  de fine d sole ly in  
te rms  of obs e rva ble  geologic crite ria . Like  ESKOLA, we  continue  to vie w e a ch facies  a s  a  s e t 
of mine ra l assemblages  tha t a pproxima te  e quilibrium with in  a  de finite  ra nge  of te mpe ra ture ; 
b u t this  is  infe re nce  a nd  mus t be  e xclude d from the  de finition of facies . 
Mutua l bounda rie s  be twe e n facies  a re  tra ns itiona l. Divis ion into subfacies  ha s  prove d un- 
a cce pta ble  to ma ny write rs , a nd ha s  le d to confus ion in  the  phys ica l in te rpre ta tion  of me ta - 
morphic parageneses . We  propose  he nce forth no t to recognize  subfacies . 
Ele ve n facies  a re  recognized in  this  pa pe r, a nd  the ir te rminology ha s  be e n a da pte d a s  ne a rly 
a s  poss ible  to curre nt ge ne ra l us a ge : 
A. Low-pressure  facies  commonly b u t no t e xclus ive ly of conta ct me ta morphis m. In  orde r of 
incre a s ing te mpe ra ture : 
(1) Albite -e pidote -hornfe ls . 
(2) Hornble nde -hornfe ]s . 
(3) P yroxe ne -hornfe ls . 
(4) S a nidinite . 
B. High-pre s s ure  low-te mpe ra ture  facies  of re giona l me ta morphis m. In  orde r of incre a s ing 
pre s s ure : 
(5) Zeolitic. 
(6) Greensehis t. 
(7) Gla ucopha ne -la ws onite -s chis t. 
C. High-pre s s ure  me dium- to high-te mpe ra ture  facies  of re giona l me ta morphis m. In  orde r of 
incre a s ing te mpe ra ture : 
(8) Albite -e pidote -a mphibolite . 
(9) Amphibolite , 
(10) Gra nulite . 
D. Fa cie s  of e xtre me  pressure  a nd wide  te mpe ra ture  ra nge : 
(11) Ee logite . 

The  pre s s ure -te mpe ra ture  regime of a  me ta morphic te rra ne  ca n be  discussed in  te rms  of the  
facies  the re  re pre s e nte d, with de ta ile d gra die nts  infe rre d from sequences  of mine ra l assemblages  
in  bas ic, pe litic a nd  ca lcareous  rocks . The  ge ne ra l s implicity of me ta morphic mine ra l assem- 
bla ge s  a nd  the ir te nde ncy to re cur in  space  a nd  time  sugges ts  a  s imple  re la tion be twe e n s uch 
the ore tica lly inde pe nde nt pressure  va ria ble s  a s  loa d pre s s ure  P1, fluid pre s s ure  P! a nd  pa rtia l 
pre s s ure  of wa te r, P H, O- As  a  firs t a pproxima tion we  a cce pt for non-ca rbona te , hydrous  
assemblages  a  mode l in  which PH2o ~ P I~  Pl during mine ra l re a ctions . 

A. Introduction 

It  is  n o w 50 ye a rs  s ince  ESKO~A (1915, p p .  1 1 4 --1 1 5 ) fo rm u la te d  th e  c o n c e p t of 
m e ta m o rp h ic  fa c ie s . Th is  h a s  s ince  le d  to  a  c o d ific a tio n  of kn o wle d g e  re g a rd in g  
th e  n a tu re  a n d  m u t u a l a s s o c ia tio n  of c o m m o n  m e ta m o rp h ic  m in e ra l a s s e m b la g e s ; 
a n d  th is  in  t u rn  h a s  s t im u la te d  la b o ra to ry e xp e rim e n ts  d e s ig n e d  to  in te rp re t  th e  
m in e ra lo g y of m e ta m o rp h ic  ro c ks  with  e ve r-in c re a s in g  p re c is io n  in  te rm s  of te m - 
p e ra tu re  a n d  p re s s u re .  F ro m  th e  firs t,  a s  fo re s h a d o we d  in  B]~CKE'S  (1921) c ritic a l 



