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I. InTrRODUCTION.

TeE area to which attention is directed in the following pages lies
in the north-eastern corner of Forfarshire, and forms part of the
singularly flat table-land of the South-eastern Highlands. It is
essentially a moorland district, much covered with peat and heather,
and is drained by two rivers, the North Esk and the South Esk.
The rocks of which the arca is composed consist principally of
gneisses and schists ; these are clearly seen in the craggy sides of
the valleys through which the two Fsks and their tributaries flow.
Boulders of these rocks may be noticed in the rough walls by the
roadside as one drives up the glens, and their intensely crystalline
aspect is a most striking feature. A brief visit to the crags and the
flat-topped moorland speedily convinces the observer that this
crystalline aspect is one of the chief characteristics of the distriet.
It is proposed to show in the present communication that this area
contains several masses of intrusive rock which are probably con-
nected underground, and that the highly erystalline character of
the surrounding schists is mainly the result of thermometamorphism.

Metamorfismo Barroviano
(Terras Altas da Escocia)

Barrow, G., 1893. On an intrusion of
muscovite-biotite gneiss in the
south-eastern Highlands of Scotland,
and its accompanying metamorphism.
Quarterly Journal of the Geological
Society 49: 330-358.
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MAP or Ao PORTION or

NORTH-EAST FORFARSHIRE

Embracing the Arco of Outerop of the
Muscovite - Biatite - Gneiss, nnd showing
the Zones of Occurrence of the Silicates
of Alumina which are connected with
the Intrusion.

By Georce Barrow F.G.S
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Barrow, 6., 1893. On an infrusion of muscovite-biotite gneiss in the south-eastern

Highlands of Scotland, and its accompanying metamorphism. Quarterly Journal of
the Geological Society 49: 330-358.
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ON THE GEOLOGY OF LOWER DEE-SIDE
AND THE SOUTHERN HIGHLAND BORDER.

By GEORGE BARROW, F.G.S.

HE Excursion of the Association to the west of Scotland 1n Rogonhecumen’ro de
September, 1912, was undertaken in order to enable the  Mais 3 zonas
Members to examine two portions of the great mass of more  metamdrficas,
or less crystalline rocks that cover so large a part of the  totalizando 6 zonas
north of Scotland and of the north-west of Ireland. As 1t
is now well known that the same metamorphosed sediments
occur in both countries it will be convenient to call thesc rocks
the Highland. series. The object of this examination was to get
a true insight into the nature 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.

Barrow, G., 1912. On the geology of lower dee-side and the southern Highland
border. Proceedings of the Geologists' Association 23: 274-290.
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Bar'r'ow G., 1912 On the geology of lower dee-side and the southern Highland
border. Proceedings of the Geologists' Association 23: 274-290.
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Tilley, C.E., 1924. The facies classification of metamorphic rocks. Geological
Magazine 61: 167-170.

Tilley, C.E., 1925. A preliminary survey of metamorphic zones in the Southern
Highlands of Scotland. Geological Society 81: 100-112,

Expandiu o mapeamento das zonas metamérficas para uma regido maior;
Reconheceu que uma iségrada reflete uma reagdo quimica que ocorreu a uma
condicdo especifica de temperatura e pressdo; e que o metamorfismo

responsdvel pela zonagdo metamdrfica foi regional e ndo associado as
infrusoes.



Protolitos

Em petrologia metamérfica o termo rocha pelitica (ou
metapelitica) € utilizado de maneira abrangente para designar
rochas sedimentares ricas em argila.

Protolitos incluem sedimentos inconsolidados, lama e argila, e
rochas sedimentares, tais como lamito, argilito e folhelho.

Em geral, sdo rochas de granulagdo muito fina (< 2 um).



Mineralogia

Mineralogia dominada por filossilicatos ricos em Al,O; e K,O,
tais como argilas (montmorillonita, caolinita e esmec’rl‘ra) micas
brancas finas (sericita, paragonita ou fengita), além de clorita.

Esses minerais podem ser grdos detriticos ou au’ngemcos
representam geralmente > 507% em volume e sdo responsaveis
pelos contelddos de aluminio e dlcalis.

Quartzo representa de 10-30% em volume dos pelitos, estando
comumente em excesso.

Constituintes comuns menores incluem feldspatos (albita e
feldspato potdssico), 6xidos e hidréxidos de ferro, zeélitas,
carbonatos, sulfetos e matéria organica.



