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S E R G E Y P E T R O V I C H K O R I K O V S K Y * 

EVOLUTION OF MONOCYCLIC ZONAL-MET AMORPHIC COMPLEXES: 
PROGRADE AND RETROGRADE STAGES, CORRELATIONS WITH 

GRANITE FORMATION 

(Figs. 9) 

A b s t r a c t : The recons t ruct ion of P-T t r e n d s of the p r o g r a d e stage in 
different zonal m e t a m o r p h i c aureoles wi th t h e help of g e o t h e r m o b a r o -
m e t e r s shows that , as a rule, they are subisobaric. This points to the fact 
t h a t m e t a m o r p h i s m is caused by f lu id- thermal anomal ies , and in t h e 
condit ions of d e p t h stabi l izat ion t h e t rends of m e t a m o r p h i s m do not coin­
cide wi th t h e g e o t h e r m a l g rad ients lines. The r e t r o g r a d e t r e n d s are m o r e 
diversi f ied: t h e y m a y be both subisobar ic and wi th corre lated fall of 
t e m p e r a t u r e and pres sure (uplift of geoblocks). 

In t h e course of t h e studies of t h e zonal i ty of garnet grains from diffe­
rent subfacies it has been deduced t h a t t h e p r o g r a d e zonali ty (increase of 
XMg, decrease of X M „ and Xca) is character i s t ic only of garnet s f rom 
garnet, s taurol i te-chlor i toid, s taurol i te-chlor i te and s tauro l i te-anda lus i te 
(kyanite)-bioti te subfacies, w h e r e a s in all h i g h e r - t e m p e r a t u r e subfacies 
w h e r e in anatex i s of injections of grani tes a lways take place, t h e zoning 
of garnet s is re t rograde . The genera l t r e n d of a r e t r o g r a d e processes is 
m e t a s o m a t i c and it points to the r e p l a c e m e n t of the a lka l ine process by 
the acidic one, as soon as t h e t e m p e r a t u r e decreases, which is c h a r a c t e ­
ristic of p o s t m a g m a t i c p h e n o m e n a in granitoids . 

The space deve lopment of r e t r o g r a d e processes is character i s t ic of only 
areas s a t u r a t e d wi th pegmati tes , migmat i te s of for e x t e r n a l contacts of 
s y n m e t a m o r p h i c granites . This proves t h a t t h e reason for r e t r o g r a d e 
recrysta l l izat ion at t h e descending b r a n c h of each m e t a m o r p h i c cycle is 
c i rculat ion of p o s t m a g m a t i c solutions separa t ing from solidifying syn­
m e t a m o r p h i c grani tes . 

Pe3K3Me: PeKoncTpyKUHH P-T TpenaoB nporpeccHBHoro 3Tana B pa3JWHHbix 30-
naJibHbix MeTaMopc|íHMecKwx opeojiax c noMOinbio reOTepMooapOMCTpoB nOKa3bi-
BaeT, HTO OHK KaK npaBnuo cy6n3o6apniiccKiie. 3 T O aowubiBacT, MTO MCTaMop(|)H3M 
Bbl3blBaeTCH (tuTtOWUHO-TenjIOBblMH aHOMaUHHMH B yCJIOBMflX myÔHT-IHoii CTaÔHJIH-
3aunn, a TpeHiibi MeTaMop(j)H3Ma He coBnaaaror c JIHHHHMH reoTep.MHMecKHX rpa-
iUieHTOB. PeTporpanHbie Tpenau 6onee pa3Hoo6pa3Hbi: OHK ôbiBaioT KaK cyôino-
6apnHecKHe, raK M c conpsDKeiiHbiM nanenneM TCMnepaTypbi H rjaBJienHii (BcniibiBa-
HMe reoĎJioKOB). 

