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L E O N I D LVOVICH P E R C H U K * 

METAMORPHIC EVOLUTION OF SHIELDS AND FOLD-BELTS 

(Figs. 9, Tab. I) 

A b s t r a c t : The geological posit ion of m e t a m o r p h i c f a d e s in the system 
m a r g i n a l sea — is land arc — Benioff zone is considered and P-T m o d e l of 
their evolut ion is developed. F r o m s tuding evolution of the regional me-
t a m o r p h i s m t h r e e m a i n p r o b l e m s ar i se : 1) tectonic c o n t r o l ; 2) t h e r m o ­
d y n a m i c reg ime of the evolut ion; 3) the sequence of the m e t a m o r p h i c events 
wi th t ime. Solving all these p r o b l e m s enables to u n d e r s t a n d the m a i n 
regular i t ies of m e t a m o r p h i c processes. Both p a r a g e n e t i c analyses and 
t h e r m o m e t r y a n d b a r o m e t r y al low to describe t h e m e t a m o r p h i c evolut ion 
in t e r m s of t e m p e r a t u r e (T) and p r e s s u r e (P). In P r e c a m b r i a n shields the 
p r o g r a d e m e t a m o r p h i c stage is " e r a s e d " by d iaphthores i s and as a resu l t 
t h e p r o g r a d e diffusion zoning in the coexist ing m i n e r a l s can not be p r e ­
served. Meanwhi le , t h e p r o g r a d e m i n e r a l react ions in t h e rocks can be 
found (subst i tut ion of bioti te by h y p e r s t h e n e , g a r n e t — by cordier i te etc.. 
K o r i k o v s k y , 1979; P e r e h u k et al., 1984). However, t h e r e t r o ­
grade chemical zoning is typical for p a r t i c i p a n t s of these react ions . Evo­
lution of the P-T p a r a m e t e r s of m e t a m o r p h i s m can be descr ibed by the 
m i c r o p r o b e analysis of zoned coexist ing m i n e r a l s w i th the following 
appl icat ion of g e o t h e r m o m e t e r s and g e o b a r o m e t e r s s tudied e x p e r i m e n t a l l y . 
In t h e fold m e t a m o r p h i c belts f raming t h e shields m e n t i o n e d above P-T 
p a r a m e t e r s increase u p to the granul i t ic condit ions very rare ly . T h e 
mul t ip l ied d iaphthores i s is not typical for these format ions and zoning 
in t h e coexist ing m i n e r a l s can reflect p r o g r a d e as wel l as r e t r o g r a d e 
stages of m e t a m o r p h i c evolution. Some e x a m p l e s of such format ions are 
given. The regional m e t a m o r p h i s m of shields and fold belts is shown 
to occur at the conjugate P T - c h a n g e . T h e t i m e d u r a t i o n is not to be t h e 
m a i n factor of m e t a m o r h p i c evolution because it is d e t e r m i n e d by t h e fol­
lowing: 1) t h e degree of rock dis locat ion; 2) a m o u n t and composit ion of 
fluids and 3) intens i ty of the heat flow. 