Composi¢do quimica dos metapelitos

Analises quimicas de argilitos e
metapelitos

1 2 3 4 5
Sio, 647 | 640 | 615 | 659 | 56.3
TiO, 080 | 081 | 087 | 09| 1.05
Al,O; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 28 | 381 | 230 | 323
FeO 569 | 7.03 | 10.0 6.86 | 8.38
MnO 0.25 | 0.10 0.18
CaO 350 | 154 | 081 | 017 | 1.59
Na,O 113 | 164 | 146 | 085 | 1.86
K,O 396 | 386 | 302| 38 | 415
P,0s 015 | 0.15

Total | 100.00 [100.08 [100.07 [ 99.98 | 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

As caracteristicas
composicionais dos pelitos
verdadeiros (ricos em Al,O5)
sdo melhor representadas
por argilas peldgicas.

11 6xidos mais comuns
(incluindo H,0)

Representagdo grafica
hecessitaria de 11
dimensoes!



Composi¢do quimica dos metapelitos
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Analises quimicas de argilitos e

metapelitos
1 2 3 4 5

SiO, 647 | 640 | 615 | 659 | 56.3
TiO, 080 | 081 | 087 | 092 | 105
Al,0; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 285 | 381 | 230 | 323
FeO 569 | 7.03 | 10.0 6.86 | 8.38
MnO 0.25 | 0.10 0.18
CaO 350 | 154 | 081 | 017 | 1.59
Na,O 113 | 164 | 146 | 085 | 1.86
KO 396 | 38 | 3.02| 38 | 4.15
P,Os 0.15 | 0.15

Total | 100.00 [100.08 [100.07 [ 99.98 [ 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Principais componentes:
Si0,, Al,O3, FeO,, MgO, KO0,
H,O

Componentes menores:
Na,O, CaO, TiO,, MnO, Fe,O,

Alto conteddo de dgua:

dgua liberada durante o
metamorfismo ajuda a manter
o equilibrio quimico

No inicio do metamorfismo
as rochas estdo em seu
estado mais hidratado.



Sistema quimico simplificado
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Analises quimicas de argilitos e
metapelitos

1 2 3 4 5
SiO, 647 | 640 | 615 | 659 | 56.3
TiO, 080 | 081 | 087 | 092 | 105
Al,0; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 285 | 381 | 230 | 3.23
FeO 569 | 7.03 | 10.0 6.86 | 8.38
MnO 0.25 | 0.10 0.18
CaO 350 | 154 | 081 | 017 | 1.59
Na,O 113 | 164 | 146 | 085 | 1.86
KO 3.96 | 386 | 3.02| 3.8 | 415
P,Os 0.15 | 0.15

Total | 100.00 [100.08 [100.07 [ 99.98 [ 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Qual artificio poderiamos
utilizar para reduzir o nimero de
componentes do sistema quimico
sem prejudicar a interpretagao
das paragéneses observadas nas

rochas naturais?
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Sistema quimico simplificado
THE AMERICAN MINERALOGIST, VOL. 42, NOVEMBER-DECEMBER 1957

THE GRAPHICAL ANALYSIS OF MINERAL ASSEMBLAGES
IN PELITIC SCHISTS*

James B. TrompsoN, Jr., Harvard University,
Cambridge, M assachusells.

ABSTRACT

The principal minerals used as metamorphic indicators in pelitic schists are, to a first
approximation, phases in the system: Si03-Al,0;-MgO-FeO-K,0-H:0. At a given pressure,
temperature and humidity (activity of H,0), quartz-bearing assemblages in this system
are dependent on the relative amounts of Al,O;, MgO, FeO, and K:0. These assemblages
may be shown three-dimensionally in the tetrahedron: Al;03-MgO-FeQ-K-0. Assemblages
which include muscovite as well as quartz may be represented successfully in two dimen-
sions by projecting the compositions of minerals onto some suitable plane with the composi-
tion KAL;O; as point of projection. This projection is applicable to rocks over a wide range
in bulk composition and through wide range of metamorphic conditions. It also provides
a unique characterization of the mineral facies observed in pelitic schists. The principal
variation in composition of most of the minerals involved is given by the ratio
MgO/MgO+FeO. This ratio may commonly be determined with sufficient accuracy by
simple measurements of optical or other physical properties.