ľlpH H3yneHHn 30Ha.ibHOCTK 3epeH rpanaTOB H3 pa3Hbix cy6(|)aunii ycTaHOBneno, 
MTO nporpeccHBHaa 3onanbHOCTb (pocr Xivig, CHH>KCHHe X\fn n Xca) xapaKTepHa numb 
xuisi rpanaTOB i n rpanaTOBori, CTaBpoJiHT-xjiopHTOHAHoři, CTaBpoiiHT-xjiopHTOBOH 
H CTaBpojiHT-anjiajiy3HT(KHaHHT)-6noTHTOBOii cy6([)aiiHfi, TOraa KaK BO Bcex ôo.nee 
BbicOKOTernnepaTypHbix cyôcjjauHHX, rrj.e Bcerna HMeeT MecTo anaTCKCHC HUH HHT>eK-
UHH rpannTOB, 30HaxibnocTb rpanaTOB peTporpaflHasi. OĎman Tenncimnfl peTpo-
rpanHbix npoueccoB — MeTacoiviaTHMecKaíi, H yKa3biBaeT na CMeiiy me/ioMnoro 
npouecca KHCJIOTHMM no Mepe najjeHHSi xeMnepaTypbi, KaK 3TO xapaKTepHO jxnn 
nocTMarMaTHnecKHX siBjiennR B rpanHToitnax. rijioma/uioe pa3BHTHe peTporparj,nbix 
npoueccoB xapaKTepno jiwuifa ana ynacTKOB nacbimenn5i nenviaTHrarvw, MHriviaTH-
TaMH HJIH flJIH 3K3OKOHTaKT0B CHHMCTaMOpCJJHMeCKHX rpaHHTOB. 3 T 0 /JOKa3blBaeT, 
MTO npHMHHOH peTporpaflHOH nepeKpHCTanjiH3aunH na HHCxorjaineM BeTBH Ka>KAoro 
MeTaMop(bniiecKoro UHKiia HBJisieTCH HHpKyjiíiijHíi nocTMarMaTHnecKHX paCTBopoB, 
OTZleJiatomHxoi OT 3acTbiBaiomnx cHHMeTaMopijjHMecKKX rpaHHTOB. 

* Dr. S. P. K o r i k o v s k y, I n s t i t u t e of Geology of Ore Deposits, P e t r o g r a p h y . 
Mineralogy and Geochemistry, A c a d e m y of Sciences of the USSR, S t a r o m o n e t n y pei\ 
35, 109 017 Moscow. 
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This paper is concerned with prograde and re t rograde evolution of zonal-me-
t amor phi c complexes of monocyclic type synchronous with granitoids. What 
is meant is their in ternal evolution — from the rise to the fall of geoisotherms. 
Superposit ion of metamorphic cycles of a younger age, that is polymetamorp-
hism, is not discussed here. 

tOO 500 600 TOO 

T°,C 

Fig. 1. P-T trends of the prograde metamorphism are deduced using several variants 
of biotite-garnet geothermometers, garnet-plagioclase-ALjSiO.y-quartz geobarometers 
and petrogenetic grid: French Central Massif (D e 1 o r et al., 1984); Southern Britta­
ny ( T r i b o u l e t , 1983); Massachussetts ( T r a c y et al., 1976); Hida Terrane (H i-
r o i, 1983); Wadi Kid Complex (R e y m e r et al., 1984); Wopmay Orogen ( S t - O n -

ge, 1984). 
Lines of the geothermal gradients — from IT c p M y K (1973); aluminium silicate triple 

point from H o 1 d a w a y (1971). 

It is possible to reconstruct a complete P-T - t rend of each cycle at the stages 
of the rise and the subsequent fall of the t empera tu re on the basis of the appli­
cation of geothermobarometers and petrogenetic grids when investigating zo-
nality of minerals . Geobarometr ic investigations of associations of the prograde 
stage inside individual aureoles frequently point to the fact that this stage 
t rend is of either slightly declined or subisobaric character which is more often 
(Fig. 1). These t rends are borrowed from the following works : T r a c y et al., 
(1976); H i r o i (1983); T r i b o u l e t (1983); D e l o r et a l , (1984); S t-O n g e 
(1984); R e y m e r et al., (1984) in the la t ter work the definition of P-T pá rame-
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t e r s of t h e g a r n e t z o n e w a s n o t a c c e p t e d , s i n c e it w a s b a s e d o n a s i n g l e s a m p l e ) . 
Al l of t h e s e t r e n d s , e x c e p t for o n e , a r e f r o m t h e p u b l i c a t i o n s of 1 9 8 3 — 8 4 a n d 
t h e i r r e c o n s t r u c t i o n is b a s e d o n t h e l a t e s t b a r o m e t e r s . As i n s h o w n , a l l t h e t r e n d s 
a r e a l m o s t h o r i z o n t a l . T h e p r e s s u r e c o n s t a n c y i n s i d e t h e e n s i a l i c a u r e o l e s is 
a l so c o r r o b o r a t e d b y t h e g e n e r a l a n a l y s i s of p a r a g e n e s i s e s . H e r e a r e t w o e x -
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Fig. 2. P r o g r a d e zoning in g a r n e t s from 
t h e g a r n e t zone of t h e s i l l imanite-kya-
nite aureole of t h e High lands (K o p H-

K O B C K H H — <t> C Ä O p O B IZ K II H, 1 9 8 0 ) . 