Pe3K3Me: PaccMOTpeiia reononwecKaH no3nijH5i MeTaMopct>n<iecKHX cjjainiií B CKC-
Teiue OKpaHHHoe Mope-ocTpoBHan nyra-30na EeHboitntia M pa3BHTa P-T Mo/ie/ib HX 
SBOJHOHHH. Tpn OCHOBHBIX npo6neMM B03HHKaioT npn M3yiieni™ SBOJHOLUIH perao-
HaJtbHoro MeTaMop(t)H3Ma: 1) TeKTOHHHecKnii KOHTpoJib; 2) TepMOflHHarviHHeCKHH 
peKHM Ha Bcex CTannsix SBOJHOUHH; H 3) nocJieflOBaTejibHOCTb MeTaMopijwHecKHX 
COÔblTHÍÍ H HX npOAOJDKHTejIbHOCTb BO BpeMeilH. CoBMeCTHOe peUieHHe BCeX 3THX 
npo6neM no3BOJinT no3naTb rnaBueňiiiHe 3aKOHOMepnocTn (tiopivwpoBaHHH Meia-
Mop(J)HiecKHx <t)opMau.HM. TIapareHeTH<iecKnii anajim B coBOKynnocTii c MeTO-
naMH TepMOMeTpKH K 6apoMeTpmi no3BOJis»oT 3anncaTb B Tepivimiax TeivinepaTypbi 
(T) H flaBJieHHH (P) MeTaMOpctiiraecKyio SBOJIKJUMIO. B nopoflax flOKeM6pHřicKnx 
UJHTOB noprpeccHBiibin 3Tan MeTaMop(J)H3Ma 3aTyiucBb[BaeTca npit AHa(j)Tope3c 
H He npoHBJi«eT«i B flH([)(t)y3HOHHOH 30HanbHocTH cocymecTByiomHX MHHepajIOB. 
BMecTe c Tervi, MOJKHO BcxpeTHTb MHnepajibiibie naparene3HCbi nporpeccHBuoro 
THna (3aMeuienHe 6noTHia rnnepcTeHOM, rpaHaTa — KopanepHTOM H T. n.). Ho 
B MHHepanax H3 STHX accounaiiHŕt TaKjKe B03HHKaeT 30najibnocTb perpeccHBHoro 
THna. 3anncb SBOJHOUHH PT-napaMeTpoB MCTaMop(tiH3Ma MTOKHO ocymecTBHTb Ha 

• Prof. Dr. L. L. P e r c h u k, I n s t i t u t e of E x p e r i m e n t a l Mineralogy, A c a d e m y 
of Sciences of the USSR, 142 432 Chernogolovka, Moscow region. 

Symbols: A m — amphibole , And — andalus i te , Bi — biot i te ; Chi — chlori te. Cor — 
cordierite,; Cpx — c l i n o p y r o x e n e ; Chcl — chlor i thoid; Gr — g a r n e t ; K y — kyanite, 
Mu — muscovite, Opx — o r t h o p y r o x e n e ; PI — plagioclase; Sil — s i l l imani te ; St — 
staurol i te ; Qz — q u a r t z ; P — p r e s s u r e ; T — t e m p e r a t u r e , °C. 
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ocHOBc MHKpo30HAOBoro anajitna 30iiaJibHbix cocymecTBy>omnx MKHepajlOB n COOT-
BeTCTByiomMX reOTepMOMeTpoB H reo6apoMeTpoB, BbiBefleHHbix TeopeTH'ieCKH 
n 3KcnepwNieHTanbHo. B CKnaflnaTbix oônacTHX, HepeaKO npeflCTaBnaromHx coôoií 
6oJiec Mojioflbie oôpaMueHM IUHTOB, PT-napaivierpM MeTaMop(|)M3Ma oienb peAKO 
B03pacTaioT ao ycjiOBHíi rpanyjiHTOBoií dpau.nn. PeflKO 3flecb MOÄHO BCTpeTHTb 
MHoroKpaxHoc naxio>KciiHe flfiac[yrope3a n noTOMy 3onaiibH0CTb cocymecTByhOiUHX 
MHHepanoB MO>KeT OTpa>KaTb KaK nporpecciiBHbiň, TaK n perpeccKBHbiB 3Tanbi MeTa-
Mopt|)H3Ma. TaKHe npHMepw npHBOflHTcsi AJIJI HecKoxibKHX dpopMamiii. IloKa3aHo, 
MTo perKonajibHbiii MeTaMop(t>n3M LUHTOB H cKJiafl4aTbix oÔJiacTeň ocymccTBJíaeTCH 
npn conpíDKenHOM n3MenennK PT-napaMeTpoB. BpeMH He flBJiaeTCii maBUbiM 4>aK-
TOpOM 3B0H1OUHH MeTaMOp(l>H3Ma, CpOK KOTOpOľO OnpeflCilíieTCH CTeneHbKJ flHCJIO-
HUpOBaiIHOCTH nOpOfl, npHCyTCTBHeM djJIIOMflHOří t|)a3b[ H HHTeHCHBHOCTblO Tenjio-
BOro noTOKa. 