e,

R



Sistema quimico simplificado
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29
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49

Analises quimicas de argilitos e

metapelitos
1 2 3 4 5

SiO, 647 | 640 | 61.5 | 659 | 56.3
Tre 080 | 081 | 087 | 092 1.05
AlL,0, 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 28 | 381 | 230 | 3.23
FeO 569 | 7.03 | 10.0 6.86 | 8.38
MnO 0.25 | 0.10 0.18
CaO 350 | 154 | 081 | 017 | 1.59
Na,O 113 | 164 | 146 | 085 | 1.86
K0 396 | 3.8 | 302 | 388 | 4.15
P20s 0.15 | 0.15

Total 100.00 [100.08 [100.07 [ 99.98 [ 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Artificios

1) Desconsiderar componentes que
formam fases puras que podem ser
ignoradas (Ti - rutilo).



Sistema quimico simplificado
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49

Analises quimicas de argilitos e

metapelitos
1 2 3 4 5

SiO, 647 | 640 | 615 | 659 | 56.3
Tre 080 | 081 | 087 | 092 1.05
Al,0; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 28 | 381 | 230 | 323
FeO 569 | 7.03 | 10.0 6.86 | 8.38
MnO 0.25 | 0.10 0.18
g 350 | 154 | 081 | 017 | 1.59
)23 <6) 113 | 164 | 146 | 085 | 1.86
K0 396 | 386 | 302| 38| 4.15
BT 0.15 | 0.15

Total 100.00 [100.08 [100.07 [ 99.98 [ 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Artificios

1) Desconsiderar componentes que
formam fases puras que podem ser
ignoradas (Ti - rutilo).

2) Excluir componentes que entram
na composi¢do de uma sé fase, a qual
pode ser ignorada por ndo ser indice
metamdrfico (Ca e Na - plagiocldsio,
P - apatita, Zr - zircdo).



Sistema quimico simplificado
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49

Analises quimicas de argilitos e

metapelitos
1 2 3 4 5

Sio, 647 | 640 | 615 | 659 | 56.3
e 080 | 081 | 087 | 092 1.05
Al,0; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 285 | 381 | 230| 323
FeO 569 | 7.03 | 10.0 6.86 | 8.38
o] 0.25 | 0.10 0.18
[>>"e] 350 | 154 | 081 | 017 | 1.59
J2.2<0) 113 | 164 | 146 | 085 | 1.86
K0 396 | 386 | 302| 38| 4.15
Bt 0.15 | 0.15

Total 100.00 [100.08 [100.07 [ 99.98 | 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Artificios

1) Desconsiderar componentes que
formam fases puras que podem ser
ignoradas (Ti - rutilo).

2) Excluir componentes que entram
na composigdo de uma sé fase, a qual
pode ser ignorada por ndo ser indice
metamorfico (Ca e Na - plagiocldsio,
P - apatita, Zr - zircdo).

3) Desconsiderar elementos que ndo
sdo abundantes para estabilizar
fases especificas (Mn, Zn).



Sistema quimico simplificado
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Analises quimicas de argilitos e

metapelitos
1 2 3 4 5

Sio, 647 | 640 | 615 | 659 | 56.3
Treg 080 | 081 | 087 | 092 1.05
Al,0; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 28 | 381 | 230 | 323
FeO 569 | 7.03 | 10.0 6.86 | 8.38
o] 0.25 | 0.10 0.18
[>>"e] 350 | 154 | 081 | 017 | 1.59
J2.2<0) 113 | 164 | 146 | 085 | 1.86
K0 396 | 386 | 302| 38| 4.15
Bt 0.15 | 0.15

Total 100.00 [100.08 [100.07 [ 99.98 | 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Artificios

1) Desconsiderar componentes que
formam fases puras que podem ser
ignoradas (Ti - rutilo).

2) Excluir componentes que entram
na composi¢do de uma sé fase, a qual
pode ser ignorada por ndo ser indice
metamdrfico (Ca e Na - plagiocldsio,
P - apatita, Zr - zircdo).

3) Desconsiderar elementos que ndo
sdo abundantes para estabilizar
fases especificas (Mn, Zn, Cr).