Definição apresentada por Turner (1981):

A fácies metamórfica é o conjunto de associações de
minerais metamórficos, que ocorrem repetidamente no
espaço e no tempo, de modo que exista relação constante e
previzível entre a composição mineral, a composição da
rocha (e as condições P-T)



e

a

epidote amphibolite



� Fácies metamórfica é definida por grupos de paragêneses 
que ocorrem em rochas diferentes e que definem um 
mesmo campo no espaço P-T

� Dada uma composição de rocha, paragêneses diferentes 
implicam em condições P-T diferentes e paragêneses 
iguais implicam em condições P-T semelhantes

� A mudança de paragênese é controlada pela composição 
da rocha, do fluido e pelas condições P-T

� A mudança de uma paragênese para outra é vinculada a 
uma reação metamórfica, logo pelas condições P-T do 
metamorfismo



e

a

epidote amphibolite



� Embora o nome das fácies metamórficas seja escolhido 
pelo tipo de rocha metamórfica proveniente do 
metamorfismo de basalto, o nome das zonas 
metamórficas (minerais - índices) são provenientes do 
metamorfismo de pelitos e isso pode ser combinado
� facies xisto verde

� zonas da clorita, biotita e granada
� fácies anfibolito

� zonas da estaurolita, cianita e sillimanita



� Existe relação direta entre a composição da rocha e os 
possíveis minerais gerados durante o metamorfismo

� As rochas metamórficas derivadas de basalto (e afins) são 
dominadas por minerais ferro-magnesianos, com ou sem 
cálcio (e sódio), e por plagioclásio, ou outro mineral 
aluminoso

� O metamorfismo de pelitos gera minerais ricos em 
alumínio, alguns com potássio, outros ferro-magnesianos



basalto
SiO2 — 49.97
TiO2 — 1.87
Al2O3 — 15.99
Fe2O3 — 3.85
FeO — 7.24
MnO — 0.20
MgO — 6.84
CaO — 9.62
Na2O — 2.96
K2O — 1.12
P2O5 — 0.35

pelito
SiO2 — 60.78
TiO2 — 0.8
Al2O3 — 16.88

FeO — 6.87
MnO — 0.13
MgO — 3.44
CaO — 1.21 (~ 0)
Na2O — 1.65 (~ 0)
K2O — 3.70
P2O5 — 0.15



Rochas máficas Pelitos Rochas calciossilicáticas

Fácies xisto verde Zona da clorita
Qtz + Ms + Chl

Talco + flogopita

(Act+Chl+Ep+Ab) Zona da biotita
Qtz + Ms + Chl + Bt

Fácies epidoto-anfibolito
(Act + Pl + Ep + Hbl)

Zona da granada
Qtz + Ms + Chl + Bt +Grt

Tremolita-Actinolita +

Fácies anfibolito
(Hbl + Pl (An>17) ± Grt)

Zona da estaurolita
Qtz +Ms +Bt+Grt+St

Epidoto + Zoisita

Hbl + Pl ± Grt Zona da cianita
Qtz +Ms +Bt+Grt+Ky

Diopsídio

(Hbl+ Pl ± Cpx ± Grt) Zona da Sil +Kfs
Qtz +Kfs +Bt+Grt+Sil+Liq
Zona da Crd + Grt
Qtz +Kfs +Crd+Grt+Sil+Liq

Grossulária, escapolita

Fácies granulito
Opx + Cpx + Pl ± Grt

Zona do Opx + Crd ± Grt
Qtz +Kfs +Opx Crd+Grt+Liq

Forsterita



Rochas máficas Pelitos

Fácies xisto azul

(Glc + Ep ou Lw ± Ab) Ky + Ctd ± St

Fácies eclogito Ctd + Ky + Chl / Tlc + Ky + 
Grt + Ms

Omp + Prp (sem Pl) Kfs + Grt + Ky + Rt



� Inicialmente a ideia original de Goldschmidt e de Eskola
era apenas de se fazer a ligação entre paragêneses e a 
composição da rocha, embora eles soubessem que a 
consequência direta era a ligação com as condições P-T
� Fácies eclogito – metamorfismo de basalto resultando em rocha com 