N u m e r o u s i n v e s t i g a t i o n s o n d i s t r i b u t i o n of t h e h e a t f lows i n t h e i s l a n d a r c s 
a n d m a r g i n a l b a s i n s as w e l l a s c a l c u l a t i o n s of t h e i s o t h e r m i c s u r f a c e s u p t o 
1100—1200 DC (to a d e p t h of 100 k m ) e n a b l e t o e x p a n d s i g n i f i c a n t l y o u r 
k n o w l e d g e a b o u t g e o t e c t o n i c a n d t h e r m o d y n a m i c r e g i m e s of m e t a m o r p h i s m 
d e v e l o p e d i n t h e s h i e l d s a n d fold b e l t s . 

continent island arc 

Fig. 1. Cross-section beneath marginal sea depression and island arc. Distribution 
of isotherms in the Earth's crust and in the mantle according to the heat flow data 

are shown in respect to the position of the major metamorphic facies. 

Fig. 1 presents a schematic geophysical section through t h e continental margin, 
the sea, the island ars and t h e Benioff zone. The isotherms plotted show a ty­
pical dis tr ibution of t e m p e r a t u r e beneath these kinds of sections. The approxi­
mate positions of the main metamorphic facies (granulitic, amphibolitic, green-
schist as well as g laucophane schist) are also shown in the section in accordance 
with our geological experience. Most granul i tes are noticed to be formed under 
tectonic and t h e r m o d y n a m i c regimes in the lower crust beneath t h e deep-sea 
basin. In the basement of the island arcs granul i tes may form high grade parts 
of t h e zoned metamorphic complexes, for example, the Ladozhskaya Format ion 
of the Baltic shield. 

http://dpau.nn
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T a b l e 1 

I n t e r n a l l y consis tent system of minera log ica l t h e r m o m e t e r s and b a r o m e t e r s used 

T h e r m o m e t e r s and b a r o m e t e r s References 

Thermometers 

St + Gr. Chi + Gr, Chd + Gr, A m + Gr n e p q y K (1966. 1976, 1970) 
Cpx + Gr, A m + Cpx, A m + PI, A m + Opx P e r c h u k (1968, 1969) 

B i - I - G r , Cor + G r n e p M v K (1967 a, 1970) 
P e r c h u k (1971): P e r c h u k-
I, a v r e n ť e v a (1983) 

Barometers 

P-T grid for p e h n i t e - p u m p e l l y i t e facies P e r c h u k — A r a n o v i c h 
(1980) 

Cor + Gr + Sil + Qz n e p q y K (1973); P e r c h u k 
(1977); A r a n o v i c h — P o d -

1 e s s k i i (1983) 

PI + Gr + Sil + Qz A p a H o B n M — II o Ä -n O C C K II ii 
(1980) 

Cpx + G r P e r c h u k (1968); TI e p H V K 
(1970) 

B i + G r + Sil J - Qz + Mu + St n e p q v K (1973, 1983) 
P e r c h u k (1977) 

Opx + G r + Sil -!• Qz P e r c h u k et al. (1984) 
Opx + G r + Cor f Qz 

F í g . 1 a lso s h o w s t h a t P - T c o n d i t i o n s of m e t a m o r p h i s m a r e d e t e r m i n e d 
ch ie f ly b y t h e p o s i t i o n of t h e c h o s e n v o l c a n o g e n i c or s e d i m e n t a r y c o m p l e x i n 
r e s p e c t t o t h e r e l a t i v e l y co ld B e n i o f f z o n e a n d t h e b e l t of t h e i n t e n s i v e m a g -
m a t i c p r o c e s s e s i n t h e i n n e r p a r t of t h e i s l a n d a r c . 