Fig. 3. P r o g r a d e zoning in garnets from 
t h e s taurol i te-chlor i to id zone of t h e silli-
m a n i t e - k y a n i t e aureole of the P a t o m 
( K O p II K O B C K II ň — <P C fl O p O B C K H ň , 

1980). 

a m p l e s . T h u s , i n t h e m o s t d e e p - s e a t e d t a l c - k y a n i t e a n d e c l o g i t e c o m p l e x e s 
( P s > 7 k b a r ) s i g n s of t h e s a m e h i g h p r e s s u r e a r e f o u n d i n t h e l o w - t e m p e r a t u r e 
z o n e s as w e l l , for e x a m p l e , s t a b i l i t y of t h e p e c u l i a r p a r a g e n e s i s c h l o r i t o i d + 
t a l c (K o p H K o B c K ii ň H up., 1983). O n t h e o t h e r h a n d , a l o w - d e n s e m i n e r a l 
c o r d i e r i t e is n e v e r e n c o u n t e r e d i n t h e o r d i n a r y k y a n i t e - s i l l i m a n i t e a u r e o l e s 
( P s = 4 — 6 k b a r ) i n t h e b i o t i t e a n d g a r n e t z o n e s , w h i c h f a c t c o u l d b e a r w i t n e s s 
to t h e a b s e n c e of s i g n s t h a t t h e l o w - t e m p e r a t u r e z o n e s of t h e a u r e o l e s a r e less 
d e e p - s e a t e d . M e a n w h i l e c o r d i e r i t e is s t a b l e i n t h e b i o t i t e a n d g a r n e t z o n e s of 
m a n y a n d a l u s i t e - s i l l i m a n i t e a u r e o l e s ( P s = 1—3 k b a r ) . 

A w i d e r a n g e of c r i t e r i a s h o w s t h a t it is c h a r a c t e r i s t i c of t h e e n s i a l i c m e -
t a m o r p h i c a u r e o l e s t h e i r f o r m a t i o n is n o t i n t h e c o u r s e of b u r i a l , b u t a t t h e s t a g e 
of d e p t h s t a b i l i z a t i o n . T h e p r o g r a d e P - T t r e n d s of z o n a l a u r e o l e s , e s p e c i a l l y 
b e g i n n i n g f r o m P r o t e r o z o i c , do n o t c o i n c i d e w i t h t h e g e o t h e r m a l g r a d i e n t s 
l ines (11 e p 4 y K, 1973) b u t i n t e r s e c t t h e m . T h i s is t h e i r m a i n d i s t i n c t i o n f r o m 
t h e P - T t r e n d s of A r c h e a n g r a n u l i t e s s c h i e l d s , w h o s e t r e n d s c o i n c i d e w i t h t h e 
g e o t h e r m a l g r a d i e n t s . 
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Obviously the main reason for prograde zonal m e t a m o r p h i s m in deep sections 
is t h e r m a l anomalies caused by the rise of fluid-heat flows, and granites are 
their effect, but not their cause. A specific fluid regime of t h e granite forma­
tion, being persisted inside each complex, proves the depth character of these 
flows. It is precisely for this reason, the granites composition, especially that 
in big bodies, does not depend at all on the composition of country rocks. For 
example, leucocratic two-mica a n d biotite granites which are the most typical 
of the regionally-zonal aureoles are equally often encountered both in eugeosyn-
clinal belts w h e r e metabasi tes marked ly prevail, and in miogeosynclinal basins 
wi th terr igenous rocks among which metabasi tes are fully absent. 