piroxênio sódico e granada magnesiana

� Hoje o conceito de fácies está diretamente relacionado com 
o campo P-T em que a associação mineral é estável
� Fácies eclogito – implica em condições P-T específicas para formar o 

eclogito – rocha com piroxênio sódico e granada magnesiana –
(T > 500  °C e P > 12 kbar)



e

a

epidote amphibolite







Philpotts & Ague, 2010



� Winkler no final da década de 1960 descontente com 
variações no crescente número de sub-fácies, propôs que 
as fácies metamórficas fossem substituídas por 4  
subdivisões de grau metamórfico

� grau muito baixo (ou incipiente)
� grau baixo
� grau médio
� grau alto
� Ainda propôs o conceito de iso-reação, em que devemos 

mapear reações e não isógradas





� Embora Winkler tenha usado o termo grau metamórfico 
em substituição às fácies metamórficas de um modo 
formal, grau metamórfico comumente é usado de uma 
maneira informal, para dizer se as rochas  sofreram 
metamorfismo mais ou menos intenso em relação à 
temperatura



iso-reação -
mapeamento de reações 
metamórficas no campo 
e não do mineral índice

veja que mais de uma 
reação pode gerar 
estaurolita, com o 
conceito de mineral 
índice isso é perdido



ØMiyashiro (1961) reconheceu duas séries de fácies
metamórficas em terrenos metamórficos do Japão que 
são diferentes das propostas por Barrow
Ø zeólita / prehnita-pumpellyita / xisto azul / eclogito
Øxisto verde / anfibolito com And – Sil (baixa P)

ØCinturões metamórficos emparelhados
ØIdentificou as séries de fácies (séries faciais, ou
tipos báricos)



Evolution of Metamorphic Belts

by AKIHO MIYASHIRO

Geological Institute, Faculty of Science, University of Tokyo, Japan

ABSTRACT
The metamorphic facies series in regional metamorphism may be classified into the following

categories according to an order of increasing rock pressure:((1) andalusite-sillimanite type,
(2) low-pressure intermediate group, (3) kyanite-sillimanite type, (4) high-pressure inter-
mediate group, and (5) jadeite-glaucophane type.^

In Japan and other parts of the circum-Pacific region, a metamorphic belt of the andalusite-
sillimanite type and/or low-pressure intermediate group and another metamorphic belt of the
jadeite-glaucophane type and/or high-pressure intermediate group run side by side, forming
a pair. The latter belt is always on the Pacific Ocean side. They were probably formed in
different phases of the same cycle of orogeny. Their origin is discussed.

Regional metamorphism under higher rock pressures appears to have taken place in later
geological times.

The metamorphic facies series of contact metamorphism are briefly discussed.

INTRODUCTION

T H I S paper discusses the classification, origin, and historical development of
regional metamorphism.

Regional metamorphism takes place in the deeper parts of orogenic belts,
while the regional metamorphic rocks are found in what are here called meta-
morphic belts.

Individual metamorphic facies correspond to a certain range of temperature,
rock pressure, and other external conditions (Eskola, 1915, 1920, 1939;
Korzhinskii, 1959). The range of temperature and pressure in a metamorphic
terrain and metamorphic belt, however, is usually too wide to be definitive of
a single metamorphic facies. Even in a single metamorphic terrain, the varia-
tion in temperature would be expressed usually by a series of metamorphic
facies. Such a series will be called a metamorphic facies series or simply a. facies
series. Thus, from the viewpoint of external conditions, each metamorphic
terrain is characterized by a certain metamorphic facies series.

(Many authors consider that the mineral facies of regional metamorphism are
the greenschist, epidote-amphibolite, amphibolite, and granulite facies. Indeed,
this facies series appears to exist in Palaeozoic metamorphic belts of Europe
and North America. In many other metamorphic belts, however, different kinds
of metamorphic facies series are developed. The series of the greenschist,
epidote-amphibolite, amphibolite, and granulite facies is only one of the various
possible facies series of regional metamorphism.