A c c o r d i n g t o t h e h e a t f l o w d i s t r i b u t i o n t h r e e m a i n g e o s t r u c t u r a l u n i t s c a n 
be d i s t i n g u i s h e d : 

1) T h e m a r g i n a l d e e p - s e a b a s i n w i t h m o d e r a t e g r a d e of m e t a m o r p h i c c o n d i ­
t i o n s a b o v e t h e M o h o b o u n d a r y . 

2) M i d d l e p a r t s of t h e i s l a n d a r c s w i t h s h a r p t e m p e r a t u r e c h a n g e s a c r o s s 
i s o t h e r m s a n d z o n e d m e t a m o r p h i c c o m p l e x e s d e v e l o p e d . F o r e x a m p l e , t h e 
A r c h e a n L a c l o z h s k a y a F o r m a t i o n ( A n d - S i l t y p e ) , t h e W h i t e S e a F o r m a t i o n 
(Ky-Si l t y p e ) as w e l l a s n u m e r o u s z o n e d m e t a m o r p h i c c o m p l e x e s i n t h e P h a -
n e r o z o i c fo ld b e l t s . 

3) M e t a m o r p h i s m a l o n g t h e B e n i o f f z o n e . A c c o r d i n g t o t h e s c h e m e i n F i g . 1 
t h e m e t a m o r p h i c z o n i n g is m a i n l y f o r m e d d u e t o c h a n g e s i n d e p t h a n d s l i g h t l y 
— clue t o t e m p e r a t u r e i n c r e a s i n g . M i y a s h i r o c o n s i d e r s t h i s k i n d of m e ­
t a m o r p h i c p r o c e s s e s as ' ' h i g h p r e s s u r e m e t a m o r p h i s m " w i t h d e v e l o p m e n t of 
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Fig. 2. The relict garnet grain with noticeable chemical zoning from gneiss of the 
Precambrian Hanka complex. Substitution of the grain by a plagiogranitic material 

can be seen. 

zoning from zeolitic and prehni te-pumpellyi t ic rocks through greenschists, b lue-
schists to the amphibolit ic zone ( E r n s t , 1971). Tectonic regime of me tamorp-
hism in these zones judging from the wel l -known Sambagawa (Japan), Masky-
tovskii (the S. Urals), Franciscan (California) etc. complexes is very complicated. 
For example, a tectonic contact between the bluesehist zone and garnet amphi-
bolites is typical of the formations. 

There is no sharp boundary between the metamorphic complexes of the 
above main geostructural units (see Fig. 1). But detailed investigation of the, 
metamorphic evolution of the rocks of each unit enables to diagnose and re ­
construct with assurance the thermodynamic and geostructural situation. 

Mineralogical the rmomet ry and baromet ry are of pr ime importance together 
with detailed microprobe analysis of minerals coexisting in a chosen metamor­
phic rock (Tab. 1). In Fig. 2 (a sample from the Hanka crystalline massif, Far 
East) together wi th subst i tut ion of the garnet grain by a plagiogranitic mater ia l 
one may also see a marked zoning in the relict garnet grain point ing to the fact 
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that granit izat ion has developed with decreasing both T and P, i. e. at the 
re t rograde metamorphic stage. 

Let us consider gradual ly thermodynamic regimes of metamorphism in the 
mentioned geostructural units dur ing their evolution, i. e. the main the rmo­
dynamic pa ramete r s : 

Metamorphism of the Precambr ian shields and mid massifs without clearly 
defined zoning was likely to occur in the sufficiently dislocating margina l parts 
of the continents wi th the highly developed large depressions and thick s trata 
of volcanogenic-sedimentary rocks. It was almost impossible to find evidence 
of the prograde metamorphic events in granuli tes of the shields, but zoning 
in minerals mainta ins some tradks of the re t rograde stage. For instance, the 
Mg/Fe rat io decreases to the r im of the Gr grains, but in coexisting minerals 
this rat io increases (exchange equilibria). Otherwise, especially in the polymi-
neralic equilibria the Mg/Fe rat io of each coexisting mineral might decrease 
simultaneously with increase of the distr ibution coefficient. 

y 

8 

7 

^ 5 
in 
l/l 
uj A 
cc 
CL 

3 

2 

500 600 700 800 900 
T E M P E R A T U R E , °C 

Fig. 3. P-T trend of the retrograde metomorphic stage in the Precambrian Hanka 
complex, Far East (TI e p M V K H np., 1983). 