A series of re t rograde reactions occurs after the peak of m e t a m o r p h i s m and 
granite formation. Two cardinal questions arise in this connection: are they 
caused simply by t e m p e r a t u r e decrease, and from where do the solutions ori­
ginate? One of the answers to these questions follows from the investigation 
of the zonality of metamorphic garnets . The low-temperature subfacies worth 
to be considered first. For example, in the garnet-zone of the kyanite-sil l ima-
nite aureole of t h e P a t o m Highlands ( K o p u K o B c K H ň — <J> e Ä O p o B c K H ň, 
1980) garnets possess only prograde zoning (Fig. 2): t h e increase of Mg/Mg + Fe 
ratio from the core to the edges, with Mn and Ca content parallely decreasing. 
This is typical of the garnet zone in any aureoles. In the next staurolite-chlo-
ritoid zone of the P a t o m aureole t h e garnet zoning is also only prograde (Fig. 
3) and this is a characterist ic of this subfacies, no m a t t e r where. 

But the picture changes drastically in the h igher- temperature subfacies. In 
the similar Massachussetts aureole ( T r a c y et al., 1976) t h e prograde zoning 
remains only in t h e m e d i u m parts of the garnet grains (Fig. 4) in the staurolite-
-kyanite zone, and occasionally in the staurolite-si l l imanite zone; the re t ro­
grade zoning (decrease of X M g , increase of Mn and Ca content) being super­
posed on it at the edges of the grains. Relics of the prograde zoning obliterate 
completely in all subsequent subfacies, and t h e re t rograde zoning is formed 
along the ent ire grains profile. The application of a biotite-garnet thermo­
meter with the use of the compositions of biotite inclusins into garnets gives 
conformal picture of a t e m p e r a t u r e changes in the course of crystallization of 
each individual grain of garnet (the r ight column in Fig. 4). 

Absolutely similar data have been obtained for zonal-metamorphic complexes. 
The diagram (Fig. 5) shows a summarised P-T t r e n d of the prograde and re­
t rograde branches of the idealized zonal aureole and t h e garnet zonality in it. 
The following picture has always been the same: the garnet, the staurolite-chlo-
ritoid and the staurolite-chlorite subfacies are characterized only by the pro-
grade zoning in garnets, the staurol i te-kyanite (andalusite) and the stauroli te-
-sillimanite subfacies are characterizied by prograde zoning in the medium 
part and by the re t rograde zoning at the edges, the h igher- temperature sub­
facies are characterized only by the re t rograde zoning. 

The reason for this r a t h e r unusua l s i tuation will become clear if one takes 
into consideration the fact t h a t s tar t ing precisely from the staurol i te-kyanite 
(andalusite) subfacies for the first t ime a big quant i ty of pegmati tes and 
quartz-feldsphatic injections and granit izat ion phenomena increasing wi th ris­
ing t e m p e r a t u r e appear. 

Therefore, it will be more n a t u r a l to connect the re t rograde garnets changes 
with t h e space circulation of the postmagmatic solutions; and vice versa, these 
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Fig. 4. Zoning in garnet s from severa l m e t a m o r p h i c zones of the s i l l imamite-kyanite 
aureole of M a s s a c h u s e t t s ( T r a c y et al., 1976), and t e m p e r a t u r e of crystal l izat ion 
of the interna l and external par t s of the garnet s gra ins obta ined from a b iot i te-garnet 

g e o t h e r m o m e t e r . 



240 K O R I K O V S K Y 

tT.z;::,S'::Lts,here are ° ° g r a n i t e s ' - " » - « - « - >» - >»-
"•phaclte are not stable even with slight addition „t alkľlľes esTedaílv „f 
KsO. In the supracrustal Tasmania complex (R a h e i m. I T O ^ ľ u S n g e d 
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Fig. 5. A distribution of different types of zoning in the garnet grains inside a typical 
idealized metamorphic aureole. " 
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zation of rocks (Fig. 7). The a r rows on the diagram — appearance of biotite-K-
-feldspar paragenesis —• show tha t the reactions a re accompanied wi th an incre­
ase of K and Na content in the rocks; tha t is, they are of an alkaline character. 