A metamorphic facies series can be represented by a curve or a group of
[Journal of Petrology, Vol. 2, Part 3, pp. 277-311, 19611

6233.3 U

 at N
ational C

hung H
sing U

niversity L
ibrary on A

pril 11, 2014
http://petrology.oxfordjournals.org/

D
ow

nloaded from
 

Evolution of Metamorphic Belts

by AKIHO MIYASHIRO

Geological Institute, Faculty of Science, University of Tokyo, Japan

ABSTRACT
The metamorphic facies series in regional metamorphism may be classified into the following

categories according to an order of increasing rock pressure:((1) andalusite-sillimanite type,
(2) low-pressure intermediate group, (3) kyanite-sillimanite type, (4) high-pressure inter-
mediate group, and (5) jadeite-glaucophane type.^

In Japan and other parts of the circum-Pacific region, a metamorphic belt of the andalusite-
sillimanite type and/or low-pressure intermediate group and another metamorphic belt of the
jadeite-glaucophane type and/or high-pressure intermediate group run side by side, forming
a pair. The latter belt is always on the Pacific Ocean side. They were probably formed in
different phases of the same cycle of orogeny. Their origin is discussed.

Regional metamorphism under higher rock pressures appears to have taken place in later
geological times.

The metamorphic facies series of contact metamorphism are briefly discussed.

INTRODUCTION

T H I S paper discusses the classification, origin, and historical development of
regional metamorphism.

Regional metamorphism takes place in the deeper parts of orogenic belts,
while the regional metamorphic rocks are found in what are here called meta-
morphic belts.

Individual metamorphic facies correspond to a certain range of temperature,
rock pressure, and other external conditions (Eskola, 1915, 1920, 1939;
Korzhinskii, 1959). The range of temperature and pressure in a metamorphic
terrain and metamorphic belt, however, is usually too wide to be definitive of
a single metamorphic facies. Even in a single metamorphic terrain, the varia-
tion in temperature would be expressed usually by a series of metamorphic
facies. Such a series will be called a metamorphic facies series or simply a. facies
series. Thus, from the viewpoint of external conditions, each metamorphic
terrain is characterized by a certain metamorphic facies series.

(Many authors consider that the mineral facies of regional metamorphism are
the greenschist, epidote-amphibolite, amphibolite, and granulite facies. Indeed,
this facies series appears to exist in Palaeozoic metamorphic belts of Europe
and North America. In many other metamorphic belts, however, different kinds
of metamorphic facies series are developed. The series of the greenschist,
epidote-amphibolite, amphibolite, and granulite facies is only one of the various
possible facies series of regional metamorphism.

A metamorphic facies series can be represented by a curve or a group of
[Journal of Petrology, Vol. 2, Part 3, pp. 277-311, 19611

6233.3 U

 at N
ational C

hung H
sing U

niversity L
ibrary on A

pril 11, 2014
http://petrology.oxfordjournals.org/

D
ow

nloaded from
 



A. MIYASHIRO—EVOLUTION OF METAMORPHIC BELTS 285

incomplete. Although the lowest temperature for the formation of biotite
should vary to some extent with rock and water pressures, the above relations
might well be considered as suggestive that the metamorphic temperature in the
jadeite-glaucophane type is generally lower than that in the kyanite-sillimanite
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FIG. 4. Stability relations of andalusite,
kyanite, and sillimanite and of the jadeite-
quartz assemblage and albite. The solid lines
(k) and 0) represent the experimentally
determined equilibrium curves for the kyanite-
sillimanite transformation, and for the reaction
jadeite+quartz = albite, respectively. The
arrows (1), (2), and (3) represent typical
temperature/rock-pressure relations in regional
metamorphism of the kyanite-sillimanite type,
andalusite-sillimanite type, and jadeite-

glaucophane type, respectively.
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FIG. 5. Estimated temperatures and rock
pressures of metamorphic facies. The solid
lines (k) and (J) correspond to those of Fig. 4.
GL, glaucophane-schist facies; EC, eclogite
facies; GS, greenschist facies; EA, epidote-
amphibolite facies; AMPH, amphibolite facies;
GN, granulite facies; PH, pyroxene-hornfels

facies; ZEO, zeolite facies.

type, which latter, in turn, tends to be lower than that in the andalusite-
sillimanite type, as shown in Fig. 4.