Over the last few years we have studied (II e p q y K H ;I p., 1983: P e r c h u k 
et a l , 1984) metamorphism of the Hanka massif, the Aldan shield and Ladoga 
Formation. Using several thousands of microprobe analyses and the phase cor­
respondence principle we have proved that prograde metamorphic reactions 
do not proceed in the granuli tes . But re t rograde metamorphic reactions are de­
finitely seen and allow to reconstruct the evolution of metamorphism in te rms 
of the P-T parameters . 

Fig. 3 shows a t rend of the P and T decrease of the re t rograde metamorphic 
stage in the Precambr ian Hanka massif (Far East). It agress well with B e r d -
n i k o v and K a r s a k o v ' s data ( B e p Ä H H K O B - K a p c a K O B , 1983) on 
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cryometry and homogenization of the gas-liquid inclusions in minerals of the 
same rocks. No metamorphic zoning in the Hanka Format ion was found at the 
J a p a n Sea shelf and the continental margin (K o n o B a JI o B, 1984). As in seen 
from Fig. 3 evolution of: metamorphism of the Hanka Format ion rocks accom­
plishes in the andalusi te stabili ty field, while sillimanite is the most popular 
among metapeli tes . But we managed to discover andalusi te in these rocks 
metamorphosed at the re t rograde stage, thus proving mineralogically that the 
t rend of Fig. 4 is quite correct. 
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Fig. 4. P-T trend of the retrograde meta­
morphic stage in the Precambrian Aldan 
shield. Eastern Siberia (P e r c h u k et 

al., 1984). 

Fig. 5. Temperature profile across zoned 
garnet grain from kyanite-staurolite 
schist of the Early Paleozoic Vermont 
metamorphic Formation (USA) and P-T 
trend of prograde stage of metamorphism 
[according to analytical data by T h o m p-
s o n et al., 1977); the profile and trend 
were deduced with a help of mineralo-
gical thermometers and barometers men­

tioned in Tab. 1. 

The Archean Aldan shield (Eastern Siberia) exposed over two hundred 
thousand square kilometers consists exclusively of the granuli tes . To a rough 
approximation, it was divided by A. A. M a r a k u s h e v (M a p a K y in e n. 
1965) into two depth uni ts : nor thern (Aldan facies) and southern (Sutam fades). 
The high pressure Su tam unit adjoins the Aldan unit along the large fault. 
The most high grade O p x + S i l + Q z rocks formed at T =a 820 °C and P = 11 kbar 
may be found there . In comparison with the Aldan granuli tes the exposure 
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area of the S u t a m unit is very small and unlikely to account for one tenth 
of the Aldan unit. South-eastwards, wi thin the boundaries of the Stanovoy 
fold belt relics of the Archean basement as a par t of the S u t a m unit are also 
exposed (the Tokskii block). Hypersthene-si l l imanite granuli tes are well de­
veloped there, but they were intensively altered during the Proterozoic folding 
cycle (Stanovoy metamorphism). 

In Fig. 4 the P-T t rends for the rocks of the Aldan unit does not deviate 
to the kyanite field; it is defined for the S u t a m and par t ly emphasized for the 
Tokskii block. 
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beneath Precambrian shields 

Paleozoic metamorphic belts. 

Comparing P-T regimes with a position of granul i tes in the geophysical 
section (see Fig. 1) we may conclude that the Aldan unit has been formed 
beneath the marginal deep-sea basin, while the S u t a m one was metamorphosed 
beneath the island arc zone. A long life of the tectonic zone is m a r k e d by mag-
matic processes: Mesozoic granodiorit ic and dacitic magmat i sm is widespread 
(A ii T o ii o is, 1984). 