4) Desconsiderar componentes com
potencial quimico controlado
externamente (CO,)



Sistema quimico simplificado
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Analises quimicas de argilitos e

metapelitos
1 2 3 4 5

Sio, 647 | 640 | 615 | 659 | 56.3
Tre 080 | 081 | 087 | 092 1.05
Al,0; 17.0 | 181 | 186 | 19.1 | 20.2
MgO 282 | 285 | 381 | 230 | 3.23
FeO 569 | 7.03 | 10.0 6.86 | 8.38
) 0.25 | 0.10 0.18
>q 350 | 154 | 081 | 017 | 1.59
RO 113 | 164 | 146 | 085 | 1.86
K0 396 | 386 | 302| 38| 4.15
BT 0.15 | 0.15

Total 100.00 [100.08 [100.07 [ 99.98 [ 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade

pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

KFMASH
K,O, FeO;, MgO, Al,O,, SiO,, H,O

Esse foi o sistema utilizado para
realizacdo da maioria dos estudos
teodricos e experimentais.

(anterior ao advento das
pseudossegoes)

Sistema com 6 componentes:
6 dimensoes para representacao
grdfical



Sistema quimico simplificado

19
29
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49

Analises quimicas de argilitos e
metapelitos

1 2 3 4 5

Sio, 647 | 640 | 615 | 659 | 56.3

Tre 080 | 081 | 087 | 092 1.05
AlL,0, 17.0 | 181 | 186 | 19.1 | 20.2

MgO 282 | 285 | 381 | 230 | 3.23
FeO 569 | 7.03 [ 10.0 6.86 | 8.38
o] 0.25 | 0.10 0.18
[>>"e] 350 | 154 | 081 | 017 | 1.59
J2.2<0) 113 | 164 | 146 | 085 | 1.86
K0 396 | 386 | 302| 38| 4.15
Bt 0.15 | 0.15

Total 100.00 [100.08 [100.07 [ 99.98 [ 96.94

* Reported on a volatile-free basis (normalized to 100%) to aid comparis

1. "North American Shale Composite". Gromet et al. (1984). 2.
Average of ~100 published shale and slate analyses (Ague, 1991).
3. Ave. pelite-pelagic clay (Carmichael, 1989). 4. Ave. of low -grade
pelitic rocks, Littleton Fm, N.H. (Shaw, 1956). 5. Ave. of

Artificios

5) Projetar a partir do vértice de
fases puras que estdo em excesso
(Si0, - quartzo, H,O - dagua)

Sistema reduzido para 4
componentes: representacdo grdfica
por um tetraedro.

K,O

+ H,0
+ Si0,

MgO

FeO



Representag¢do quimiogrdfica simplificada

K,0

MgO

AlLO,
® Bt

FeO

Muscovita: K,Al,Si,O,0(OH),
1K,0: 3 Al,0O;:6 SiO,:2H,0

Artificios

6) Se um componente ocorre em
ndmero restrito de fases e uma delas
ocorre em excesso, esse componente
pode ser eliminado se a projegdo for
feita a partir dessa fase.

K>O - muscovita - em excesso em
metapelitos de fdcies xisto verde
inferior a anfibolito superior

K,O também estd presente na biotita
e no feldspato potdssico.



Diagrama AFM (J.B. Thompson, 1957)

Biotita: KMg,FeSi;AlO,(OH),
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Diagrama AFM (J.B. Thompson, 1957)

Biotita: KMg,FeSi;AlO,(OH),
05K,0:2MgO:1FeO: 3 5Si0,:0,5 Al,O;:1H,0

ALO,

—
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o
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(AL,O,-3K,0) /(A1,0,-3K,0+Fe0+MgO)
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| Kfs l | MgO
FeO + MgO Uiz



Diagrama AFM (J.B. Thompson, 1957)

Biotita: KMg,FeSi;AlO,(OH),
05K,0:2MgO:1FeO: 3 5Si0,:0,5 Al,O;:1H,0

Al,O4 K,O 1.0— Alzoa
0,5 — 3(0,5 O &
A= Q) .05 2
0,5 — 3(0,5) + 1+ 2 = T
Al,O, KO  FeO MgO o F
(O]
& -
% 0.5
MgO o i
2 ™
e — = 0,67 SV
Mg~ 142 ' g L
FeO MgO S L
o) i
v
q) =
O, i
E -
= .osL

| Kfs l | MgO
FeO + MgO Uiz



AFM projetado do Kfs

Feldspato potdssico: KAISi;Og4
05 K,0:05 AlL,O;: 3 SiO,

K,O - feldspato potdssico - em
excesso em metapelitos de fdcies
anfibolito superior a granulito