In a high grade of the andalusite-sillimanite and kyanite-sillimanite types of
regional metamorphism, where sillimanite is stable, muscovite decomposes by
reaction with quartz to produce sillimanite, potassium feldspar, and water. The
equilibrium temperature of the reaction was thermodynamically calculated for
a wide range of rock and water pressures (Miyashiro, 19606). The result is
450°-590° C. The decomposition of biotite by reaction with quartz takes place
in the highest grade (granulite facies), probably of the andalusite-sillimanite and
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ØIdentificou 3 séries de fácies
Ø razão P/T alta – glaucofano – jadeíta
Ø razão P/T intermediária – Ky – Sil (barroviano)
Ø razão P/T baixa – And – Sil

Ø razão P/T alta – metamortismo sambagawa
Ø razão P/T intermediária – metamorfismo barroviano
Ørazão P/T baixa – metamorfismo buchan, abukuma, ryoke
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Ø Ambientes colisionais – arcos de ilha e zonas de colisão 
continental

Ø Arcos de ilha - repressão das isotermas em virtude da placa 
fria descendente e alçamento das isotermas na zona de arco 
magmático

Ø Cinturões Metamórficos Emparelhados
Ø razão P/T alta – glaucofana-jadeíta (zona de subducção)
Ø razão P/T baixa – And-Sil (arcos de ilha) 



Philpotts & Ague, 2010







Miyashiro (1961, 1973) sugeriu que a ocorrência de cinturões 
metamórficos emparelhados e contemporâneos, um cinturão externo de 
alta razão P/T, e outro interno de baixa razão P/T, deve ser de 
ocorrência comum em várias zonas de subducção, modernas e antigas.







Ø O tempo relativo de três processos controla a forma da 
trajetória P-T-t

Ø duração da colisão
Ø duração do re- equilíbrio termal da crosta (relaxamento 

termal)
Ø duração da exumação

Ø Trajetória P-T horária em cinturões colisionais
Ø England & Richardson (1978):

Ø duração da colisão - estágio mais rápido < 10 Ma
Ø relaxamento termal e exumação – dezenas de Ma



co
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Ø Pmax antece Tmax (estágio de alta P)
Ø Tmax é alcançada durante a descompressão
Ø Quanto mais rápido acontecer o início da erosão após a 

colisão, menor vai ser a diferença entre Pmax e Ppico e menor 
vai ser Tmax
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of the Brası́lia Fold Belt, Brazil

R. MORAES1, M. BROWN1∗, R. A. FUCK2, M. A. CAMARGO3 AND
T. M. LIMA4

1LABORATORY FOR CRUSTAL PETROLOGY, DEPARTMENT OF GEOLOGY, UNIVERSITY OF MARYLAND,

COLLEGE PARK, MD 20742, USA
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in both areas. After decompression at the metamorphic peak, theSapphirine–quartz occurs in orthopyroxene–garnet granulites in
P–T path for both areas followed a near-isobaric cooling stage totwo areas >22 km apart within ‘common’ granulites of the
<900°C, but these two paths are separated by >3 kbar. ThisAnápolis–Itauçu Complex, recording extreme P–T conditions: a
ultrahigh-temperature metamorphism occurred in a collisional tectonicminimum of 1030–1050°C at >10 kbar. In one area, the post-
setting, in which the extreme thermal perturbation probably was apeak evolution is constrained to begin at P >10 kbar by down-
result of asthenosphere replacement of mantle lithosphere.temperature stability of garnet–orthopyroxene–sillimanite–quartz

and the absence of cordierite. In a second area, the post-peak
evolution is constrained by a succession of melt-present reactions
that occur at P <10 kbar, inferred from microstructural relations