The subsequent medium- tempera tu re re t rograde processes have a diame­
trically opposite tendency. In metapeli tes it is most often replacement of feld­
spars, biotite and garnet by muscovite (Fig. 8), formation of secondary alumina 
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Fig. 6. Zoning in the garnets from unalterated and amphibolized eclogites, talc-kyanite 
schists, unalterated and albitizated garnet schists from Tasmania (R ä h e i m, 1975). 
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Fig. 7. A metasomatic tendency during the high-temperature retrograde stage in me­
tapelites (an alkaline trend) on the diagram A1-(K, Na)-(Mg, Fe). 
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silicates, and also silification and tourmalinizat ion. The arrows on the diagram 
show tha t these are typical acidic leaching processes accompanied wi th an incre­
ase of Al-quant i ty in the rocks with the loss of alkalies and bases (K o r-
z h i n s k i y, 1965). Such bleaching zones are always conformal with numerous 
veins of redeposit ion — chlorite-, bioti te- and epidote-veins. 

in t>iotite-muscovite-Al„SiO [- fao ies 

Fig. 8. A metasomatic tendency during the medium-temperature retrograde stage in 
metapelites (an acidic leaching process) on the diagram A1-(K, Na)-(Mg, Fe). 

To everyone who investigated granitoids it is obvious that by their mineralo-
gical manifestat ion and time re t rograde reactions are synchronous wi th post-
magma tic processes occurring in granitoids and quartz-feldspar injections, sa­
tura t ing these terra ins . Thus, there are two observations, the first: localization 
of the re t rograde phenomena on the whole and the re t rograde changing of 
garnets exactly in the areas sa tura ted wi th veined pegmatoid mater ia l or in 
the exocontacts with grani tes ; the second: the inversion of the composition of 
the solutions from alkaline to acidic wi th falling t empera tu re — which point 
to the fact tha t the reason for re t rograde metamorphism is circulation of the 
postmagmatic solutions associated wi th granites in their veined or massive 
manifestation. 

It is no coincidence tha t exactly at the re t rograde but not at the prograde 
stage a big supply of volatiles characterist ic of the fluid phase of granites is 
observed — a supply of B (tourmalinization), F (fluorite muscovites, topaz 
and fluorite appearance), sulphates, CI and CO^ (scapolitization and carbo-
natization of amphibolites). 

In distinction from the prograde stage, P-T t rends of the re t rograde stage 
(Fig. 9) are much more varied — from almost isobaric t rends in Massachussetts 
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( T r a c y et al., 1976) and French Massif Central (D e 1 o r et al., 1981) till 
t rends with a separate (Southern Calabria — S c h e n k, 1984) or correlated 
(Coast Mountains — H o 11 i s t e r, 1982) t empera tu re and pressure decrease. 
The second and the thi rd types of t rends are characteristic of tectonic regimes 
with fast inversion, manifest ing itself in the form of enormous faults and 

i i • 1 1 
500 600 700 800 To c 

Fig. 9. Three typical variants of the retrograde metamorphic trends: A — subisobaric, 
French Massif Central (D e 1 o r et al., 1984), and Massachusetts ( T r a c y et al., 
L976); B — with a separate temperature and pressure decrease, Southern Calabria 
(S c h e n k. 1984); C — with a correlated temperature and pressure decrease, Coast 

Mountains (H o 11 i s t e r, 1982). 

rise of grani te domes. But such t rends like the one deduced by H o l l i s t e r 
in Coast Mountains (Fig. 9) are much more occasional since in the majori ty 
of metamorphic complexes uplift takes place later — on the orogenic stage 
of molass-forming. As a rule, the orogenic stage is always postmetamorphic. 

The unity of postmetamorphic granites is always connected with the orogenic 
stage — these are "hot" granites, sur rounded by hypabyssal hornfelses, which 
superimpose on the metamorphic rocks of the previous stage. 

An uplift and an erosion usually occur only upon complete accomplishment 
of even the lowest - tempera ture re t rograde processes of the regional stage. 
Do we have any evidence of that? Yes, we have. It is known, tha t a low-tem­
pera ture al terat ion is usually associated wi th diaphthori t ic sutures, where sub-
stational greenschists reworking and blastomilonitization are displayed. 
Formation of such sutures is a normal way of accomplishment of life of each 
metamorphic cycle. It is wor th mentioning that pebbles "of such greenschist 
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c l i a p h t h o r i t e s c a n a l w a y s b e f o u n d i n c l a s t i c m o l a s s e s of t h e o r o g e n i c s t a g e . 
C o n s e q u e n t l y , t h e r e t r o g r a d e p h a s e , as a r u l e , is f u l l y o v e r d u r i n g t h e p r e -
- o r o g e n i c s t a g e , b e f o r e t h e u p l i f t a n d t h e e r o s i o n of g e o b l o c k s . 
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