A = Al,0,—-K,O
Al,0,—-K,0 + FeO + MgO
Mgo
Xm

9" FeO + MgO




Principais minerais metamorficos (KFMASH)

granada (Fe-Mg);Al1,S1,0,,
cianita, andalusita e sillimanita Al,S104

cordierita Mg,Al, Sl O18H,0
cloritoide FeAl SIO (OH)
estaurolita Fe4Al 8Sl7 N,O48(OH)4
muscovita KAL;AISl O,,(OH),
biotita K(FeMg)gAl& 0,, (OH),
clorita (FeMg)s Al,S1;0,,(OH),
quartzo S10,

feldspato potassico KAIS1,0q

hercinita FeAl,O,

espinélio MgAlL O,

corundum Al O,

OrtOpIroxXenio (Fe- M 2) ,91,0,

safirina (442)
safirina (793)

Mg4 A18 519020
Mg; sAlySt) 50y



Quais as utilidades do diagrama AFM?

AL,O,

o
o

e
&)

o

(Al,0,-3K.0) /(a1,0,-3K,0+Fe0+MgO)

1
ot
(%)}

.Kfsl  MgO

FeO + Mgo (Mole)



A rocha 'x’ apresenta diferentes paragéneses nas
temperaturas T, e T,. Quais seriam elas?

O que aconteceu ha passagem entre T, e T,?

+ Quartz
T1 + Muscovite
Staurolite

| <
e e e O N

T{>T,

K-spar K-spar
Aumento da temperatura




A rocha 'x’ apresenta na condi¢do de temperatura T; a
paragénese Grt + Bt + Chl. Na temperatura T, a mesmo rocha
apresenta a paragénese Grt + Bt + St. O que aconteceu?

Reagdo simplificada: 6rt + Chl = St + Bt
Reagdo completa: Grt + Chl + Ms = St + Bt + Qtz + H,O

A A

K yanite K yanite

+ Quartz

+ Muscovite
Tl Staurolite TZ

Garnet

= M

~ Biotit

e \T\ /T, e

Aumento da temperatura

~ Biotite

K-spar K-spar




+ Quartz
+ Muscovite

Tl ’ TZ K-spar

K-spar

Aumento da temperatura

a ‘;’

i



+ Quartz
+ Muscovite

Aumento da temperatura




Diagrama AFM e regra das fases

AFM
(+ mu +q + H20)
6 kbar
560°C

KFMASH
ky-st-chl

linhas de conexdo

campos di, tri e tetravariantes

F=C-P+2

st-gchit 1 %
‘?:_:::_-2._::1_ _3 _\|l 3 %‘}

=3 =
g-bi-chl / chl quadrivariant fisid S
> 3 q 4 %
¥



Spear & Cheney (inédito)

versus

Holland & Powell (1998)
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Composi¢oes quimicas dos metapelitos comuns

A

| Pelitos
! verdadeiros

Chl

l\ L ‘} 8 .
X Y Z w
Pelitos

pobres em AlLLO,



Metapelitos pobres em Al,O,



Metamorfismo Barroviano (Terras Altas da Escocia)

THTTTTAT T T T LT UL T 0T 000300V NN VVAYANYYYVY VY
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
\.\‘\'\-\\\\\\\\-\ “““ \'\\‘\-'\\\\\\
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60
Bt-Grt-St X f
© o Paleozoi
2 A\ aleozoic
% G @ \‘\\Q’ sediments
> X\
O ~x©
BtGrt © 2 \o*"“
N oS
Bt-Chl
Esk R.
Chl
~ 10 km

Bucher, K., Grapes, R., 2011. Petrogenesis of Metamorphic Rocks, 8th Edition. Springer. 428 p.



Metamorfismo de temperatura muito baixa

Transformagdes transicionais entre diagénese e metamorfismo
de temeratura muito baixa.

Primeiramente os minerais de argila sdo transformados em
Clorita (Chl) - MgsAl,Si;0,,(OH),

I“lTC( (I”) = K1,5-1AI4Al1,5-15i6,5—7OZO(OH)4

Caolinita (KIn) - Al;Si,0;5(OH)g

Com aumento progressivo de temperatura forma-se
Muscovita (Ms) - K,Al,Al,Si,O,,(OH), (aumento de cristalinidade
da Illita)
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KFMASH

Jes S

1

Y
N

LN

I A

.Y
Tk

‘.