KEY WORDS: Brası́lia Fold Belt; granulite; melting; P–T evolution;between garnet, orthopyroxene and sillimanite, and coronae or
sapphirine–quartz; ultrahigh-temperature metamorphismsymplectites involving corundum, sapphirine, spinel, cordierite,

plagioclase, sillimanite, orthopyroxene, biotite and ilmenite. The
retrograde segment of the P–T path was further constrained by
biotite-producing reactions. A composite P–T path was constructed

INTRODUCTIONfrom samples that exhibit different amounts of retrograde reaction,
reflecting different amounts of melt retention. Using back-calculated Granulite-facies rocks record extreme thermal per-
compositions for garnet and orthopyroxene, thermobarometry yields turbation of Earth’s lithosphere; they are common in
1012–960°C and 9·7–8·1 kbar; these P–T results underestimate both Precambrian shields and Phanerozoic orogens.
‘peak’ conditions, in part as a result of modification of garnet Characterizing granulite-facies rocks yields information
compositions in rocks in which some melt was retained. In samples critical to our understanding of the P–T–X environment
from both areas, orthopyroxene porphyroblasts have high Al2O3 of formation and subsequent modification of the con-

tinental crust (e.g. Harley, 1989, 1992). Fifteen years ago(12·9–9·7 wt %) in cores, which suggests maximum T >1150°C

∗Corresponding author. Telephone: (301) 405-4080. Fax: (301) 314-
7970. E-mail: mbrown@geol.umd.edu  Oxford University Press 2002
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Fig. 11. Integrated P–T paths for all samples. ML-67 has a P–T path constrained by the absence of cordierite (light grey path). The composite
P–T path for PT-62-A and PT-62-F includes a near-isothermal decompression segment, followed by a near-isobaric cooling segment (dark grey
path). In ANA-287, only evidence of the near-isobaric cooling segment is recorded. This figure was constructed using the grid of Harley (1998c)
and melt-producing reactions involving biotite from Spear et al. (1999)

the putative heat source, immediately below the gran- in orogens developed by basal traction at convergent
plate margins (Harley, 1989; Jamieson et al., 1998, 2002;ulites, cuts across the regionally developed metamorphic

isograds and imposes a contact metamorphic aureole on Huerta et al., 1999). However, the extreme thermal
perturbation required by UHT metamorphism appearsamphibolite-facies metasedimentary rocks in the roof,

indicating that final emplacement occurred after the to be unachievable without additional heat from the
asthenosphere.regional metamorphic peak (Barboza et al., 1999; Barboza

& Bergantz, 2000). A significant problem with the under- The lithosphere is a thermal boundary layer part of
which may be removed convectively (e.g. England, 1987,plating model is the volume of magma that needs to be

accreted to continental crust to achieve the necessary 1993; Anovitz & Chase, 1990; Platt & England, 1994).
Such a process may be facilitated by collisional thickeningthermal profile, which must be similar to the thickness

of the crust that is to be metamorphosed (Oxburgh, of continental crust, which may be decoupled from
lithospheric mantle, to generate a thick, dense and un-1990).

The origin of some granulite terranes has been related stable orogenic root (Houseman et al., 1981; Sonder et
al., 1987). Modelling studies suggest that after 10–50 Myrto collisional tectonics (e.g. Ellis, 1987; Raith et al., 1997).

In general, numerical models of metamorphism as a result such an orogenic root may founder, detach and sink
through the asthenosphere (Molnar et al., 1993; House-of thickening and thermal relaxation do not generate

granulite-facies conditions at appropriate depths (e.g. man & Molnar, 1997). Detachment might occur by
ductile necking, or by delamination (Bird, 1979; SchottThompson & England, 1984; England & Thompson,

1986). This indicates that an additional heat source is & Schmeling, 1998). All scenarios predict syn-orogenic
or post-orogenic lithospheric thinning, uplift, near-surfacenecessary (Harley, 1989), and the problem resolves to a

consideration of what additional heat sources may be extension and substantial mantle strain. Thus, the con-
tinental lithosphere may be thinned and part of theinvolved during collisional tectonics. It has been argued

that sufficient additional heat could be generated to drive lithospheric mantle may be replaced by the asthenosphere
while the continental crust is still being thickened (San-granulite-facies metamorphism and crustal melting by

accretion of radioactive material and concurrent erosion diford & Powell, 1990; Liu, 2001). Subsequent extensional
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Ø Linha no espaço P-T que une os pontos de Tmax (e 
correspondente P) da região