Metamorphic belts of Precambrian to be founded and developed on the 
volcanogenic-sedimentary basement of the inner par ts of t h e island arcs were 
described m a n y times in the petrological l i te ra ture . The Ladozhskaya Format ion 
represented by a complete section (of the 100 k m thickness) of metamorphic 
facies is one of a large group of such zoned belts. Prograde metamorphic re­
actions hardly proceed in this formation; only garnet associating with staurolite, 
biotite and andalusite has occasionally a prograde chemical zoning. However, 
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prograde reactions widely occur in the zoned complexes of the amphibolitic 
metamorphic facies. 

In most complexes of a kyanite-si l l imanite type there are garnets wi th 
a prograde chemical zoning. For instance, lower Paleozoic metapel i tes of Ver­
m o n t (USA) (see Fig. 5), t h e Penfold Greek mica-bearing schists (British Co­
lumbia, Canada) (see Fig. 6). Amphiboli tes widespread in t h e eugeosyncline 
metamorphosed zones of t h e Paleozoic section (in the Western Carpathians) 
may be also included into the same metamorphic type. Phase relations and 
chemical compositions of coexisting minerals followed by evaluation of P-T 
conditions of m e t a m o r p h i s m in t h e area have been recently described in a spe­
cial paper (fl e p M y K H jip., 1984). 
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Fig. 8. P-T evolution of metamorphic rocks in some blue-schist belts (after P e r c h u k. 
1977, p. 336). 

Four metamorphic complexes differing in regime of m e t a m o r p h i s m have 
been dist inguished: the Small Fatra, the High and Low Tatras, the Small Car­
pathians . The lat ter was formed at the lowest pressure. The prograde meta­
morphic stage is sharply changed by t h e re t rograde one. The other complexes 
are much deeper and have a clearly seen prograde stage of metamorphism. 
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Thus, in contrast to the shields and mid massife the fold belts are charac­
terized by a highly developed zoned m e t a m o r p h i s m and marked ly defined 
retrograde and prograde metamorphic stages. 

The complexes metamorphosed along the upper roof of the Benioff zone are 
very close in thermodynamic regimes to the above cited ones (see Fig. 1). They 
are represented by zoned assemblages of g laucophane schists wi th iron-rich 
eclogites and garnet amphibolites. Low t e m p e r a t u r e s of m e t a m o r p h i s m cause 
a very small dT/dP gradient. As was ment ioned above M i y a s h i ' r o placed 
strong emphasis in t h e development of the low grade metamorphic processes 
beneath t h e external island arcs on this type of metamorphism. 

200 300 400 500 600 700 800 900 
TEMPERATURE, *C 

Fig. 9. Summarized trajectories of the P-T conditions of metamorphism of shields 
and fold-belts. 

We have calibrated the metamorphic zoning along the Benioff zone in te rms 
of P and T (Fig. 1). The results a re shown in Figs. 7 and 8. The former reflects 
our previous calibration (ľl e p n y K, 1973) concerning, basically, t h e r ight side 
of t h e loop a s the la t ter shows recent (P e r c h u k—A r a n o v i c h, 1980) ca­
libration of the prograde par t of the loop. 

In most g laucophane schist provinces tectonic blocks of the Gr amphibol i tes 
and eclogites occur wi thin the outer b o u n d a r y of the blueschists. Drop in 
pressure (while t e m p e r a t u r e slightly increases) is typical of these par t s of 
zoning. 

In summary, we may conclude that all the three geostructural units, namely : 
1) shields, i. e. ancient deep-sea depressions; 
2) the moderate grade metamorphic belts, i. e. ancient inner sides of the 

island arcs, and 
3) the low grade metamorphic belts belonging to the ancient outer sides of the 

island arcs, i. e. developing along the Benioff zones, differ not only in tectonic 
evolution, but also in thermodynamic regimes of metamorphism. 
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