—_~
—
)

Q

-

N
o

4y
0
0
(O]
S

o

10

oo

Chl Bt Ms

Chl
Bt
Grt
Ms

+Qtz +H20

Bt Grt Ms

400 500

v A £ e 3 -
e e L

1
1



Zona da Clorita

Rocha:
Arddsia ou filito com clorita, muscovita, quartzo e albita.

Associacao:
Chl + Ms (Phe) + Qtz + Ab + Cal & Kfs detritico ou autigénico

Zona Sesia-Lanzo (ltalia)

)
v



Pressao (kbar)

o
|

12

+Qtz +H20

k- Bt Grt M
S
10 Bt

oo

Estilpnomelano:

K(Fe2*,Mg,Fe3*)4(Si,Al);,(0,0H),,-n(H,0)

200 300 400 500
Temperatura (°C)



Zona da Blotlta ( nghlands Escocia)

' Rocha:

9T, Arddsia, filito ou xisto com
.j.f"} ' biotita, clorita, muscovita,
8 quartzo e albita.

PN Wi AL\ M'KH\"" SAN

Pattison, D.R.M., 2013. Regional metamorphlsm in the Ballachullsh
area, SW Highlands, Scotland: new perspectives on a famous old
debate, with regional implications. Journal of the Geological Society 170:
417-434.
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Zona da Biotita

Associagdo:
Bt + Chl + Ms (Phe) +
Qtz+ Ab+Cb

Reacdes (continuas):

Baixa pressao
Kfs + Chl = Bt + Ms +
Qtz + H,0
(grauvaca com Kfs
detritico e/ou
autigénico)

Pressdo moderada-alta
Phe + Chl = Bt + Ms +
Qtz + H,0



Zona da Granada

Associagdo tipica:
Grt + Bt + Chl + Ms + Qtz+ Ab+ Ep

Rocha: xisto ou filito com granada rica em almanding, biotita, clorita,
muscovita, quartzo e albita ou oligocldsio.

Reagdo (continua): R :
Chl + Ms = o Ms+Chl+Qtz+Bt+ ¥
3 4 b+Ilm-+Ep matrix g&&
P
Grt + Bt + Qtz + H,0 B TR N
" + Qtz
+ Ms

+H,0

SR, S PR

Pattison, D.R.M., 2013. Journal of the Geological S
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ociety 170: 417-434.



Zona da Granada

Reacdo continua no sistema KFMASH: Chl + Ms = Grt + Bt + Qtz + H,O
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Spear & Cheney (inédito), cloritdide ausente
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~ Reagdo continua no sistema KFMASH: Chl + Ms = 6rt + Bt + Qtz + H,0
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Zona da Granada
Efeitos da reacdo (continua): Chl + Ms = Grt + Bt + Qtz + H,O

“Fe-Chl" = Fe-Grt + Fe-Bt + “N\g-Chl" Distribuicdo de Fe e Mg: X,,, da Chl > Bt > Grt

Aumento da temperatura

+ Qtz
+ Ms
+H,0

Adaptado de Yardley (2004) Introducéo a Petrologia Metamorfica, segunda edicéo. Editora UnB.

(1) Chl tem preferéncia por Mg: reagdo empobrece a Chl em Fe (clorita rica em Fe
tornam-se instdveis).

(2) Isso causa restricdo do espectro das composigoes possiveis de clorita.

(3) Que por sua vez faz com que a granada se desenvolva em rochas progressivamente
mais magnesianas.



Zona da Granada (Highlands, Escocia)
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Pattison, D.R.M., 2013. Regional metamorphism in the Ballachulish area, SW
Highlands, Scotland: new perspectives on a famous old debate, with regional
implications. Journal of the Geological Society 170: 417-434.




Zona da Estaurolita
Associacgdo:
St + 6rt + Bt + Ms + Qtz + Pl (+ Chl)

Rocha:

xisto com estaurolita, biotita,
muscovita, quartzo, granada e
plagiocldsio. Clorita pode ocorrer, mas
ndo em paragénese com Grt.