Ø Linha ou série PT
Ø Gradiente metamórfico 
de campo
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A B S T R A C T

The Turvo-Cajati Formation (TCF) is an important unit forming the Curitiba Terrane, a major segment of the southern
Ribeira Belt, SE Brazil. It is composed of rocks of greenschist (LTCF), amphibolite (MTCF) and granulite (HTCF) facies
conditions. Previous studies in the HTCF indicate that the unit underwent extensive partial melting under high-
pressure conditions (670–810 °C and 9.5–12 kbar), within the kyanite stability field. In this paper, a study of the
metamorphic zoning within the LTCF and MTCF is undertaken using pseudosection modeling in the NCKFMASHTO
and MnNCKFMASHTO model systems coupled with detrital zircon U–Pb geochronology. Four metamorphic zones
are recognized for the LTCF and MTCF: biotite, garnet, staurolite and sillimanite zones, with predominance of sil-
limanite zone and pressures lower than 8 kbar, as staurolite breaks down straight to sillimanite, without formation of
a kyanite zone. Pseudosections yielded metamorphic peak conditions of ~530–560 °C and ~6–7.5 kbar (garnet zone)
and ~660–690 °C and ~6–7.5 kbar (sillimanite zone). The metamorphic field gradient is flat and of low to medium
pressure, below the typical Barrovian-type baric regime, and different from the HTCF. Available petrological and
geochronological data suggest that the TCF comprises a paired low-P and high-Pmetamorphic belt, associated with a
major Ediacaran suture zone in the southern Ribeira Belt. Probability density plots from detrital zircon U–Pb ages
indicate late-Cryogenian-Ediacaran arc-related and Rhyacian sources for all TCF sub-units. This scenario suggests that
the TCF is made up of a collisional juxtaposition of an accretionary wedge (HTCF) and a back-arc basin (LTCF and
MTCF) on the border of a microplate, which includes a Rhyacian basement microcontinent, the Atuba Complex. It is
inferred the high metamorphic gradient recorded in the LTCF and MTCF was related with asthenospheric upwelling
in the back-arc region, which also produced extensive partial melting in the Atuba Complex basement.

1. Introduction

The Barrovian-type metamorphism has been described in multiple
places all over the World since it was characterized in the Scottish
Highlands by George Barrow (1912), such as in Iberian Massif (Catalán
et al., 2003), between Canada and EUA (Brown and Walker, 1993), in
Andes (García et al., 2005), in Alps (Burg and Gerya, 2005), among
others. Now, it is known to represent a common type of orogenic re-
gional metamorphism (e.g. England & Thompson, 1984). In recent
decades, advances in Metamorphic Petrology, such as geothermobaro-
metry, pseudosection modeling and development of software such as
THERMOCALC (Powell & Holland, 1988), Perple_X (Connolly, 2005),
Theriak/Domino (de Capitani & Brown 1987; de Capitani 1994) and

Gibbs (Spear et al., 2001), allowed the increase of knowledge in me-
chanisms and processes operating during metamorphism. Also, the re-
lationship with large-scale tectonic processes is better understood with
these advances. One interesting tool that allows comparing tectonic
regimes of different metamorphic terranes is the metamorphic field
gradient (Turner, 1981), a line defined by the metamorphic peak con-
ditions of a rock pile that underwent the same metamorphic event, but
with rocks at different depths. Its inclination defines the metamorphic
facies series, as well as the dT/dP regime of the terrane and has a direct
connection with the tectonic setting of metamorphism (Turner, 1981;
Philpotts & Ague, 2009).

The Southern Ribeira Belt, in southeast Brazil, is formed by several
different metamorphic terranes (Basei et al., 1992; Faleiros et al.,
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