Reagdo:
Grt + Ms + Chl = St + Bt + Qtz + H,0
descontinua

Paragéneses

x: 6rt + Bt (Chl exaurida antes)
Adaptado de Yardley (2004) y: Grt + Bt (Chl exaurida antes)
Introducédo a Petrologia Metamorfica, segunda edicéo. Zz: 6rt + Bt + St

Editora UnB. w: Bt + Chl (N&o formou 6rt)



Zona da Estaurolita
Reagdo KFMASH descontinua: 6rt + Ms + Chl = St + Bt + Qtz + H,0
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S KFMASH

KFASH _|

MASH

550

T(C)

Spear & Cheney (inédito), cloritdide ausente

650

+ Qtz

~600°C

Segundo a grade petrogenética de
Spear & Cheney a reagdo de
formagdo de estaurolita por
consumo de Grt e Chl ocorre num
intervalo de temperatura entre 540
e 650°C para pressdes entre 5 e 12
kbar.

Paragéneses

x: 6rt + Bt

y: 6rt + Bt

z: 6rt + Bt + St
w: Bt + Chl



Zona da Estaurolita

= Grupo Votuverava

% Associagdo:
- 6rt + Bt + St + Ms + Qtz £ Pl

Falelr'os et al. (2010). Tectonophy51c5v485 193'214




Zona da Cianita

Adaptado de Yardley (2004)
Introducado a Petrologia Metamorfica, segunda edicéo.
Editora UnB.

Associagoes diagndsticas:
Ky + St + Bt + Ms + Qtz
Ky + Bt + Ms + Qtz

Rocha caracteristica:

xisto com cianita, biotita, muscovita,
quartzo, plagiocldsio, podendo conter
granada ou estaurolita.

Reagdo:

Ms + St + Chl = Ky + Bt + Qtz + H,0
Descontinua

(pelitos ricos em Mg)



Zona da Cianita
Reagdo descontinua no sistema KFMASH: Ms + St + Chl = Ky + Bt + Qtz + H,O

| |

20 T NEURN

KFASH _|

18 |‘
16 [ Sy KFMASH_
14 -

12 -

P kbar

+ Qtz
+ Ms
+H,0

Segundo a grade de Spear &
Cheney a reagdo de formagdo
do par cianita + biotita ocorre
em condicoes de 610-650°C e
6-12 kbar.

4 L

2+

0 B | b ,,.,r | F= | | l

350 450 550 650 750
T (C)

Spear & Cheney (inédito), cloritdide ausente

Somente as composigoes mais
ricas em Mg poderdo passar
por essa reagdo.



Zona da Cianita

Associacdo: Bt + Ky + Ms + Qtz + P| £+ St

dional, Adriandépolis (PR)
i

S Z -
7 S

Faleiros (2008). Tese de Doutorado. IGc-USP.



Zona da Cianita

Reagdo descontinua no sistema KFMASH: St + Ms + Qtz = Grt + Bt + Ky + H,O
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Zona da Sillimanita

A, Sil + Qtz
74 N
+ Ms
+ H,0
Grt
¢ ‘X b 4 w M
Bt

/ / I | | | \ \ \

Adaptado de Yardley (2004). Introducédo a Petrologia
Metamorfica, segunda edicdo. Editora UnB.

Transigdo polimorfica:
Ky = Sil

Reacdo continua:

St + Ms + Qtz = Sil + Bt + H,0
Sillimanita: Fibrolita

Cianita comumente persiste
(cinética da transigdo polimorfica)

Reacdo descontinua:
St + Ms + Qtz = Grt + Bt + Sil + H,0
Desaparecimento de estaurolita
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Zona da Silli

Associagdo: Grt + Bt + Sil + Ms + Qtz + Pl + Ky

Formacgdo Turvo

Cajati (Criogeniano), Cinturdo Ribeira Meridional, Cajati (SP)

Faleiros (2008) Tese de Doutorado. IGc-USP.
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Evolu¢do paragenética
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Limitagoes da aplicabilidade do diagrama AFM
Regra das Fases: F=C-P + 2

Assouagao Grt + Bt + Ky + St + Ms + Qtz + H,0
’ \ 8 L "\‘
RN \ Persisténcia metaestdvel de
N\ *x minerais formados
A °\ . anteriormente

W Presenca de componentes
dicionais no sistema natural

248 Mn e Ca estabilizam granada
e COMo uma fase extra.

Falelros (2008) Tese de Doutorado IGC USP.
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